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purpose. 10 study mechanisms leading to photoreceptor
degeneration in mouse models for autosomal dominant ret-
initis pigmentosa (adRP) based on the rhodopsin P23H mu-
tation.

METHCLE Mice of a transgenic line expressing a rhodopsin
triple mutant, V20G, P23H, and P27L (GHL), were mated with
rhodopsin (rho) knockout mice. Littermates of various ages
and genotypes (GHL+rho+/+, GHL+rho+/~, and GHL+rho_/~)
were examined for outer nuclear layer thickness and outer
segment formation (histology), fate of mutant rhodopsin (im-
munocytochemistry), and photoreceptor function (electroreti-
nogram; ERG).

RESLLTS Mice expressing GHL-rhodopsin in the absence of
wild-type rhodopsin had severe retinopathy, which was nearly
complete by postnatal day (P)30. GHL-rhodopsin formed ho-
modimers nearly exclusively on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis gels, whereas wild-type rhodop-
sin predominantly formed monomers. Expression level of
mutant rhodopsin in predegenerate (P10) GHL+rho_/~ retinas
was low, approximately 10% to 25% of normal levels. No
elaboration of disc membrane or outer segment formation was
observed at any time point examined. The mutant rhodopsin
was found mostly in perinuclear locales (endoplasmic reticu-
lum; ER) as evidenced by colocalization using the antibodies
RholD4 and calnexin-NT.

CGONLBEQONE GHL-rhodopsin dimerizes, localizes to the ER, and
fails to transport and support outer segment formation. Addi-
tionally, the mutant protein does not support a scotopic ERG
a-wave and accelerates photoreceptor degeneration over that
occurring with the rhodopsin knockout alone. These findings
indicate a cytotoxic effect of the mutant protein, probably
elicited by an unfolded protein response. (Invest Ophthalmol
Vis Sci. 2001;42:826-833)
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hodopsin is an abundant, multifunctional intrinsic mem-

brane protein, acting as a photoreceptor molecule; a rod
outer segment (ROS) structural protein; and, in its activated
form, as a guanosine triphosphate-guanosine diphosphate ex-
change factor.1More than 80 mutations in the human rhodop-
sin gene are associated with the genetically heterogeneous
group of retinal degenerations referred to as retinitis pigmen-
tosa (RP).2-4 Rhodopsin mutants account for the largest pro-
portion of autosomal dominant (ad) RP cases of known genetic
origin (30%-40%).5 The first rhodopsin mutation identified,
P23H,6 occurs most frequently in the United States. A trans-
genic mouse line bearing a single P23H mutation in the human
rhodopsin gene accumulated mutant rhodopsin in the outer
plexiform layer,7 indicating misrouting of the mutant protein.8
An independent transgenic mouse line expressing the rhodop-
sin mutations V20G, P23H, and P27L, produces a slowly pro-
gressing photoreceptor degeneration resembling human
adRP.9Ithas been suggested that on the wild-type background,
GHL mutant rhodopsin incorporated into ROS disc mem-
branes, but basal discs appeared disorganized.10 However, in
vitro experiments, in which the P23H mutant protein was
expressed in heterologous cells, showed low levels of expres-
sion and retention of the mutant protein in the ER.11

In transgenic mouse models, the mutant rhodopsin trans-
genes were expressed on wild-type genetic backgrounds in
which normal rhodopsin was also expressed. Molecular mech-
anisms by which expression of mutant rhodopsin leads to
photoreceptor cell death explaining the dominant phenotype
of retinal degeneration are not understood. Availability of rho-
dopsin knockout micel12,13 has made it possible to study mu-
tant rhodopsin expressed in vivo isolated from wild-type rho-
dopsin. We generated mice expressing GHL-rhodopsin on
rho~'~, rho+/~, and rho+/+ backgrounds, compared the rates
of retinal degeneration, determined whether the mutant pro-
tein alone was capable of supporting ROS formation, and
localized the mutant protein. Severity of retinal degeneration
was determined by the ratio of mutant to wild-type protein.
The most severe disease phenotype occurred when the GHL
transgene was expressed in the absence of wild-type rhodop-
sin. We were surprised to observe that the mutant rhodopsin
alone was unable to support disc membrane or outer segment
formation. Immunogold labeling of GHL+rho_/~ retina sec-
tions revealed mutant rhodopsin localized to perinuclear re-
gions of the rod, together with calnexin, a resident ER protein
and chaperone. These results are interpreted to suggest that
the misfolded, nonfunctional mutant rhodopsin accumulates in
the ER, a condition known to elicit unfolded protein response
(UPR; reviewed in Reference 14), leading to apoptosis.

Methods

Genotyping

Transgenic and knockout mice were cared for in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and the guidelines of the University of Utah Committee on
Animal Research. The transgene and wild-type rhodopsin gene were
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rigure 1. Transgene, targeted rhodopsin gene, P10 histology and immunoblot analysis. (A) Mouse rhodopsin transgene containing mutations in
exon 1 N, Adeleted Ncol site, the restriction fragment length polymorphism (RFLP) used to identifyGHL+ mice. Underneath, N-terminal sequence
of mouse rhodopsin and amino acid substitutions (G, H, L) of the transgene. N2 and N15 are glycosylated in mature rhodopsin. (B) Targeted
rhodopsin gene. The first 111 codons of exon 1, including the translational start, were replaced by a neomycin gene.13 (C) Retinas of four
littermates and age-matched rho—+—and rho-++ mice show comparable histology at day P10. Sections were stained with 1% methylene blue/azure
Il'in sodium borate solution and photographed in superior regions equidistant from the optic nerve. RIS, rod inner segments; OPL, outer plexiform
layer. Bar, 20 “m. (D) Immunoblot of P10 retina extracts probed with a C-terminus-directed mAb, RholD4. Six panels are from one blot,
partitioned to illustrate with corresponding histology. Wild-type rhodopsin migrated predominantly as a monomer (40 kDa, rightmost panel),
whereas the transgene product formed a dimer almost exclusively when isolated from wild-type rhodopsin (GHL+rho~/—-leftmostpanel). Two
monomeric species were visible faintly only when the sample was overloaded (lane 1,firstpanel). As expected, the rho~/~ retinal extract was

negative (fourth panelfrom left).

distinguished by differential restriction digestion of a 1.3-kb amplifica-
tion product produced by primers W75 (5F-AGACTGACATGG GGAG-
GAATTC-3) and W11 (5-GTGCCTGTGATCACAGCACTT-3).9 The
presence of the targeted rhodopsin gene was detected by separate
amplification of a 493-bp fragment from the neomycin (Neo) gene
using primers Neo4 (5-CGGGAGCGGCGATACCGTAAAGC-3f) and
Neo7 (5'-GAAGCGGGAAGGGACTGG CTGCTA-3)).

Immunoblot Analysis of Transgene
Expression Level

Retinas from postnatal day (P)10 mice were isolated in ice-cold phos-
phate-buffered saline (PBS), placed in tubes individually, frozen in
liquid nitrogen, and kept at —80°C until used. Solubilization of retinas
was achieved using a two-buffer process. To each tube, 92 ~| of buffer
1 (2.8% sodium dodecyl sulfate [ SDS]; 15 ~g/ml each of pepstatin,
leupeptin, aprotinin; 0.1 mM phenylmethylsulfonyl fluoride [PMSF],
and 2 mM EDTA in 0.09 M Tris-HCI [pH 6.8]) was added. The retinas
were vortexed, allowed to rest for 1 minute, revortexed, and allowed
to rest 20 minutes at room temperature. Then, 40 "I of buffer 2 (0.4%
bromophenol blue and 4.7% 0-mercaptoethanol in 9.4% glycerol) and
8 Ml of 10 mM Tris-HCI (pH 7.4) were added per tube, for a total
volume of 140 Ml per retina, at room temperature. Retinal homoge-
nates of the same genotype and age were pooled, producing the stock
for subsequent dilutions. Samples shown in Figure 1D contained 1:70

retina per lane, with the exception of GHL+rho——which contained
1:14 (Fig. 1, set 1, lane 1), 1:140 (lane 2), and 1:70 retina (lane 3).
Proteins were separated using 12.5% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE; 50 minutes, 200 V),15 trans-
ferred electrophoretically onto nitrocellulose membrane (1 hour, 100
V), and probed using monoclonal antibody (mAb) Rho1D416 (1:750)
for 3 hours at room temperature.

Microscopy

For light and electron microscopy, right eyes were processed initially,
as described.17 Thin (silver-gold) sections were cut from selected
blocks, placed on Formvar- (SPI, West Chester, PA) and carbon-coated
slot grids, stained by uranyl acetate followed by lead citrate, and
examined with an electron microscope (H-600; Hitachi, Brisbane, CA)
at 75 kV. For light microscope immunocytochemistry, left eyes were
fixed using freshly prepared 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) and cryoprotected using 30% sucrose in buffer. Mouse
mAb RholD4 (1:500, 25 M), directed against the C terminus of rho-
dopsin, was applied to each 12-"m-thick section. Peanut agglutinin (5
~g/ml, Texas red-conjugated) was co-incubated with the secondary
antibody to demonstrate extracellular cone sheaths. Sections were
photographed using a confocal microscope (LSM 510 inverted Laser
Scan; Carl Zeiss, Thornwood, NY).
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Electron Microscopic Immunocytochemistry

Nonosmicated P10 and P15 retinas were selected for immunocyto-
chemistry using antibody Rho1lD4 in a postembedding procedure. Thin
sections were cut, placed on slot grids, etched 30 minutes with a 10%
hydrogen peroxide solution, rinsed twice with 5 ml deionized water
and once with Tris saline (0.1 M Tris-HCI, 0.87% NaCl [pH 7.5]).
Blocking was achieved by incubating 1 hour in 10% normal goat serum
in a solution 0f0.1M Tris-HCI, 0.5% Triton, 0.5% bovine serum albumin
(BSA). The grids were washed with 10 ml Tris saline, then incubated 1
to 2 hours at room temperature in 25 ~| of primary antibody (diluted
1:25) in Tris-Triton-BSA. After they were rinsed drop-wise with 15 ml
Tris saline, the grids were incubated 1 hour in 15 nm gold-conjugated
goat anti-mouse 1gG (catalog number 15747; Ted Pella, Redding, CA)
diluted 1:75 in Tris-Triton-BSA. The grids were washed in Tris saline,
fixed 10 minutes in 0.1% glutaraldehyde-0.1 M Tris saline-Triton, rinsed
in buffer followed by water, dried, and stained. Companion grids of
each specimen were processed in parallel, omitting incubation in
primary antibody, as negative controls. Inner nuclear layer (INL) and
inner plexiform layer (IPL) regions (internal negative control) of each
section were also examined to establish background levels of label.
Application of the N-terminus-directed mAb Rho4D2* to companion
grids rendered identical localizations of weaker signal strength (not
shown).

Colocalization of calnexin and GHL-rhodopsin was achieved by
simultaneous incubation with primary antibodies. Thin sections of P10
rho~/~ and GHL-+rho~/~ retinas were placed on Formvar- (SPI) and
carbon-coated gold slot grids. Calnexin-NT (catalog number SPA-865;
StressGen Biotechnologies, Victoria, British Columbia, Canada), an
antipeptide polyclonal antibody directed toward residues 50-68 of
canine calnexin,18was applied to sections for 1 hour before addition of
RholD4 for 1 hour. After they were rinsed, the sections were incu-
bated in Tris-Triton-BSA containing 5 nm gold-conjugated goat anti-
rabbit 1gG (catalog number 15725; Ted Pella) to detect calnexin-NT
and 15 nm gold-conjugated goat anti-mouse 1gG to detect RholD4.

Electroretinograms

Pupils of dark-adapted mice were dilated using 1% atropine-0.5% tropi-
camide, and animals were anesthetized subcutaneously with 20 mg
xylazine and 40 mg ketamine per kilogram body weight. Electroreti-
nograms (ERG)s were recorded using a monopolar corneal contact lens
electrode (Medical Workshop, Groningen, The Netherlands). Silver
reference and neutral electrodes were placed subcutaneously 3 mm
below the eye and in the forehead, respectively. Mice were placed into
a Ganzfeld bowl (Toennies Multiliner Vision, Hochberg, Germany).
The Ganzfeld stimulus was a white flash with a color temperature of
6000° K and 50-“sec duration. For the scotopic ERG, eight flash
energies from 4 X 10_5 candelas (cd)/m2 to 1 cd/m2 were used.
Because of the partly severe reduction of the rod responses, only the
maximal scotopic ERG response (1 cd/m2) is presented. Two re-
sponses were averaged (interstimulus interval, 5 seconds). The curve
was smoothed by a low-pass filter to obtain the b-wave minus oscilla-
tory potentials. The oscillatory potentials were then recorded in a
separate step using a 100- to 1000-Hz band-pass filter. For the photopic
ERG, a 30-cd/m2background light was used. A single-flash response to
a 15-cd/m2 light flash was recorded (average of 16). Scotopic and
photopic ERGs were repeated three times during each session to
confirm stability. Final amplitude values were the mean of three deter-
minations.

Results

Onset of Retinal Degeneration
in GHL+rho _/_Mice

To measure severity of retinal degeneration in various geno-
types, outer nuclear layer (ONL) thickness was compared with
ONL thickness in age-matched normal mice (approximately
10-12 rows of photoreceptor nuclei in adult mice). Matings
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were arranged between GHL+rho+/~ and rho+/~ parental
mice, agouti in pigmentation, to produce littermates express-
ing the mutant transgene on all backgrounds. One hundred
twenty mice ranging in age from P10 to 7 months (P210) were
examined. Inheritance followed Mendelian patterns—that is,
the GHL transgene (Fig. 1A) was transmitted to approximately
50% of progeny, whereas the neomycin gene (Fig. 1B), indi-
cating presence of the rhodopsin knockout alleles, was trans-
mitted to approximately 75% of pups. For all genotypes, the
ONL and photoreceptor inner segments developed normally
through P10 (Fig. 1C). Onset of degeneration in GHL+rho_/~
mice occurred between P10 and P15, roughly coinciding with
eye opening (P12), a time when rhodopsin gene expression
significantly increases.19 Autophagic vacuoles were observed
ultrastructurally in P10 GHL+rho_/~ retinas, although the ONL
thickness still consisted of 10 rows.

Mutant and Wild-Type Rhodopsin Expression
in Predegenerate Retina at P10

Previous experiments measuring RNA levels indicated that the
GHL transgene contributed approximately 50% of total rhodop-
sin RNA in GHL+rho+/+ retina.9 To estimate the amount of
mutant rhodopsin in predegenerate GHL+rho_/~ retinas,
W estern blots were produced from P10 retinas of each geno-
type (Fig. 1D). Dimer formation of normal rhodopsin is
thought to result from temperature- and SDS-dependent aggre-
gation during retinal extract preparation.20 In contrast to nor-
mal rhodopsin, GHL-rhodopsin migrated predominantly as a
dimer, whereas only trace amounts of monomeric species of
GHL-rhodopsin were present (Fig. 1D, left lane). Scanning
densitometry of two independent blots (not shown) estimated
the amount of mutant rhodopsin produced in GHL+rho_/~
retinas to be 10% to 25% of wild-type values, or significantly
less than predicted from RNA levels,9 suggesting that the mu-
tant protein had a shorter half-life than normal rhodopsin
(assuming equal translation rates of mutant and normal
mMRNAS). The results are consistent with an altered, less stable
structure of mutant rhodopsin that defaults into a dimer in the
presence of SDS.

Comparative Histopathology

Because ERG responses can be measured reliably in P30 mice,
we assessed retina disease in littermates of this age. Consistent
with earlier findings,13 the number of rows of photoreceptor
nucleiinrho_/~, rho+/_,and rho+/+ mouse retinas were 9 to
10, 10, and 10 rows, respectively (Figs. 2D, 2E, 2F). Retinas of
these genotypes are distinguished by their differences in length
of ROSs, which were absent in rho~/~ mice and were approx-
imately 80% of wild-type length in rho+/~ mice. In contrast,
the ONL of GHL+rho~7~ retinas were reduced to one to three
rows of nuclei with no ROSs (Fig. 2A). GHL+rho+/~ retinas
revealed 4 to 5 rows of photoreceptor nuclei with severely
truncated ROSs (Fig. 2B), whereas GHL+rho+/+ retinas exhib-
ited 10 rows of photoreceptor nuclei with somewhat (40%)
shortened ROSs (Fig. 2C). Thus, expression of the mutant
transgene on the rho_/~ background resulted in loss of ap-
proximately 80% of photoreceptor cells by P30.
Ultrastructurally, disorganization of the basal discs was ev-
ident in GHL+rho+/+ rods, and misoriented packets of disc
membrane were presentin the interphotoreceptor matrix (Fig.
21), indicating failed incorporation of nascent discs. Rho+/~
retina revealed mildly disorganized outer segments (Fig. 2K).
GHL+rho+/~ retina displayed severely shortened ROSs (Fig.
2H) and debris-filled vacuoles in inner segments (not shown).
Rho~y~ retina revealed no disc membranes but, rather, con-
necting cilia ending abruptly in the interphotoreceptor matrix
(due to plane of section; Fig. 2J) or in terminal sacs. Sacs
containing tubules, membrane stacks, mitochondria, and/or
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Retinal histology of P30 littermates. Light micrographs. Transgene expression on null or haploid backgrounds revealed reduced ONL

thicknesses (A, B). Conversely, presence of normal rhodopsin retarded the rate of degradation of rods that express the transgene (B, C compared
with A). (G through L) Rod photoreceptor ultrastructure of phenotypes corresponding to (A) through (F). Open arrows: Connecting cilia.
Transgene expression resulted in absent ROSs (G, rho~/~ background), severely shortened ROSs (H, rho+/~ background), and packets of disc
membrane (I, rho++ background, *) apparently being sloughed near the ROS bases. Arrowhead: Site of membrane connection. Mitochondria
were present in the inner segment of rho~/~ retina (J, m), but mitochondria were scarce in GHL+rho_/~ retina (G) where endoplasmic reticulum
(er) formed concentric stacks surrounding the rod nucleus. PE, retinal pigmented epithelium; nu, nucleus.

ribosomes were also observed in the matrix. GHL+rho~7~ rods
were characterized by absence of outer segments, apparent
sloughing ofinner segment organelles (Fig. 2G, m) in sacs, and
redundancy of ER (Fig. 2G, arrowheads). The redundancy of ER
membrane isreminiscent of overproduction of ER cisternae in
dominant rhodopsin mutants of Drosophila melanogaster.2
These results show that GHL-rhodopsin perturbed ROS forma-
tion when wild-type rhodopsin was present, but did not sup-
port ROS formation when normal rhodopsin was absent.

Rhodopsin Immunolocalization

Confocal immunolocalization was performed to assess the sub-
cellular distribution of GHL-rhodopsin at P10 and at P30 with
mAb RholD4. At P10, retinas expressing GHL-rhodopsin (Figs.
3D, 3E, 3F) had ONL thicknesses nearly equivalent to those of
rho~'~, rho+/~, and rho+/+ retinas (Figs. 3A, 3B, 3C). How-
ever, comparison of RholD4 labeling on genetic backgrounds
of two (Fig. 3F), one (Fig. 3E), or zero (Fig. 3D) wild-type
rhodopsin alleles revealed progressive restriction of label to
perinuclear regions of the proximal ONL. Thus, genetic re-
moval of wild-type rhodopsin appeared to restrict the distribu-
tion of expressed transgene product in GHL+rho_/~ retina

(Fig. 3D). Later, P30 rho+/~ and rho+/+ retinas revealed pref-
erential ROS labeling (Figs. 3H, 31), whereas rho~'~ retinas
were negative (Fig. 3G). In a GHL+rho+/+ littermate retina,
label was found mostly in truncated ROSs, but also in inner
segments and perinuclear regions (Fig. 3L). Relative to that of
a rho+/~ littermate (Fig. 3H), the ONL thickness of a
GHL+rho+/~ retina was halved, and immunolabel was detect-
able in perinuclear regions and severely truncated ROSs (Fig.
3K). Compared with P10 (Fig. 3D), GHL+rho_/~ retina at P30
exhibited only slight labeling, because rapid degeneration had
reduced the ONL thickness to one to three nuclear rows (Fig.
3L). Cones were apparently spared from degeneration at P30,
as evidenced by peanut agglutinin binding to extracellular
cone sheaths, consistent with human RP phenotypes in which
degenerative effects target rods initially. Collectively, these
results suggest retention of GHL-rhodopsin, followed by deg-
radation and rod degeneration.

Absence of ROS Membrane in Retinas Expressing
GHL-Rhodopsin on a Null Background

To determine the subcellular fate of mutant rhodopsin more
precisely, immunogold-labeling experiments were performed
at the electron microscopic level. No ROS formation was de-
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tected inP10 GHL+rho_/_ retina (Fig. 4A). However, label was
seen immediately external to the nuclear envelope or in the
narrow interval between rod nuclei (Fig. 4B). ROS membrane
in P15 wild-type rods (Figs. 4D, 4E) is compared with the
absence of ROS membrane in a GHL+rho_/_ littermate retina
(Figs. 4C, 4F). When the transgene was expressed in the
absence of wild-type rhodopsin, clusters of immunogold label
were observed near or between rod nuclei and in close prox-
imity to rough ER (Figs. 4B, 4G). The perinuclear region con-
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Figure 3. Localization of fluorescein
isothiocyanate (FITC)-labeled rhodop-
sin (green) versus binding of peanut
agglutinin (red) in P10 age-matched
mice (Athrough F) and P30 littermates
(G through L). Rho1D4 recognized the
C termini of wild-type and mutant rho-
dopsins in rod photoreceptors; peanut
agglutinin - binding revealed cone
sheaths. Rhol1D4 (1:500 dilution) was
incubated with cryostat sections for 1
hour at room temperature. After they
were rinsed, the sections were incu-
bated with fluorescein-conjugated rab-
bit anti-mouse secondary antibody (1:
100) and were photographed using a
confocal microscope (X40 oil objec-
tive, optical slice 1.3 *m). Rho~/~ ret-
inas were nonreactive with RholD4
antibody, consistent with deletion of
the rhodopsin gene (A). In the ONL of
P10 GHL+rho_/_ retina (D), rod pe-
rinuclear regions were specifically im-
munolabeled. Labeling of P10 rho++
retina (C) was, in contrast, predomi-
nantly that of ROS. Labeling of P30
rho++ retina (1) was that of ROS,
whereas P30 GHL+rho_/_ retina (J)
showed slight specific label, owing to
degeneration. FITC-fluorescence asso-
ciated with sclera and capillaries of the
OPL and choroid was nonspecific
background. OS, outer segment; IS, in-
ner segments.

tains ERmembrane, into which nascent polypeptide chains are
translocated. It is notable that the dense gold particle clusters
were observed only over photoreceptors and only in speci-
mens expressing the mutant protein. In contrast, a rho+/+ ROS
examined under high-power magnification showed wide-
spread, diffuse gold particle distribution that is typical of wild-
type rhodopsin immunoreactivity (Fig. 4E). Specific labeling, as
well as disc membrane, was absent in a comparable
GHL+rho_/_ rod (Fig. 4F). Despite thorough searches at P10

Figure 4. Electron microscopic im-
munolocalization of transgene prod-
uct in GHL+rho_/_ mice. (A) Micro-
graph showing absence of ROS
membrane and presence of a small
sac distal to a connecting cilium (ar-
rowhead) in P10 GHL+rho_/_ ret-
ina. (B) Labeling of membrane situ-
ated between two P10 rod nuclei
using RholD4 (arrow). (C) Low-
power micrograph showing inner
segments but absence of ROS disc
membrane in P15 GHL+rho_/_ ret-
ina. (D) Low-power micrograph
showing, in contrast, extent of ROS
(#) development in P15 rho++ lit-
termate. (E) RholD4 labeling of ROS
membrane in P15 rho-++ retina. (F)
In P15 GHL+rho_/_ retina, connect-
ing cilia were observed to end
abruptly or in a membrane-contain-
ing sac; two gold particles overlying
this example of a terminal sac are
insignificant label over background
levels. (G) Gold particle cluster (ar-
row) in perinuclear region of P15
GHL+rho_/_ rod. PE, retinal pig-
mented epithelium; nu, nucleus.
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rigure 5. Colocalization of calnexin and GHL-rhodopsin. Calnexin,
an ER integral membrane protein, binds transiently to many newly
synthesized glycoproteins. Calnexin exhibits prolonged binding to
misfolded or incompletely folded proteins.34 GHL-rhodopsin contains
N-linked glycosylation sites at N2 and N15, and would be predicted to
interact directly with calnexin. (A) Immunogold (5 nm; arrowheads")
showing localization of calnexin perinuclearly in P10 rho~/~ photore-
ceptors. Colocalization (B, C) of RholD4 (15-nm gold, arrows) and
calnexin (5-nm gold, arrowheads) is shown in P10 GHL+rho-/~ rods.

(Fig. 4A), P15 (Fig. 4F), and P30 (Fi?. 2G), conventional ROSs
were never observed in GHL rho retinas.

GHL-Rhodopsin Colocalizes with Calnexin in ER

Calnexin, an ERintegral membrane protein and lectinlike chap-
erone that recognizes GlcIMan9GIcNAc2 oligosaccharide, tran-
siently and selectively binds to nascent glycoproteins.22,23 Di-
rect interaction of nascent polypeptide with calnexin may
occur if glycans are present within approximately 50 residues
of a protein’s N terminus.24 Use of an anti-calnexin antibody
directed toward its N terminus showed that in rho_/~ retina,
calnexin localized to perinuclear locales corresponding to the
ER (Fig. 5A). In predegenerate P10 GHL+rho~7~ retina, cal-
nexin and RholD4 (GHL-rhodopsin) were observed to colocal-
ize (Figs. 5B, 5C). Further, the mutant rhodopsin label ap-
peared to cluster or aggregate consistent with the protein’s
tendency to form homodimers, even in the presence of SDS
(Fig. 1D). These results are consistent with accumulation of
misfolded nascent protein in the ER.

Progression of Retinal Degeneration up to P210

To summarize the relative degeneration rates, ONL thicknesses
were plotted as a function of time. In GHL+rho+/+ retinas, the
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rod degeneration was slow but complete by P210 (Fig. 6A).
When both normal rhodopsin alleles were absent, the degen-
eration was much faster and essentially complete at P60. De-
generations in rho_/~ and GHL+rho+/+ retinas progressed at
nearly the same rate. Rho~7~ rods, however, never formed an
outer segment, whereas GHL+rho+/+ rods did. To correlate
ONL thickness with function, ERGs from individual rho_/~ and
rho mice, as well as GHL rho and GHL rho

were studied as a function of age. Transgene expression on a
null background led to an early and severe loss ofrod function;
scotopic (rod) ERG a and b-wave amplitudes of the P30
GHL+rho_/~ mouse were not recordable, consistent with ab-
sence 0f ROSs.17 Decay of ERG b-wave amplitudes as a function
of age up to P180 is summarized for scotopic (Fig. 6B) and
photopic (Fig. 6C) conditions. Scotopic b-wave responses of
rho~/~ mice vanished at P90. Decline of scotopic responses of
GHL+rho+/+ mice was slower, with a well detectable re-
sponse at P90. In contrast, scotopic responses of heterozygotes
attained a high level, even at P180, and thereafter showed a
moderate decline. The photopic response of the GHL+rho_/~
mouse, most likely reflecting cone activity, was barely detect-
able at P30. Decay of rho~'~ and GHL+rho+/+ photopic re-
sponses occurred at similar rates. The results show that miti-
gation of degeneration occurring with GHL transgene
expression was correlated with wild-type rhodopsin gene copy
number. Overall, degeneration occurred with the following
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Figure 6. Progression of retinal degeneration with age and correla-

tive ERGs. (A) Plot of ONL thicknesses versus time in age-matched
mice. Genotypes are indicated as follows: (O) Rho+/+; (#) rho+/~; ()
rho_/~, (O) GHL+rho+/+; (m) GHL+rho+/~;, and (m) GHL+rho_/_.
((© represents adata point derived from Figure i(. (right) in Reference
13. Each other data point derives from four or more mice generated in
this study. (B) Plot of scotopic (rod-dominated) b-wave amplitudes
versus time (stimulus strength, 1 cd/m2), measured from littermates.
(C) Plot of photopic (cone) b-wave amplitudes versus time (stimulus
strength, 15 cd/m2), recorded from littermates. Symbols in (B) and (C)
defined as in (A).
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order of severity: GHL+rho / > GHL+rho+/ > rho / ~

GHL+rho+/+ > rho+/~ > rho+/+.

D iscussion

From our study of GHL-rhodopsin expressed in vivo on a null
background, we derive several conclusions. First, GHL-rhodop-
sin misfolds and fails to achieve its mature form. Evidence for
this stems from its preferential dimer formation (Fig. 1), its
association with calnexin (Fig. 5), and its containing P23H,
which has been shown previously to misfold in vitro.25 The
half-life of the mutant protein is apparently shorter than that of
wild-type rhodopsin, because GHL-rhodopsin accounted for
much less than 50% of total rhodopsin. Alternatively, attenu-
ated translation of mutant mRNA may account for the low
protein level. Folding of the nascent polypeptide chain is most
likely facilitated by ER luminal chaperones with proline pepti-
dyl cis-trans isomerization (PPI) activity, as has been shown for
R1-R6 rhodopsin in Drosophila26 and for red- green pigments
by Ferreira et al.27 As a consequence of mutation, luminal
chaperones with PPl activity are most likely unable to assist in
correct folding of the nascent chain. The dimer formation on
SDS-PAGE is reminiscent of that observed in Drosophila
ninaEDl mutants, attributed to arrest in wild-type rhodopsin
maturation due to absence of a rhodopsin-specific chaper-
one.28 The existence of dimeric mutant rhodopsin or higher
aggregates in situ cannot be confirmed. However, immunogold
clusters associated specifically with the GHL mutant (Figs. 4B,
4G; 5B, 5C), but absent in wild-type rods, may reflect aggrega-
tion of GHL-rhodopsin.

Second, once synthesized, the mutant protein is retained in
the ER. In P10 GHL+rho_/~ retinas, intense rhodopsin-specific
immunolabel was observed in perinuclear locales (Fig. 3).
Further, the predominant perinuclear localization coincided
with calnexin localization. Rho+/+ and rho+/~ retinas also
exhibited perinuclear labeling, but only slightly, consistent
with ongoing biosynthesis and transport to the ROS. Compart-
mentalization of mutant rhodopsin in nondisc membranes was
inferred by early observation that extraction of GHL+rho_/~
retinas with 1% octylglucoside (a detergent that dissolves disc
membranes readily) before SDS-PAGE failed to detect any mu-
tant rhodopsin, whereas wild-type rhodopsin was readily de-
tectable (not shown). Retention of GHL-rhodopsin would pre-
vent its subsequent transport to and through the connecting
cilium to support outer segment formation, a key role of
normal rhodopsin.

Third, severity of retinal degeneration occurring with trans-
gene expression is inversely correlated with wild-type rhodop-
sin gene copy number. As shown in Figure 6, the degeneration
was most severe in the absence of wild-type alleles, moderate
in the presence of one wild-type allele, and least severe in the
presence of two wild-type alleles. Although retinas from P30
rho+/~ mice were nearly identical with those of rho+/+ mice
and showed no decrease in ONL thickness (Figs. 2E, 2F),
transgene expression on a rho+/~ background resulted in a
50% reduction in ONL thickness (Fig. 2B). In rho+/~ mice, the
ONL thickness was reduced by approximately 10% at P90 and
by approximately 20% at P180 (Lem et al., unpublished results,
1998). Consequently, the 50% reduction in ONL thickness
observed in GHL+rho+/~ retina and the 80% reduction ob-
served in GHL+rho_/~ retina are consistent with accelerated
degeneration occurring with transgene expression.

Fourth, the accelerated degeneration in GHL+rho_/~ reti-
nas suggests inherent cytotoxicity of the mutant protein. In
view of recent results in yeast and mammals, the cytotoxicity
may be attributable to a UPR (reviewed in References
14,29,30). The UPR constitutes stress signaling from the ER
lumen to the nucleus in response to accumulation of misfolded
or unfolded polypeptides. By pathways imprecisely character-
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ized in mammals, the UPR may induce transcription of addi-
tional chaperones (to assist folding), attenuation of translation
(to prevent generation of more mutant protein), and mecha-
nisms of protein degradation. Additional death-inducing signals
are generated by the ER overload response (EOR). Also con-
ceivable is that retention of mutant rhodopsin blocks the pro-
teasome- ubiquitination pathway and thus triggers events cul-
minating in apoptosis.3l ER retention is a feature common to
several well-characterized diseases (e.g., cystic fibrosis), in
which the mutant chloride channel AF508-cystic fibrosis trans-
membrane conductance regulator (CFTR) misfolds and is un-
able to exit the ER.32 Other examples in which misfolding of a
nascent polypeptide chain leads to disease include neurode-
generative polyglutamine diseases (e.g., Huntington’s disease),
spinocerebellar ataxia (SCA), and spinobulbar muscular atro-
phy (SBMA), in which mutant proteins with poly(Q) expan-
sions misfold, aggregate, misprocess, and gain cytotoxic func-
tions not inherent to the normal proteins (reviewed in
Reference 33).
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