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 Alternative splicing of pre-mRNA is a common phenom-
enon that leads to expansion of the proteome and plays a ma-
jor role in regulating gene function. It has been established
that pre-mRNA from as many as half of all human genes un-
dergo alternative splicing [1-7]. An important question is
whether the many splice variants represent functional alterna-
tive splicing. In some cases, there is no evident function for
the splice isoform, or there is no evidence that the protein is
actually produced. Unproductive mRNA transcripts, which
contain premature termination codons, are widely expressed
and become targets of nonsense-mediated mRNA decay [8,9].
Rare splicing errors may occur by chance through the influ-
ence of cis- and trans-acting splicing factors. Other seemingly
nonfunctional mRNAs are of biological origin and are legiti-
mate [10-12].

We have found a relatively abundant, presumably non-
functional mRNA that is expressed in human, but not in mouse
or bovine, retina and retinal pigment epithelium (RPE) [13].
This mRNA encodes a splice isoform of the human RPE reti-
nal G protein-coupled receptor (RGR) opsin, which is a mem-

brane-bound protein preferentially expressed in the RPE and
Müller cells of the retina [14]. RGR opsin belongs to the fam-
ily of G protein-coupled receptors, being most homologous to
peropsin, an opsin localized to the apical microvilli of RPE
[15], and retinochrome, a photoisomerase that catalyzes the
conversion of all-trans- to 11-cis-retinal in squid photorecep-
tors [16]. RGR carries all-trans-retinal as its endogenous chro-
mophore and converts the all-trans isomer stereospecifically
to 11-cis-retinal upon irradiation [17]. Studies of RGR knock-
out mice indicate that RGR is necessary to maintain a normal
rate of 11-cis-retinal synthesis both in light and in darkness
after irradiation [18-20]. Mutations in the human RGR gene
are associated with retinitis pigmentosa [21].

There are two known splice isoforms of human RGR in
the retina. One variant (RGR-i) results from the alternative
use of an internal acceptor splice site in the second intron [22].
RGR-i contains an insertion of four amino acids in the con-
necting loop between the second and third transmembrane
domains. A second isoform (RGR-d) results from an inframe
deletion of exon 6 sequences [13]. We have found the RGR-d
mRNA in all postmortem donor retinas examined thus far. A
corresponding RGR-d mRNA transcript is not conserved in
the bovine or mouse retina. We have shown by
immunodetection that the RGR-d protein exists in the retinas
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of a large proportion of individual donors, including patients
with age-related macular degeneration [23].

The RGR-d isoform is intriguing because it appears to be
a nonfunctional, mutant form of RGR that is common in hu-
mans. RGR-d may affect the function of RGR insofar as, the
more RGR pre-mRNA is spliced to RGR-d, the less normal
RGR will be expressed. Since other mutants of RGR are asso-
ciated with inherited retinal degeneration [21], there is a pos-
sibility that the RGR-d protein is pathogenic under certain
conditions, or that it contributes to the progressive derange-
ment of RPE cells that is prevalent in older humans [24,25].

In this paper, we investigate RGR-d in the neural retina
and RPE cells of individuals at various ages. We analyze the
splice isoform by mass spectrometry, sensitive western blot
assay, immunohistochemical localization, and amplification
of cDNA. Our results show that the RGR-d protein is detect-
able in the retina of each donor and that an RGR-d epitope is
present near the RPE in the extracellular region of Bruch’s
membrane and adjacent intercapillary region.

METHODS
Antibody production:  Affinity-purified RGR and RGR-d an-
tibodies were produced as described previously [13,23]. The
HRGR-DE7 antipeptide antibody was generated against the
carboxyl terminal amino acid sequence of human RGR
(CLSPQKREKDRTK). The DE17 and DE21 antipeptide an-
tibodies were generated against the unique junction sequence
of human RGR-d (GKSGHLQVPALIAK) at the conjoined
splice point of exons 5 and 7. The peptides to be used as anti-
gens were synthesized (by Suzanna Horvath, California Insti-
tute of Technology) according to amino acid sequences de-
duced from human RGR and RGR-d cDNAs. The carboxyl
terminal and RGR-d peptides were conjugated with
succinimidyl 4-(N-maleimido methyl) cyclohexane-1-car-
boxylate to keyhole limpet hemocyanin for immunization.
Rabbit antisera were produced by Cocalico Biologicals
(Reamstown, Pennsylvania). An emulsion of 100 µg immu-
nogen in an equal volume of complete Freund’s adjuvant was
injected subcutaneously, and after 14 days, the rabbits were
boosted with 50 µg immunogen in an equal volume of incom-
plete Freund’s adjuvant. The antibodies were affinity-purified
from 9-24 ml of antiserum by specific binding to the immobi-
lized peptide attached to CNBr-activated Sepharose
(Pharmacia Biotech), or Affi-Gel 10 resin (Bio-Rad, Hercules,
California). The synthetic peptides (7.2-14.5 mg) were conju-
gated to the resins according to the manufacturer’s protocol.
Aliquots of affinity-purified antibodies were stored at -80 °C.

Preparation of retina and retinal pigment epithelium mem-
brane protein:  Postmortem eyes (eight donors, 18-77 years
of age; Table 1) were obtained from the Doheny Eye and Tis-
sue Transplant Bank (Los Angeles, California) and the Na-
tional Disease Research Interchange (Philadelphia, Pennsyl-
vania). After excision of the cornea, lens and vitreous, the neu-
ral retina was carefully removed. The eyecup was washed with
ice-cold phosphate-buffered saline (PBS) to remove any re-
maining retina. The RPE cells were then collected in PBS by
gently scraping the cell monolayer with a spatula. The retina

and RPE cells were frozen in liquid nitrogen and stored at -80
°C. Each sample was later thawed on ice and homogenized in
ice-cold buffer containing 67 mM sodium phosphate, pH 6.7,
and 250 mM sucrose with the use of a Dounce glass homog-
enizer or mechanical polytron. After the homogenate was cen-
trifuged at about 700 g for 10 min at 4 °C, the pellet was re-
suspended in buffer and homogenized again. The combined
supernatant was then centrifuged at >100,000xg for 1 h at 4
°C. The final pellet was resuspended in the homogenization
buffer and stored at -80 °C.

Western blot analysis:  Proteins were electrophoresed in
a 12% polyacrylamide-0.1% sodium dodecyl sulfate gel (SDS-
PAGE) and then transferred to Immobilon-P membranes
(Millipore Corp., Bedford, Massachusetts). The blots were
initially incubated with affinity-purified primary antibody at
ambient temperature, and then with a secondary antibody that
was conjugated to horseradish peroxidase. Immunoreactive
antigens were detected by chemiluminescence using the horse-
radish peroxidase -based ECL (Amersham, Arlington Heights,
Illinois) or SuperSignal West Femto (Pierce Biotechnology,
Rockford, Illinois) substrate systems. Chemiluminescence was
detected by exposure to BioMax XAR film. The density of
protein bands was determined with the Scion Image 1.63 soft-
ware (Scion Corp., Frederick, Maryland). ECL Immobilon-P
blots were reprobed by stripping, bound antibodies from the
blot and washing them at 50 °C for 30 min in buffer contain-
ing 62 mM Tris-HCl, (pH 6.7), 100 mM β-mercaptoethanol,
and 2% SDS.

A recombinant human RGR-d protein was produced us-
ing the Bac-to-Bac Baculovirus Expression System
(Invitrogen, Carlsbad, California), as described previously
[23]. A 1.1-kb cDNA encoding human RGR-d was excised
from the clone pcDNA3-hRGR-d by digestion with EcoR1
and inserted into the pFastBac donor plasmid. DH10Bac E.
coli competent cells were transformed with the pFastBac/RGR-
d plasmid to generate an expression bacmid. Spodoptera
frugiperda (Sf9) cells were cultured in serum-free medium,
Sf-900 II SFM, at 27 °C in a non-humidified, ambient air in-
cubator. The cells were transfected with the baculovirus RGR-
d expression bacmid to produce stocks of recombinant RGR-
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TABLE  1. INFORMATION  ON POSTMORTEM DONOR EYES

                       Known ocular   Postmortem
 Donor    Age/Gender     history1     interval2

-------   ----------   ------------   ----------
CV-008       73/F      none               27
CA-050       73/F      none               75
CA-066       59/M      RD                 42
Y-005        20/F      none               22
Y-116        18/M      none               37
Y-214        21/M      none               45
CA-0022      77/F      none               nd
960105       69/M      MD (eyebank)       34

Known ocular history is from information provided by the eye banks.
The postmortem interval time is the approximate hours from time of
death to time of tissue processing or freezing at -80 °C. RD repre-
sents retinal degeneration; MD represents macular degeneration; nd
represents not determined.
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d baculovirus. The viral titer was determined, and the viral
stock was amplified to 1x108 pfu/ml. The optimal infection
conditions were tested at various multiplicity of infection.
Whole cell extracts from RGR-d baculovirus- transduced cells
and untreated control Sf9cells were prepared by lysing the in-
fected cells in gel loading buffer containing 62.5 mM Tris-
HCl, (pH 8.0), and 2% SDS. A western blot using the HRGR-
DE7 antibody was performed to assay the expression of RGR-
d.

Mass spectrometric analysis of retinal G protein-coupled
receptor splice isoform:  Proteins from the retina and RPE of
individual donors were electrophoresed in a 12% SDS-poly-
acrylamide gel and stained with Coomassie blue. The protein
bands of interest were excised from the gel and treated with
trypsin for in-gel digestion [26]. A portion of the digested pep-
tide mixture was analyzed by liquid chromatography-mass
spectrometry (LC/MS/MS) using an Eksigent NanoLC-2D
HPLC system (Eksigent Technologies, Dublin, California)
interfaced directly to an LTQ-FT mass spectrometer
(ThermoElectron, San Jose, California). The mass spectrom-
eter was set to collect fragment ion spectra of the singly and
doubly protonated ions of the splice-site peptide in alternat-
ing scans. The identity of the analyzed peptides was confirmed
by comparing their spectra to reference spectra obtained from
a synthetic form of the splice-site peptide.

Analysis of human retinal G protein-coupled receptor
mRNA by amplification:  Total RNA was isolated from hu-
man donor neural retina and RPE cells using RNA-Bee RNA
isolation reagents from Tel-Test, Inc. (Friendswood, Texas),
according to the manufacturer’s instructions. Each tissue was
added to 0.5 ml RNA-Bee solution and sheared by passing
through a 21-22 gauge needle. After further addition of 0.5 ml
RNA-Bee, the sample was homogenized in a 7 ml glass dounce
homogenizer. The solution phases were separated, and the RNA
was precipitated.

Human RGR mRNA transcripts were analyzed by reverse
transcription and amplification by polymerase chain reaction
(RT-PCR) using the ThermoScript RT-PCR system from
Invitrogen. At least 20 ng of total RNA from the RPE or neu-
ral retina were used in the analysis. The RNA and primer were
denatured at 65 °C for 5 min. The reverse transcriptase reac-
tion was performed with 50 pmol of oligo(dT), at least 20 ng
RNA, and 1 ml of ThermoScript RT (15 U/ml) in a 20 ml
volume reaction for 1 h at 55 °C. RNaseH (2 U/ml) was added
to each reaction at 37 °C for 20 min.

A region of the RGR cDNA was amplified using primers
S200 (CCC TAC GGC TCG GAC GGC TGC) and A860 (CTT
CTG CGG TGA GAG GCA). Amplification with the S200
and A860 primers yielded expected fragments of 609 and 495
nucleotides in length, which correspond to the intact RGR and
truncated RGR-d mRNA, respectively. The PCR was per-
formed with 10 pmol of each primer, 2 µl of the first-strand
cDNA solution (or RNA solution without reverse transcriptase,
as a negative control), and 2.5 units of platinum Taq poly-
merase for 40 cycles of 45 s at 94 °C, 45 s at 56 °C, and 45 s at
72 °C. The fragments were electrophoresed and visualized with
ethidium bromide.

Real-time polymerase chain reaction analysis of retinal
G protein-coupled receptor and retinal G protein-coupled re-
ceptor splice isoform:  The Roche LightCycler 480 real-time
PCR system (Roche Applied Science, Indianapolis, Indiana)
was used to analyze human RGR and RGR-d mRNA. Hy-
drolysis probes were from the Universal ProbeLibrary (Roche
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Figure 1. Western immunoblot assay of retinal G protein-coupled
receptor splice isoform and retinal G protein-coupled receptor in
human retina and retinal pigment epithelium.  A: The expression of
retinal G protein-coupled receptor splice isoform (RGR-d) in the
neural retina (lane 1), and retinal pigment epithelium (RPE; lane 2)
from donors CV-008 (73/F), CA-050 (73/F), and CA-066 (59/M)
was analyzed on western blots using the DE17 antibody. B: The blot
shown in A was stripped of bound antibodies and incubated subse-
quently with the HRGR-DE7 antibody. C: Relative level of RGR-d
in reference to the amount of RGR. Initially, samples were loaded
onto the gel so that RGR would be about equal intensity in each lane.
The relative density of RGR-d bands (A) was then normalized to the
band density of RGR (B). Controls included RGR-d baculovirus-
transduced Spodoptera frugiperda (Sf9) whole cell extract (lane 3),
and an equal amount of control Sf9 whole cell extract (lane 4). Hu-
man RGR protein (lane 5) was solubilized in 1% Triton X-100/PBS
and isolated from RPE cells of a single donor (CA-014, 84-year-old
female) by an immunoaffinity procedure [23]. Monomer RGR-d (open
arrows) and full-length RGR (solid arrows) were detected by chemi-
luminescence using (A) SuperSignal West Femto and (B) ECL™
substrate systems. Donor CA-066 was diagnosed with retinal degen-
eration and insulin-dependent diabetes mellitus.
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Applied Science). Synthetic oligonucleotides were obtained
from Invitrogen (Carlsbad, California). For this analysis, the
following primer-probe sets were used: RGR upstream (exon
5), 5'-TTC CTA CAG TCT CAT GGA GCA G-3'; RGR down-
stream (exon 6), 5'-TGC GTA TAG ATA CAG GAT GGC ATA-
3'; RGR hydrolysis probe, 5'-TCT CCA GG-3'; RGR-d up-
stream (exons 5 and 7), 5'-AGT GGC CAT CTC CAG GTG
C-3'; RGR-d downstream (exon 7), 5'-ATT CCC CTG CAG
ACC ATC T-3'; RGR-d hydrolysis probe, 5'-CTG GGC AA-
3'. We analyzed the human glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) transcript as a reference. The primer-

probe set that we used for GAPDH is as follows: GAPDH
upstream, 5'-AGC CAC ATC GCT CAG ACA-3'; GAPDH
downstream, 5'-GCC CAA TAC GAC CAA ATC C-3';
GAPDH hydrolysis probe. 5’CTG CTG GG-3'.

Samples of total RNA from the retina and RPE were re-
verse transcribed using the Transcriptor First Strand cDNA
Synthesis Kit (Roche). For negative controls, RNA was incu-
bated without reverse transcriptase. Real-time PCR assays were
performed in triplicate. A portion of each first-strand cDNA
reaction was mixed with 100 nM hydrolysis probe, 200 nM
each of the forward and reverse PCR primers, and
LightCycler® 480 Probes Master (Roche) solution in a final
volume of 20 µl. The LightCycler 480 was programmed for 1
cycle of pre-incubation at 95 °C for 5 min, 45 cycles of heat-
ing at 95 °C for 10 s and amplification at 61 °C for 25 s, and 1
cycle of cooling at 40 °C for 10 s. Plasmids containing human
RGR and RGR-d cDNAs were used to determine standard
curves.

Immunohistochemistry:  Tissue bank eyes were either pro-
cessed without fixation or they were fixed with 4% paraform-
aldehyde in PBS for 4-6 h at 4 °C. Fixed tissues were infil-
trated overnight with 30% sucrose in PBS. The retinas were
dissected from the sclera, embedded in Tissue-Tek O.C.T.
Compound (Sakura, Torrance, California) and frozen. The fro-
zen tissues were sectioned with a cryostat at -20 °C to a thick-
ness of 5-8 µm, mounted on Superfrost/Plus slides (Fisher
Scientific, Pittsburgh, Pennsylvania), air-dried, and treated with
cold acetone for 5 min. Retina sections were permeabilized
by incubation with 0.2% Triton X-100 in PBS or treated with
blocking reagent, consisting of 3% bovine serum albumin, 5%
normal goat serum and 0.2% dodecylmaltoside in PBS. After
blocking, the sections were incubated with affinity-purified
primary antibodies at ambient temperature or 37 °C. Immu-
nohistochemical staining was performed with a peroxidase-
based enzyme detection system (Vectastain ABC or Impress,
Vector Laboratories, Burlingame, California) using the Vec-
tor VIP substrate, according to the manufacturer’s instructions.
Control slides were treated in the same manner, except that
the primary antibody was either omitted from the binding
buffer, or blocked by pre-adsorption with 100 µM RGR-d pep-
tide in PBS for 30 min. The sections were mounted in aque-
ous Crystal/Mount medium, or they were dehydrated sequen-
tially with 95% and 100% ethanol, cleared with xylene, and
covered with VectaMount (Vector Laboratories). Images were
photographed using a Leica DM LB2 microscope system with
Spot digital camera and Advanced version 4.0.8 (Diagnostic
Instruments, Inc., Sterling Heights, Michigan).

RESULTS
Relative level of retinal G protein-coupled receptor splice
isoform protein in human retina and retinal pigment epithe-
lium:  Retina and RPE membrane proteins from individual
donors (ages 59-73) were analyzed on a western blot by incu-
bation with affinity-purified HRGR-DE7 antibody and DE17,
an antibody directed preferentially against RGR-d (Figure 1).
DE17 reacted specifically with recombinant RGR-d and sev-
eral prominent bands (about 24, about 55, and about 18 kDa)
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Figure 2. Western immunoblot assay of retinal G protein-coupled
receptor splice isoform and retinal G protein-coupled receptor in the
retina and retinal pigment epithelium of young donors.  A single blot
of the neural retina (lane 1) and retinal pigment epithelium (RPE;
lane 2) membrane proteins from donors Y-005 (20/F), Y-116, (18/
M), and Y-214 (21/M) was prepared so that retinal G protein-coupled
receptor (RGR) would be about equal intensity in each lane. The blot
was (A) incubated with the DE17 antibody, strip-washed, and then
(B) incubated with the HRGR-DE7 antibody. C: The relative density
of retinal G protein-coupled receptor splice isoform (RGR-d) bands
was normalized to the band density of RGR. Monomer RGR-d (open
arrows) and full-length RGR (solid arrows) were detected by chemi-
luminescence using (A) SuperSignal West Femto and (B) ECL™
substrate systems.
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in the retina of each donor (Figure 1A). In the RPE of donors
CV-008 and CA-050, DE17 reacted only faintly, if at all, to
these proteins. In donor CA-066, the bands from the RPE were
about half as intense as the bands from the retina. HRGR-
DE7 bound both recombinant RGR-d and normal RGR (Fig-
ure 1B). The protein gel was loaded so RGR would be about
equal intensity in the retina and RPE of each donor. The rela-
tive intensity of RGR-d bands to that of full-length RGR var-
ied significantly, most especially in the RPE, for which the
intensity ratio of RGR-d to RGR bands was extremely low for
donors CV-008 and CA-050 (Figure 1C). The results also in-
dicate that the DE17 antibody did not cross-react with intact
RGR and that retina proteins did not contaminate the RPE
sample to a large degree.
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Figure 3. Mass spectrometric analysis of a
unique retinal G protein-coupled receptor
splice isoform splice-site peptide.  A: Se-
quence of a test peptide that encompasses
the splice junction site of exons 5 and 7 in
retinal G protein-coupled receptor spilce
isoform (RGR-d). The peptide contained a
tryptic fragment (boxed sequence) and the
RGR-d peptide epitope (underlined se-
quence) used to generate RGR-d specific
antibodies. The test peptide was digested
with trypsin and characterized by liquid
chromatography-mass spectrometry (LC/
MS/MS) analysis. B: High resolution mass
spectrum for the RGR-d splice-site peptide,
a tryptic fragment from the test peptide. Ions
in the spectrum were annotated to show the
charge state and the observed m/z values.
C: fragment ion spectrum (MS/MS) spec-
trum for the RGR-d splice-site peptide.
Prominent sequence-related ions in the
spectrum are annotated to show the ob-
served m/z value and fragment ion series
assignment.

Figure 4. Western immunoblot assay of retinal G protein-coupled
receptor splice isoform in the neural retina of donor O, retinal pig-
ment epithelium of donor CA-066, and baculovirus-transduced
Spodoptera frugiperda whole cell extract.  Untreated Spodoptera
frugiperda (Sf9) whole cell extract served as a negative control. The
blot was probed with the DE17 antibody. The asterisks indicate pro-
tein bands that were cut from a parallel gel for liquid chromatogra-
phy-mass spectrometry (LC/MS/MS) analysis. RPE represents reti-
nal pigment epithelium.
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We next analyzed retina and RPE membrane proteins from
younger individuals (ages 18-21; Figure 2). DE17 reacted with
the about 24-kDa RGR-d band and several other bands in the
retina of each donor (Figure 2A). In the RPE, however, DE17
reacted primarily with the 18-kDa band, while the other noted
bands were barely detectable. As expected, normal RGR was
easily detectable in all RPE and retina samples by the HRGR-
DE7 antibody (Figure 2B). For each donor, the ratio of inten-
sity of RGR-d to RGR bands was much lower in the RPE in
comparison to that in the retina (Figure 2C).

Mass spectrometric analysis of a unique retinal G pro-
tein-coupled receptor splice isoform epitope:  The RGR-d
splice isoform has a contiguous amino acid sequence at the
splice junction of exons 5 and 7 that can be detected by our
RGR-d antibodies. We next developed an independent method
to detect the RGR-d epitope in human tissue by LC/MS/MS
analysis. We synthesized a test peptide that contained a tryp-
tic fragment with 12 amino acids of the junction sequence
(SGHLQVPALIAK) and corresponded well to the RGR-d
epitope (Figure 3A). The test peptide was digested with trypsin,
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Figure 5. fragment ion spectrum
spectra corresponding to the retinal
G protein-coupled receptor splice
isoform splice-site peptide.  Protein
bands, which correspond to the im-
munoreactive bands in the western
blot of Figure 4, were stained with
Coomassie blue, excised, and ana-
lyzed by liquid chromatography-
mass spectrometry (LC/MS/MS).
Fragment ion spectrum (MS/MS)
spectra from precursor ions at m/z
613.4 matching the spectrum for the
RGR-d splice-site peptide were ob-
served for (A) recombinant RGR-
d, (B) the about 24-kDa band from
donor CA-066, (C) the about 55-
kDa band from donor CA-066, and
(D) the about 24-kDa band from
donor O. For the spectra from the
donor samples, background subtrac-
tion was used to eliminate low lev-
els of constant chemical noise evi-
dent in the MS/MS spectra obtained
at the precursor m/z, mass-to-charge
ratio.
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and a portion of the reaction was analyzed by LC/MS/MS. We
observed a strong peak (Obsv.) with mass values in excellent
agreement with those calculated (Calc.) for three charge states
of the predicted tryptic fragment (MH+ Calc. 1233.7314, Obsv.
1233.7304, MH

2
2+ Calc. 617.3693 Obsv. 617.3686, MH

3
3+

Calc. 411.9153, Obsv. 411.9150; Figure 3B). The peptide as-
signment was confirmed by a fragment ion spectrum (MS/
MS spectrum; Figure 3C) of the 2+ charge state that yielded
nearly complete sequence coverage.

Identification of RGR-d in human tissue by mass spectro-
metric analysis:  The recombinant RGR-d, neural retina pro-
teins from donor O and RPE proteins from donor CA-066 were
separated by SDS-PAGE and analyzed by western immunoblot
(Figure 4). Immunoreactive protein bands (about 24-kDa band
from donor O, about 24-kDa and about 55-kDa bands from
donor CA-066, and about 24-kDa recombinant RGR-d) were
digested with trypsin and subjected to LC/MS/MS analysis.
Fragment ion spectra corresponding to the splice-site peptide
were recorded for recombinant RGR-d and all three immu-
noreactive protein bands from the donor samples (Figure 5A-
D). In each instance, the spectra were nearly identical to that
obtained previously for the test peptide (compare with Figure
3C). To show that a peptide spectrum was not the result of
carryover from a preceding run, we performed blank analyses
between the samples. These blanks did not yield the correct
MS/MS spectrum.

Determination of retinal G protein-coupled receptor splice
isoform mRNA by cDNA amplification:  Although RGR-d is
present in the RPE of donor CA-066, there appears to be little
RGR-d protein in the RPE of the other individuals, despite
high expression of normal RGR (Figure 1 and Figure 2). It is
possible that the RGR-d mRNA was not present in the RPE in
these cases. The RGR-d mRNA transcript in donor Y-005 was
analyzed, by using RT-PCR to assay the splice variant in the
retina and RPE. DNA fragments of about 600 and about 500
nucleotides were amplified from both the retina and RPE.
These bands corresponded to the expected fragments of 609
and 495 nucleotides in length for RGR and RGR-d, respec-
tively (Figure 6). No PCR bands were detected in the con-
trols. The about 600- and about 500-bp PCR bands were se-
quenced directly, and we confirmed their correspondence to
the nucleotide sequence of RGR and RGR-d, respectively.

Real-time reverse transcriptase polymerase chain reac-
tion analysis:  We also analyzed RGR and RGR-d mRNA by
real-time RT-PCR assay. Specific primer-probe sets were de-
signed to amplify RGR or RGR-d cDNA. The downstream
primer for full-length RGR corresponds to an exon 6 sequence,
so it can not anneal to RGR-d cDNA. The upstream primer
for RGR-d spans the junction sequence between exon 5 and 7
and has a mismatch with full-length RGR cDNA of two nucle-
otides at its 3'-end. Under the PCR conditions, the upstream
primer for RGR-d will not anneal to exon 7 nor intiate prim-
ing on exon 6 of normal RGR cDNA. The PCR efficiencies of
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Figure 6. Reverse transcriptase polymerase chain reaction analysis
of retinal G protein-coupled receptor mRNA transcripts in the retina
and retinal pigment epithelium of donor Y-005.  The PCR primers,
S200 and A860, were added to first-strand cDNA from the neural
retina or retinal pigment epithelium (RPE) of donor Y-005 (OD).
Amplification was carried out to generate expected 609-bp and 495-
bp fragments that correspond to the intact RGR and truncated RGR-
d mRNAs, respectively. Parallel experiments were performed with
(+) or without (-) reverse transcriptase. No PCR bands were detected
in the controls. The about 600-bp (solid arrow) and about 500-bp
(open arrow) PCR fragments from the RPE were sequenced and found
to contain the 114-bp presence or deletion of exon 6, respectively.

TABLE  2. REAL -TIME  REVERSE TRANSCRIPTASE POLYMERASE  CHAIN  REACTION  ANALYSIS  OF RETINAL  G PROTEIN-COUPLED RECEPTOR AND RETINAL

G PROTEIN-COUPLED RECEPTOR SPLICE ISOFORM TRANSCRIPTS IN THE RETINA  AND RETINAL  PIGMENT  EPITHELIUM  OF DONOR Y-005

                                                 Expression      Copy
                  Cp (mean±SEM)                     ratio        number
         ------------------------------------   ------------   ---------
Tissue       RGR        RGR-d         GAPDH     RGR    RGR-d   RGR-d/RGR
------   ----------   ----------   ----------   ----   -----   ---------
RPE      32.63±0.05   33.87±0.09   35.02±0.19   28.4   15.5      0.17

Retina   30.10±0.06   30.54±0.05   27.61±0.02   1      1         0.33

The relative expression ratios were determined by the method of Pfaffl [27]. Cp values were obtained by the LightCycler 480 software
1.2.0.0625, according to the second derivative maximum method. Abbreviations: RPE represents retinal pigment epithelium, RGR represents
retinal G protein-coupled receptor, GAPDH represents glyceraldehyde-3-phosphate dehydrogenase.
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the primer-probe sets for RGR, RGR-d and GAPDH were
89.6%, 94.9%, and 95.5%, respectively. The relative expres-
sion ratios for the two transcripts were analyzed using guide-
lines described by Pfaffl [27]. GAPDH was used as the refer-
ence in normalization, and the ratios in RPE were based on
the expression level in the retina (calibrator).

We analyzed the same total RNA from donor Y-005, as in
Figure 6. Normal intact RGR mRNA was about 28 fold higher
in the RPE than in the retina (Table 2). This result is consis-
tent with both western and northern blots that indicate higher
expression of RGR in the RPE as compared to the retina [28].
The RGR-d splice isoform was also higher by about 16 fold in
the RPE than in the retina. Both the end-point and real-time
PCR assays confirm that the exon-skipping RGR-d mRNA is

expressed in human RPE. The ratio of RGR-d to RGR tran-
script copy number was 0.17 in the RPE and 0.33 in the retina.
These results show that the difference in mRNA transcript ra-
tios between the RPE and retina does not correspond to the
much larger difference in RGR-d protein between the two tis-
sues from donor Y-005 (Figure 2).

Immunohistochemical localization of retinal G protein-
coupled receptor splice isoform in Bruch’s membrane:  Our
results indicate that although the RPE cells of donor Y-005
have a relatively high amount of the RGR-d mRNA, there is a
negligible amount of the RGR-d protein, which also was barely
detected in the RPE cells of several other donors (Figure 1
and Figure 2). To further investigate RGR-d in the RPE, we
analyzed the RPE of donor Y-005 and other individuals by

©2007 Molecular VisionMolecular Vision 2007; 13:1203-14 <http://www.molvis.org/molvis/v13/a131/>

Figure 7. Immunohistochemical localization of the retinal G protein-coupled receptor splice isoform epitope in Bruch’s membrane.  A: The
retina or retinal pigment epithelium (RPE)-choroid section was obtained from the macular region of donor Y-005 (OD) and incubated with the
DE21 antibody. Arrows point to immunostaining with the VIP substrate in Bruch’s membrane and intercapillary region of the choriocapillaris.
B: Control RPE-choroid section incubated with peptide-blocked DE21 antibody. C: Higher magnification of boxed region in A, showing
immunostaining of intercapillary regions (solid arrows) and basal boundary of RPE cells (open arrows). The neural retina was detached and
absent from the section.
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immunohistochemical staining. Tissue sections from donors
Y-005 (20/F), CA-0022 (77/F), and 960105 (69/M) were in-
cubated with RGR-d antibody DE21.

Immunostaining of the RPE-choroid in donor Y-005
yielded a relatively weak signal in the RPE cells; however,
there was significant positive staining of Bruch’s membrane
(Figure 7). The RGR-d epitope was present well into the in-
tercapillary region (Figure 7A). Specific immunostaining was
blocked by pre-incubation of the antibody with excess pep-
tide (Figure 7B). At higher magnification, any signal in the
RPE appeared to be localized to the extreme basal boundary
of the cell (Figure 7C).

In donor CA-0022, the RGR-d epitope was present in the
intercapillary region, Bruch’s membrane and drusen (Figure
8). The immunostaining of the drusen was strong and exten-
sive. On the other hand, immunostaining of RPE cells of this
donor was weak or undetectable. Background immunostaining
in the choroid was negligible.

Immunostaining of the neural retina of donor 960105
showed that RGR-d is localized in the Müller cells (Figure 9).
The Müller cell somata, endfeet and processes revealed strong
immunostaining (Figure 9A). Positive staining also appeared
along the basal side of the RPE in Bruch’s membrane and the
intercapillary region (Figure 9B). Positive staining within the
RPE was difficult to detect, although there clearly was no stain-
ing in the apical portion of the RPE cells. Donor 960105 had
macular degeneration and a large subretinal scar in the macula
[23].

DISCUSSION
 There is now ample evidence for the expression of the RGR-
d splice isoform in human eyes. As much as 44% of RGR

cDNA clones in a human retina cDNA library encode the RGR-
d variant [13]. The RGR-d mRNA is detectable in all samples
of donor retinas examined thus far by RT-PCR amplification.
An antibody that is directed against an RGR-d-specific pep-
tide binds preferentially to a protein consistent in size to the
splice isoform in human retinas [23]. Mass spectrometric analy-
ses of proteins that correspond to the immunoreactive bands
independently confirm the presence of the RGR-d splice junc-
tion in human neural retina and, in some cases, RPE cells.
Unlike other nonfunctional mRNAs, the RGR-d transcript
leads to the constitutive production of the encoded protein.
Synthesis of the splice isoform would preclude the stoichio-
metric expression of normal RGR, a protein that is necessary
to maintain normal levels of 11-cis-retinal after exposure to
light [18-20]. Hence, overexpression of RGR-d may affect dark
adaptation in humans.

We previously showed that the abundance of RGR-d in
the retina varied between individual donors. Here, we show
by a more sensitive western blot assay that the RGR-d protein
is detectable in the neural retina of each donor as bands of
about 24 and about 55 kDa on the blot. The about 24-kDa and
about 55-kDa bands appear to be the monomer and an aggre-
gate of the RGR-d protein, respectively. Confirmation of these
bands as immunoreactive forms of RGR-d is strongly sup-
ported by mass spectrometric analysis and identification of
the splice junction peptide, which corresponds to the expected
tryptic fragment of RGR-d. The analysis of young and older
donors suggests that all individuals have some RGR-d in the
neural retina.

We also showed that there is a large difference in the rela-
tive amount of RGR-d protein between tissues, the neural retina
and RPE cells. The RGR-d/RGR protein ratio is consistently

©2007 Molecular VisionMolecular Vision 2007; 13:1203-14 <http://www.molvis.org/molvis/v13/a131/>

Figure 8. Immunohistochemical localization of retinal G protein-coupled receptor splice isoform epitope in the drusen of donor CA-0022.  The
retinal pigment epithelium-choroid section from a 77-year-old female donor was prepared from frozen tissue and incubated with the DE21
antibody. The purple VIP chromogen indicates positive staining of drusen (solid arrows), Bruch’s membrane, and adjacent areas of the
choriocapillaris (open arrows). The neural retina was detached (not shown).
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lower in the RPE than in the retina among all donors. Surpris-
ingly, the RGR-d protein in the RPE is nearly undetectable in
many cases, despite abundant expression of normal RGR (Fig-
ure 1 and Figure 2). High levels of the splice isoform in the
RPE appear to be the exception, as in donor CA-066 (Figure
1A). The retina of the young donors contained a few addi-
tional high-MW RGR-d bands. The reason for these other
bands is unknown, but all the high-MW RGR-d bands were
dramatically lower in the RPE than in the retina.

The lack of RGR-d protein in the RPE is not due to the
absence of the RGR-d mRNA transcript. The RGR-d mRNA
is clearly present in RPE cells as determined by real-time RT-
PCR analysis. Both RGR-d and RGR mRNA were higher in
the RPE than in the neural retina. In donor Y-005, RGR-d
mRNA was present at a rather high percentage of normal RGR
mRNA, i.e. 17% and 33% of the amount of normal RGR in
the RPE and retina, respectively. The 33% proportion in the
retina may seem startling, but it is not inconsistent with our
previous finding that as much as 44% of RGR-hybridizing
cDNA clones in a human retina cDNA library encodes the
RGR-d variant [13]. The RGR-d transcript is stable enough to
allow ready cloning of ample cDNAs [13] and is clearly trans-
latable in both mammalian and insect cells [23]. Thus, it is an
enigma for the RGR-d mRNA, but not the RGR-d protein to
be found in the RPE, especially since the RGR-d protein is
expressed in the neural retina of the same individual.

The low abundance of RGR-d protein in the RPE of many
donors was corroborated by immunohistochemical analysis
of tissue sections. Our results showed relatively weak or little
immunostaining within RPE cells and were consistent with
western blot assays. Instead, we observed specific positive

immunostaining of extracellular regions near the basal aspect
of the RPE, including Bruch’s membrane and intercapillary
region. This finding indicated that a greater amount of the
RGR-d epitope was located outside of the RPE cells than in-
side. The extracellular staining on the basal side of the RPE
was seen previously with the strong DE21 antibody [23]. We
have also observed extracellular staining with the weaker DE17
antibody, although the results were not as convincing because
of the lower signal intensity or poor tissue morphology [23].
Immunostaining for normal RGR in the RPE by the HRGR-
DE7 antibody was consistently intense. In the neural retina,
RGR-d was localized in the Müller cells.

Since RGR-d is synthesized in the RPE, the extracellular
localization of the RGR-d epitope suggests that the splice vari-
ant is released or exocytosed at the basal cell surface. The
epitope appears to be a residual processed form of RGR-d,
which lacks the carboxyl terminus, since it is not immunore-
active with the HRGR-DE7 antibody. The mechanism by
which RGR-d is processed in the RPE and deposited into the
extracellular space at the basal surface is unknown. The mecha-
nism may involve exocytosis, shedding, blebbing or diffusion
from the basal membrane of RPE cells, but it is unlikely to
involve RPE cell death in young individuals. The RGR-d
isoform may induce its deposition into the extracellular space
or enter into an unidentified native pathway for release or exo-
cytosis.

In either case, the RGR-d epitope serves as a strong marker
for a type of extracellular deposit beyond the basal margin of
human RPE. The synthesis and deposition of RGR-d occurs
in young and old throughout adult life and must involve con-
tinuous clearance of the epitope. Interestingly, strong positive

©2007 Molecular VisionMolecular Vision 2007; 13:1203-14 <http://www.molvis.org/molvis/v13/a131/>

Figure 9. Immunohistochemi-
cal localization of the retinal G
protein-coupled receptor splice
isoform epitope in Müller cells.
A: The retina section was pre-
pared from the macular region
of donor 960105, a 69-year-old
male with macular degenera-
tion, and incubated with the
DE21 antibody. Positive stain-
ing (solid arrows) in the neu-
ral retina was evident in the
somata and quite strongly, in
the inner processes and endfeet
of Müller cells. B: Higher mag-
nification of positive staining
of the intercapillary region
(open arrows) and Bruch’s
membrane. Asterisks indicate
lumen of the choriocapillaris.
OS represents outer segments;
ONL represents outer nuclear
layer; INL represents inner
nuclear layer; GCL represents
ganglion cell layer; Ch repre-
sents choroid; RPE represents
retina pigment epithelium.
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immunostaining of the RGR-d epitope was seen in drusen of-
ten found in the older donors. Various other basal extracellu-
lar deposits are well known to appear in humans, some as early
as 20 years of age [29,30]. It is possible that the extraneous
splicing of the human RGR gene and continuous expression
of RGR-d are associated with some of these deposits and are
involved in progressive aging changes in Bruch’s membrane,
or in the pathogenesis of age-related macular degeneration
under certain conditions.
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