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SUMMARY

Retinitis pigmentosa is a heterogeneous group of inherited disk membrane morphogenesis. Defective disk membrane
retinal disorders in which the photoreceptor cells degener- morphogenesis appears to result in the formation of fewer
ate. A line of transgenic mice expresses a mutant opsin gene mature disks, thus accounting for observed gradual short-
that encodes three missense mutations near the amino ening of the photoreceptor outer segments with age. We
terminus, including P23H, which is the basis for a common suggest that abnormal disk membrane morphogenesis is
form of dominant retinitis pigmentosa. By studying the the primary cellular defect that leads to blindness, and that
photoreceptor cells of these mice and their normal litter- it arises from the inability of nascent disk membranes, con-
mates, we found that: (1) opsin was routed correctly, (2) the taining normal and mutant opsin, to interact normally with
concentration of opsin in the disk membranes appeared each other.

normal by freeze fracture analysis, (3) the amount of disk

membrane shedding was normal, but (4) the basal disks of Key words: Retinitis pigmentosa, Opsin, Photoreceptor cell, Rod
the outer segments were disorganized, indicating defective outer segment, Membrane turnover, Transgenic mice

INTRODUCTION segment and routing to the outer segment (Olsson et al., 1992;
Roof et al., 1994).
Retinitis pigmentosa (RP) is a heterogeneous group of In the present study, we examined transgenic mice express-
inherited retinal disorders that cause progressive photorecepiog mutant mouse opsin (Naash et al., 1993). These mice are
degeneration and thus eventually blindness. Mutations in theot an exact model for the P23H mutation, for in addition to
opsin gene are estimated to account for about 10% of RP caskis mutation they contain V20G and P27L mutations (and are
in the United States (Berson, 1996). The first mutation to bthus termed VPP mice). However, V20G and P27L probably
identified and the most common amongst RP patients in there not deleterious. First, these two mutations have not been
United States is a point mutation, P23H, which causedetected in patients with RP. Second, in contrast to P23, neither
dominant RP (Dryja et al., 1990). Expression of P23H opsiv20 nor P27 is conserved amongst different opsins (cf. Dryja
in COS cells has shown that this mutant is like a number adt al., 1990). Third, it is known that retinal degeneration does
other opsin missense mutations in that it bindsigtetinal  not occur in mice carrying the V20G mutation (Al-Ubaidi et
poorly and is not transported from the endoplasmic reticulural., 1990). Importantly, the VPP mice express equal amounts
to the plasma membrane due to misfolding (Sung et al., 199&f mutant and normal opsin, and undergo slow progressive
Kaushal and Khorana, 1994). Most recently, Liu et al. (1996photoreceptor degeneration (Naash et al., 1993), with many of
have found that the structure of misfolded P23H opsin is legbe pathophysiological changes found in RP patients (Goto et
compact than that of normal opsin. al., 1995, 1996).

The distribution of mutant opsin also appears to be defective Our aim was to identify the primary cellular defect in the
in vivo. In transgenic mice expressing Q344ter mutant opsiphotoreceptor cells of the VPP mice. First, we examined by
(which lacks the last five amino acids; Sung et al., 1994) anichmunofluorescence and immunoelectron microscopy whether
in Drosophila expressing some 13 different opsin mutationsthere were any signs of incorrect routing of opsin. Second, we
(although not including P23H; Colley et al., 1995), the mutantletermined the packing density of opsin in the disk membranes
opsin accumulates at the site of synthesis, as in COS cells. by immunoelectron microscopy and freeze fracture analysis.
mice expressing human P23H opsin, it appears to be routedAs P23H opsin is a less compact molecule (Liu et al., 1996),
the synaptic terminal, in addition to accumulation in the innea resulting defect might be a lowered concentration of opsin in
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the membrane, with a consequential effect on the stability 0§G conjugated to HRP, and enhanced chemiluminescence (ECL kit,
the membranous disks. Finally, we analyzed photoreceptdmersham). The blot was incubated in detection solution for 1 minute
ultrastructure in mice before the onset of degeneration. O@nd then exposed to a BIOMAX film (Kodak) for 2 minutes. The

observations suggest that perturbed disk membrane morpHBtensity of opsin labeling was determined by densitometry (Biolmage

is is the primary cellular defect. Intelligent Quantifier). . .
genesis Is the p y Data were obtained from three separate experiments, each using

both retinas from three control and three VPP mice.
MATERIALS AND METHODS

Tissues for microscopy
Animals Mice were anaesthetized with urethane during the early part of the light
The transgenic mice have been described previously by Naash et périod of the light/dark cycle. One eye was removed and immersed in
(1993). They are from the C57BL/6 strain and express VPP mutafikative A (0.5% glutaraldehyde and 3% paraformaldehyde in 0.1 M
opsin under the control of the mouse opsin promoter. The transgep@osphate buffer, pH 7.4). The animal was then perfused with saline
consisted of a mutated 15 kb mouse opsin genomic fragmerfollowed by fixative B (2% glutaraldehyde and 1.2% paraformaldehyde
including 6 kb of the upstream sequence and 3.5 kb of the downstream0.1 M cacodylate buffer, pH 7.4) through the left ventricle of the heart.
sequence. Transgenic (heterozygous) and nontransgenic litter matse remaining eye was removed, immersed in the same fixative, and the
were obtained by crossing heterozygous transgenic mice with wildanterior part of the eye was removed. After immersion in appropriate
type C57BL mice. Transgenic mice were identified after PCR amplifixative for 2-4 hours, the posterior half of each eye was divided into
fication of exon 1, followed bjcd digestion; the transgene contains quadrants. Tissues fixed in fixative A were processed either for cryosec-
an RFLP that results in the deletion of dwedl site, so that an addi- tioning, or for embedment in L.R. White followed by ultrathin section-
tional fragment is generated bicd digestion (Naash et al., 1993). ing, as described previously (Williams et al., 1990; Arikawa et al., 1992).
Nontransgenic littermates served as controls for the transgenic mic®emithin (500 nm) cryosections were labeled for immunofluorescence
Animals were kept on a 12 hour light/12 hour dark cycle. During thenicroscopy, using opsin mAb 1D4 and then goat anti-mouse IgG con-
light cycle, cool fluorescent lighting provided a maximum illuminancejugated to Texas Red. Ultrathin sections were labeled with the same

of 50-60 lux around the cages. opsin antibody and goat anti-mouse IgG conjugated to 15 nm gold
o . . particles. Tissues fixed in fixative B were processed for conventional
Determination of opsin synthesis transmission electron microscopy or freeze fracture analysis. For the

Mice were killed at 18 days of age by exposure to 100% carbon dioxidéormer, retinal quadrants were washed 4 times in 0.137 M cacodylate
At this age, under the lighting conditions used, VPP mice have phduffer (pH 7.4), postfixed in 1.3% Os®r 2 hours, dehydrated in an
toreceptor outer segments that are no more than 10% shorter thacetone series and embedded in Spurrs resin. Ultrathin sections were
control mice. The neural retinas were removed immediately after deathollected and examined by transmission electron microscopy. For freeze
of the mouse, and incubated for 2 or 4 hours in methionine- anflacture analysis, retinas were infiltrated with 30% glycerol in fixative
cysteine-free DMEM medium (ICN Biomedicals, Inc.) to whichu&0 and cut into three portions. Pieces were placed on copper specimen
of [3®S]methionine and3fS]cysteine (1100 Ci/mmol, NEN DuPont) holders and frozen in Freon 22. They were fractured in a Balzers 301
had been added. They were then rinsed with PBS and frozé0°@.  freeze-fracture apparatus at a vacuum of i®107 mbar, and a tem-

Rod outer segment membranes were purified in discontinuoyserature of~115°C, and allowed to warm te100°C for 1-2 minutes
sucrose density gradients, as described by Fung (1983). Retinas weegfore shadowing with Pt/C at an angle of 45 degrees and backing with
placed in buffer A (20 mM NaCl, 60 mM KCI, 2 mM MgClL mM rotary-shadowed carbon at an angle of 85 degrees. Replicas were cleaned
DTT, 0.1 mM PMSF, and 10 mM MOPS, pH 7.5) with 26% (w/v) in chromic acid, mounted on Formvar-coated slot grids, and viewed by
sucrose. Rod outer segment membranes were released from retinagriyismission electron microscopy at 75kV.
repeated passage of the tissue through the orifice of a pipette. To each
11 mmx 60 mm centrifuge tube, 0.5 ml of the resulting suspension waQuantification
layered gently on top of a discontinuous gradient containing 0.7 mfhe relative concentration of opsin in the outer segment, ellipsoid, and
buffer A with 26% (w/v) sucrose on top of 3 ml buffer A with 40% myoid domains of transgenic and control rod photoreceptor cells was
(w/v) sucrose. After centrifugation for 30 minutes at 1409@04°C  determined from the density of gold particles on ultrathin sections that
(SW 60 rotor; Beckman Instruments, Inc.), rod outer segmerttad been immunogold-labeled with opsin mAb 1D4. Data were
membranes were collected from the interface of the 26% and 40%btained from three transgenic mice and three control mice, all from
sucrose solutions. They were then washed and suspended in bufferthe same litter at 40 days after birth. Data were collected from six
It seems that perturbed disk membranes in the transgenic mice (sifferent areas and at least 15 different rod cells of each retina.
Results) were isolated with the intact disk membranes in this procedure.The relative concentration of opsin in transgenic and control rod
If the perturbed disk membranes were not included, the specific radioasdter segment disk membranes was determined from the P-face
tivity of the opsin should have been much lower than that obtained fromntramembrane particles evident on freeze fracture replicas. The
the VPP mice. Also, the density of these membranes is probably simildensity and size of the particles were measured from electron micro-
to that of normal disk membranes, so that they should equilibrate witlraphs printed at a magnification of 200,000 times. Data were
the normal disk membranes in the sucrose density gradient. Protein catained from two transgenic mice and three control mice, all from
centration was determined by the method of Lowry. the same litter at 35-40 days after birth.

Rod outer segment membrane proteins were separated by 10%The degree of disorganization of the basal disks of rod outer
SDS-PAGE and either exposed for autoradiography or transferred s@gments was assessed by examining ultrathin sections of retinas fixed
nitrocellulose. Gels for autoradiographs contained ~100 ng protein pey perfusion (see above) in an electron microscope. Retinas of mice
lane. Gels for western blots contained ~20 ng protein per lanevere examined from three different litters, each containing control
Western blots were blocked with buffer containing 5% (w/v) nonfatand transgenic mice. The mice were either 16, 21, or 35-40 days old.
milk and incubated with a 1:1,000 dilution of a mAb 1D4. This mAb, The region of the retina examined was restricted to the mid-periphery
which is specific for the C terminus of rod opsin (Hodges et al., 1988yf the inferior nasal quadrant. This region was scanned and rod pho-
was provided by Dr R. Molday. It has been used previously to labeabreceptor cells with their connecting cilia evident in longitudinal
normal opsin  and opsins with mutations on thesection were assessed. A minimum of 40 such photoreceptor cells per
extracellular/intradiskal surface (e.g. Olsson et al., 1992; Liu et alretina were assessed. As illustrated in the Results section, their basal
1996). Opsin was visualized, following incubation with anti-mousedisks were described either as normal, or with a particular degree of
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disorganization according to the amount of membrane vesiculatio®psin localization

observed (stages 1, 2 or 3). For each animal, the percentage of cglfhen P23H mutant opsin is expressed in COS cells it remains
ascribed to each stage was determined. The mean + s.e.m. was j¢3e endoplasmic reticulum, whereas normal opsin is routed
calculated for each group of retinas of the same age and type. the plasma membrane (Sung et al., 1991; Kaushal and

The amount of disk membrane shedding was determined b . -
counting the number of phagosomes per length of retinal pigme horana, 1994). Similarly, P23H mutant human opsin has an

epithelium in 1um sections of the mid-periphery of the inferior nasal @normal distribution in the photoreceptor cells of transgenic
quadrant. Phagosomes that appeared in section with a diaz@gger Mice (Olsson et al., 1992; Roof et al., 1994). We investigated
um (and thus could be distinguished readily from pigment granulethe distribution of opsin in normal and transgenic mice by
and smaller membrane debris, see Results) were counted. Data waramunolocalization with mAb 1D4. We found no evidence of
confirmed by electron microscopy analysis of some ultrathin sectiongaccumulation of opsin anywhere in the photoreceptor cells
Phagosome concentrations in control and transgenic littermates fixeitside of the outer segments in animals aged from 16 days old
W_|th|n hal_f an hour of each other were compared. Mlcg from thresap to 40 days old. In immunofluorescence images, label was
different litters were examined. Ages of the different mice were 1&vident only in the outer segment layer of both control and

days, 21 days, and 35-40 days. Retinas were from mice that were fixﬁgnsgenic retinal sections (Fig. 2). Likewise, in immunogold-

by perfusion (see above) 1-4 hours after the time of light onset. -
A one-tailed Studertttest was used to determine the probability oflabeIed electron micrographs, the outer segments were the only

no significant difference between control and transgenic groups.  Well-labeled structures in both controls and transgenics (Fig.
3). On sections of predegenerate photoreceptor cells from three

control and three transgenic mice, aged 35-40 days, there was

RESULTS no significant differenceP&0.15) in gold particle density
) ) between control outer segments, 135+21 particlespper
Opsin synthesis (s.e.m.,n=3), and transgenic outer segments, 185+39. Some

Previous work showed that in VPP mice, VPP opsin mRNAgold particles were evident in the myoid (arrowhead in Fig. 3B)
and normal opsin mRNA are present in the same quantity, armhd the ellipsoid of the inner segment. The myoid contains
that the amount of total opsin mRNA is similar in the retinasmost of the cell’'s endoplasmic reticulum and Golgi, and opsin
of 10- to 15-day-old VPP and control mice (Naash et al., 1993nust pass through the ellipsoid en route to the outer segment.
Cheng and Naash, 1995). Here, we tested if the rate of totdbwever, there was no more label in these domains of trans-
opsin synthesis differed between VPP mice and their normglenic mouse photoreceptor cells than in that of controls. Fig.
littermates. Isolated retinas were incubated in culture mediur illustrates the relative opsin concentration in ellipsoid and
containing $°S]methionine and®pS]cysteine for 2 or 4 hours. myoid domains, as determined by immunogold labeling
Rod outer segment membranes were purified from the retinaensity. The subcellular distribution of opsin in transgenic mice
and prepared for western blotting and autoradiography. The the same as that in control mice. No immunogold label was
western blots were labeled with mAb 1D4. VPP mouse retinaavident in the nuclear or synaptic regions of the photoreceptor
yielded an amount of opsin that was not significantly differentells (not shown).

from control retinas. As illustrated in Fig. 1A, all the opsin ) )

from VPP retinas appeared to have the same molecular mds&eze fracture analysis of outer segment disk

in SDS-PAGE as normal mouse opsin. Moreover, the rate ¢hembranes

35S-labeled methionine and cysteine incorporation into opsirP23H opsin is a less compact molecule than normal opsin (Liu
and therefore total opsin synthesis, was similar in VPP anet al., 1996), so that its presence in the disk membrane might
control mice (Fig. 1B and C). result in a lower opsin packing density. A significant dilution

Fig. 1.Opsin synthesis in VPP and
normal mice. Western blot labeled A B C
with opsin mAb 1D4 (A) and

autoradiograph (B) of rod outer

segment proteins after incubation of kDa Western Blot Autoradiography 2 120

retinas with3°S-labeled amino acids 2 - Fa ki ' T 'g 100

from a single experiment. The s =

retinas were from VPP and normal g4 _ b = 80 1
littermates that were 18 days old. : ; e

Relative33S incorporation into opsin ‘L = 607

was determined from densitometric %%~ | D

scanning of the autoradiograph and 44 . %‘ 407

western blot. In the experiment & : =

shown in A and B, less newly - 5 207

synthesized opsin was measured in 30 - ; <

the transgenic VPP retinas than in IT AT 2N 4N T 4F . 4N 0 or N 4T N

control retinas after 2 hours.

However, as illustrated in C, the Time (hours) Time (hours)
mean specific activity of opsin (£

s.e.m.), obtained from three separate experiments, performed in the same way, was similar in VPP and control reting? afictdtiughrs
incubation. The amount 8FS incorporation after 2 hours was less than half that after 4 hours due to a lag¥8rltiesled amino acids to
enter the cells. T, transgenic VPP; N, normal littermates.

Time (hours)
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ONL

Fig. 2. Immunofluorescence microscopy of semithin cryosections of
(A) control and (B) transgenic mouse retinas labeled with opsin mAl
1D4. The control and transgenic mice were littermates and 25 days
old. The photoreceptor outer segments (OS), photoreceptor inner
segments (IS), the photoreceptor nuclear layer (ONL), and the retin;
outer plexiform layer (OPL), which contains the photoreceptor
synaptic terminals, are indicated. Immunolabel is present only in the
outer segments. The outer segments of the transgenic mice, reared
under the lighting conditions used, are about 40% shorter at this agt
A and B are of the same magnification. Baruyg

of opsin should be evident by a lowered concentration ¢
intramembrane particles on freeze fracture replicas of out
segment disk membranes. Electron micrographs of replice
from a control mouse and a transgenic mouse are shown in F
5. The face that is rich in intramembrane particles correspont
to the cytoplasmic half of the lipid bilayer (P-face) (Besharst
and Pfenninger, 1980). The density of intramembrane particle
on the P-face was determined from three control mice (mei
surements were made from 36 different areas) and from tw
transgenic mice (measurements were made from 35 differe
areas). In all mice, a few areas were found that were complete
free of intramembrane particles (cf. Besharse and Pfenninge
1980); they were excluded from measurements. The me:s
number of particles pgm?2 was 2,906+91 (s.e.m.) for control

mice and 2961+79 for transgenic mice, indicating that th
packing density of opsin in the disk membranes of transgen
mice is not significantly different from that of control mice.

Fig. 3. Electron micrographs of (A) control and (B) transgenic mouse
rod photoreceptor cells immunogold-labeled with opsin mAb 1D4.

Photoreceptor cell ultrastructure e ;
. ) . . .. Both control and transgenic mice were littermates and 35 days old.
The earliest abnormality described in the VPP mice is a shofhe outer segment (0), ellipsoid of the inner segment (E), and myoid

ening of the rod outer segments (Naash et al., 1993). W the inner segment (M) are indicated. Arrowhead in B indicates

observed that outer segment length in the VPP mice becarmemunogold label in the myoid. A and B are of the same

detectably less (about 10%) than that in controls by 18 daysagnification. Bar, um.

after birth. In the study by Naash et al. (1993), outer segment

length decreased at a more rapid rate, probably because the

mice in this study were exposed to higher light intensities thaef the membrane at the very base of the rod outer segments;

those used in the present study. disk membranes in the rest of the outer segment appeared
The ultrastructure of rod photoreceptor cells in transgenipormal. The base of the outer segment is the site where new

mice was examined at 16 days, 21 days, and 35-40 days afeigk membranes form, so that the disks are nascent and still

birth. At 16 days, the photoreceptor cells appeared normal. Bgpen’; that is, formation of their rims is incomplete (Steinberg

21 days, when the rod outer segments have reached theiral., 1980; Arikawa et al., 1992). Nascent disks are more

mature length in control mice, the only other evident structurdikely to be fixed poorly than fully mature disks (Steinberg et

defect, besides shortened outer segments, was disorganizatidn 1980; Arikawa et al., 1992). Nevertheless, comparison with
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10 (stage 0), stage 1, stage 2, or stage 3, depending on whether
1 Control n=3 they most closely resembled the one shown in Fig. 6A,B,C or

- Bl Transgenic n=3 D, respectively. Cells scored as stage 1, 2, or 3, all appeared

o 5 8 normal, except for a shortened outer segment and disorganized

EE membrane at the base of the outer segment. At 16 days, there
ga‘; was no significant difference detected between control and
@ -l transgenic mice (Fig. 7A). However, by 21 days, 32% of the

sl T photoreceptor cells in transgenic mice were scored as stage 1,
E e significantly above the background level of 1% in control mice
0 2 47 (P<0.05) (Fig. 7B). By 35-40 days of age, over half the trans-

85 genic photoreceptor cells contained disorganized membranes
T, at the base of their outer segment (Fig. 7C). A few photo-

& receptor cells had basal disks as extremely disorganized as the
one illustrated in Fig. 6D. By this age, some photoreceptor cells
0 had already died, for there were slightly fewer nuclei in the

ELP MYD photoreceptor cell nuclear layer and some pyknotic cells were
_ _ _ _ _ _ observed. Ultrastructural changes occurring after the disorga-
Fig. 4. Histogram illustrating the concentration of opsin mAb 1D4  npjzation of the basal outer segment membrane and prior to cell

control (open bars) and transgenic (filled bars) mouse rod

photoreceptor cells. The number of gold particlesupetwas Disk membrane shedding

counted, and it is expressed relative to that in the outer segment. .

Error bars indicate + s.e.m. As perturbation of the basal outer segment membranes
indicates a defect in disk membrane morphogenesis (see Dis-
cussion), we tested whether disk membrane shedding was also

retinas from nontransgenic littermates that were fixed andbnormal in the transgenic mice. Disk membranes are shed

processed in the same way at the same time indicated an abnowstly during the first few hours after the onset of light, and
mality in the transgenic mice, aged 21 days or 35-40 days. Tlae evident as phagosomes in the retinal pigment epithelium
membrane at the base of the outer segments had tubular gYdung and Bok, 1969; LaVail, 1976). Comparison of trans-
vesicular profiles rather than the flattened form of a diskgenic and control mice fixed within 20 minutes of each other,
Different degrees of this perturbation were observed as illusturing the period 1-4 hours after light onset, showed that the
trated in Fig. 6. concentration of phagosomes in the retinal pigment epithelium
The extent of disorganization of the basal outer segmemtf transgenic retinas was not different from that in control
membrane was assessed as described in Materials amdinas. At 16-21 days, it was 111%+5 (s.emmd) of that in

Methods. Rod photoreceptor cells were scored as normabntrols; at 35-40 days, it was 98%+58).

Fig. 5. Electron micrographs of freeze fracture replicas of rod outer segment membranes from (A) control and (B) transgenic amuse retin
Both mice were 35 days old. Intramembrane particles are evident on the P-faces (P); E, E-face. Direction of shadowing is thetlsand

is indicated by arrow in top left of B. In A, the fracture plane has passed through the disk membranes at a more obtitaretangie B. A

and B are of the same magnification. Bar, 100 nm.



2594 X. Liu and others

In addition to phagosomes, smaller fragments of condensdéd SCUSSION

membrane were observed in the retinal pigment epithelium of

VPP mice, but not control mice, of both age groups. Thes€he present results indicate that: (1) opsin synthesis in VPP
fragments were often clustered together, enclosed by raice is normal; (2) VPP mutant opsin does not accumulate in
membrane, suggesting that they had been engulfed by tkellular compartments other than the outer segment; (3) the
retinal pigment epithelium (e.g. Fig. 8). They perhaps represeMPP mutation does not affect the concentration of opsin in the
membrane that has been sloughed off from the base of the outerter segment disk membranes; (4) nor does it affect the
segment as a result of failure to be incorporated into a diskmount of disk membrane shedding; but (5) it results in per-
membrane. turbation of the nascent disks. There is no direct proof that the

Fig. 6. Electron micrographs of the
basal region of the outer segment of
individual rod photoreceptor cells,
illustrating the various degrees of
membrane disorganization.

(A) Normal photoreceptor cell from
40-day-old control mouse. The
shorter most basal disks are nascent
Note that although in this particular
example the disks have not been
preserved perfectly (they appear
wavy) they do not appear

vesiculated or otherwise distended.
(B) Photoreceptor cell from 21-day- |
old transgenic mouse. The nascent
disks are distended and appear
vesiculated. (C) Photoreceptor cell
from 40-day-old transgenic mouse.
Disorganization of the nascent disks *
is more extensive than in B.

(D) Photoreceptor cell from 40-day-
old transgenic mouse, demonstrating
extremely extensive membrane
disorganization at the base of the :
outer segment. A, B, C, and D are of
similar magnification. Bar, 200 nm.
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VPP mutant opsin is actually synthesized by the transgenjmobably only 50% of that in control mice, but, together, VPP
mouse photoreceptor cells. Attempts to obtain an antibodgpsin and normal opsin result in a total opsin amount that is
specific for VPP opsin have not been successful. Neverthelessmilar to that in control mice. Second, total opsin synthesis is
considerable evidence indicates that it is synthesized, masimilar in transgenic and control retinas in short-term culture
likely in approximately the same amount as normal opsin(Fig. 1). Third, mRNA for human P23H opsin is translated in
First, VPP opsin mMRNA is present at the same level as normahnsgenic mice (Olsson et al., 1992). By generating mice
opsin MRNA in VPP mice, and total opsin mRNA is similar inexpressing human mutant opsin rather than mouse mutant
VPP transgenic and control mice at 10 and 15 days after birtipsin, Olsson et al. were able to detect specifically the mutant
(Naash et al., 1993; Cheng and Naash, 1995). These datein with a selective human opsin antibody. Fourth, the per-
indicate that the amount of normal opsin in VPP mice idurbations observed in the outer segment disks, which contain
a normal concentration of opsin and are present in an otherwise
normal-looking cell, suggest the presence of defective

A s molecules in the outer segment. Finally, a 50% reduction in the
[ Gorral  ne? amount of normal opsin is not in itself sufficient to cause
W Transgenic n =3 degeneration of photoreceptor cells, for the photoreceptor cells
s of humans that are heterozygous for a null opsin mutation do
o not degenerate (Rosenfeld et al., 1992).
g That there was no accumulation of opsin other than in the
g outer segments of predegenerate photoreceptor cells contrasts
= with the mislocation of P23H mutant opsin in COS cells (Sung
25 et al.,, 1991; Kaushal and Khorana, 1994) and P23H mutant
human opsin in transgenic mice (Olsson et al., 1992; Roof et
al., 1994). Even in mice expressing equal amounts of normal
e 0 1 PE— mouse and mutant human opsin (which are probably similar to
Stage the VPP mice, in terms of the ratio of mutant to normal opsin),
some mutant opsin was routed aberrantly to the synaptic
B terminal (Olsson et al., 1992; Roof et al., 1994). Roof et al.
% . noted that this mislocation at the synaptic terminal occurs well
ontrol n=3 . . . . .
BB Transgenic n—4 before a general redistribution of opsin around the entire cell,
75 4
&
&
o5
o =
0 1 2 3
Stage
c
100
3 Control n=2
El Transgenic n=8
75
&
§ %
g
25 4
o

Stage
Fig. 7. Histograms illustrating the percentage of rod photoreceptor Fig. 8. Electron micrograph of the retinal pigment epithelium of a
cells with disorganized basal outer segment membranes in control 21-day-old VPP mouse. A cluster of condensed membrane fragments
(open bars) and transgenic (filled bars) mice at (A) 16 days, (B) 21 (many are crescent-shaped) are evident in the center. They are
days, or (C) 35-40 days after birth. Cells were scored as either ~ €nclosed by a membrane (arrowheads), suggesting that they have

normal (stage 0), stage 1, stage 2, or stage 3, depending on whethdteen engulfed by the epithelial cell. P, a phagosome, containing
they were most similar to that shown in Fig. 6A,B,C or D, membrane that appears to have been shed normally from the distal

respectively. Error bars indicate + s.e.m. end of the outer segment. Bar, 500 nm.
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which occurs prior to cell death in many types of photoreceppsin in disk membrane morphogenesis. Interestingly,
tor degeneration (Nir et al., 1987, 1989; Roof et al., 1994). Aowever, honglycosylated opsin still appears to fold correctly
reason for the difference in routing of human P23H opsin mightKaushal et al., 1994), in contrast to P23H opsin (Kaushal and
be because some of the human P23H opsin, unlike mouse VRRorana, 1994). In a current model of disk membrane mor-
mouse opsin, is truncated at its N terminus in transgenic miqehogenesis, a nascent disk adheres to its more mature neighbor
(Jin et al., 1995; cf. Fig. 1, present paper). as it grows out, perhaps using this neighboring nascent disk as

The freeze fracture analysis indicated that the density &f template (Steinberg et al., 1980; Fliesler et al., 1986;
opsin in the outer segment disk membranes was unaffected\iilliams et al., 1988). The presence of opsin with an altered
transgenic mice, despite the likelihood that the mutant opsin iextracellular (later to become intradiskal) structure, or opsin
COS cells has a less compact structure (cf. Liu et al., 1996).ldcking its sugar groups, probably interferes with this interac-
is generally assumed that the intramembrane particles on tkien between two nascent disks (cf. Fliesler et al., 1986). Con-
P-faces of replicas of fractured photoreceptor disk membranaegquently, some membrane may fail to form a proper nascent
represent opsin molecules. First, opsin accounts for more thalisk shape, instead producing disorganized vesicles and tubules
95% of the integral disk membrane protein (Krebs and Kuhrthat do not become incorporated into the outer segment. Liu et
1977). Second, freeze fracture replicas of lipid bilayers coral. (1996) have suggested that most, if not all, of the point
taining reconstituted opsin look similar to those from diskmutations in the extracellular domain of opsin that lead to
membranes (Chabre et al., 1972; Chen and Hubbell, 1978pminant RP cause misfolding of opsin. If VPP mutant opsin
Hong and Hubbell, 1972). The freezing and fracturing of phois misfolded in vivo, this may be the molecular basis for why
toreceptor outer segment membranes appears to result in agghe nascent disk membranes fail to interact properly with each
gation of opsin molecules (Chen and Hubbell, 1973; Clark andther in VPP mice.
Branton, 1968; Corless et al., 1976). However, under a given During the present study, Li et al. (1996) published a study
set of freeze fracture conditions the degree of aggregatiamn transgenic mice expressing human opsin with a missense
appears to be fairly constant (e.g. Besharse and Pfenningerutation, P347S, near the C terminus (which is cytoplasmic).
1980). This mutation results in a relatively severe form of dominant

The ultrastructural observations of disorganized basal diskRP (Berson et al., 1991). Interestingly, Li et al. suggest from
were made in animals at an age when their outer segmerkectron microscopy analysis that this mutation also results in
become noticeably shorter than the outer segments of contraberrant disk membrane morphogenesis. As in VPP mice, an
animals (cf. Naash et al., 1993). Outer segment length is maiearly defect of the P347S mice is a shortening of the rod outer
tained by a balance of the addition of new disks at the base ségments. However, in the P347S mice, large numbers of
the outer segment and the shedding of old disks from the distgpsin-containing multivesicular bodies accumulate around the
end (Young and Bok, 1969; Besharse et al., 1977). A decreassd outer segments (Li et al., 1996), whereas, in the VPP mice,
in outer segment length would therefore result from a decrease observed only perturbed basal outer segment disks, with no
in the former or an increase in the latter. Disk membranepparent accumulation of discarded membrane in the extracel-
shedding was found to be normal, but the disorganization déilar space. There are a number of differences between the
the basal disks points to a defect in disk membrane renewakudy of Li et al. and the present one, including procedural dif-
indicating that the decrease in outer segment length arises frderences, such as methods of tissue fixation. But the most
the formation of fewer mature disks. As opsin synthesis waisnportant difference probably results from the sites of
unimpaired, and there was no accumulation of opsin in theutation; the P347S mutation does not appear to affect protein
inner segment, the defect appears to lie solely in the morphfelding (Kaushal and Khorana, 1994), whereas the VPP
genesis of the disk membranes. This defect is not so severematation probably does. The simplest conclusion is that a
to affect the morphogenesis of every disk. Indeed, we observedriety of opsin mutations may perturb disk membrane mor-
that most disks were formed properly during the first fewphogenesis, but that mutations at different sites may have
postnatal weeks. But, beyond 3 weeks of age, disorganizelifferent effects on the default organization and fate of the
membrane became more evident, indicating that fewer diskaembrane that fails to form proper disks.
were being formed. The fate of membrane that fails to be incor-
porated into disk membranes is unclear. It does not appear toWe are grateful to Joan Delaat, Michele Wilhite, and Tom Tokarski
be retained in the outer Segment, for disorganized membraﬁg technical assistance, Dale Seneglaub .for help with the perfUSion
was only observed at the base of the outer segment. Membrdh@tion procedure, Bob Molday for the opsin mAb 1D4. The research
debris was not observed in the extracellular space surroundil§S supported by NIH grant EY 07042 to D.S.W., a postdoctoral fel-
the outer segments. However, the presence of phagocyto ship from the Fight For Sight research division of Prevent

s ). ) . . dness Americato X.L., and by NIH grant EY 10609 and the Foun-

mgmbra}ne fragments in the. retinal pigment ep|theI|um.of VPRBation Fighting Blindness Inc. to M.I.N.
mice (Fig. 8) suggests it might be scavenged from this space
by the epithelial cells.

The disorganization of the basal outer segment membrang§FERENCES
resembles that described in tunicamycin-treated retinas. In
these retinas, normal glycosylation of the N-terminal of opsin|-ubaidi, M. R., Pittler, S. J., Champagne, M. S., Triantafyllos, J. T.,
was blocked, membrane with vesicular and tubular profiles McGinnis, J. F. and Baehr, W.(1990). Mouse opsin. Gene structure and
accumulated in the place of nascent disk membranes, and thﬁg\'ﬁacuff b'azilz gf mt"‘:_#"e’\t/lfglf:jzc”pgsﬂo'éﬁgevr\?iﬁ%?n 250553'820&83-2)
photoreceptor cel_ls eventually died (F“eSIGr etal., 1984, 1985/)\' Localization of p)gripheri’n/rds iny’the disk membranes of cone and rod
These observations, together with the present results,pnotoreceptors: relationship to disk membrane morphogenesis and retinal
emphasize the importance of the structure of the N terminus ofdegenerationl. Cell Biol.116, 659-667.



Cellular defect of mutated opsin 2597

Berson, E. L., Rosner, B., Sandberg, M. A., Weigel-DiFranco, C. and Dryja, transgenic murine retina, truncation of N-terminus and lack of glycosylation.
T. P. (1991). Ocular findings in patients with autosomal dominant retinitis Invest. Ophthalmol. Vis. S86, S424.
pigmentosa and rhodopsin, proline-347-leuciim. J. Ophthalmoll111, Kaushal, S. and Khorana, H. G(1994). Structure and function in rhodopsin.

614-623. 7. Point mutations associated with autosomal dominant retinitis pigmentosa.
Berson, E. L.(1996). Retinitis pigmentosa: Unfolding its mysté?Pyoc. Nat. Biochemistry33, 6121-6128.

Acad. Sci. USA3, 4526-4528. Kaushal, S., Ridge, K. D. and Khorana, H. G(1994). Structure and function
Besharse, J. C., Hollyfield, J. G. and Rayborn, M. §1977). Turnover of rod in rhodopsin: the role of asparagine-linked glycosylatinoc. Nat. Acad.

photoreceptor outer segments. Il. Membrane addition and loss in relationship Sci. USA91, 4024-4028.

to light.J. Cell Biol.75, 507-527. Krebs, W. and Kiihn, H. (1977). Structure of isolated bovine rod outer

Besharse, J. C. and Pfenninger, K. H1980). Membrane assembly in retinal ~ segment membrandsSxp. Eye Re25, 511-526.
photoreceptors. |. Freeze-fracture analysis of cytoplasmic vesicles ihaVail, M. M. (1976). Rod outer segment disk shedding in rat retina:
relationship to disc assembly.Cell Biol.87, 451-463. relationship to cyclic lightingSciencel94, 1071-1074.

Chabre, M., Cavaggioni, A., Osborne, H. B., Gulik-Krzywicki, T. and Li, T. S., Snyder, W. K., Olsson, J. E. and Dryja, T. A1996). Transgenic
Olive, J. (1972). A rhodopsin-lipid-water lamellar system: its mice carrying the dominant rhodopsin mutation P347S — evidence for

characterisation by x-ray diffraction and electron microsdepaS Lett26, defective vectorial transport of rhodopsin to the outer segnferas. Nat.
197-202. Acad. Sci. USA3, 14176-14181.

Chen, Y. S. and Hubbell, W. L.(1973). Temperature- and light-dependent Liu, X., Garriga, P. and Khorana, H. (1996). Structure and function in
structural changes in rhodopsin-lipid membraBag. Eye Red.7, 517-532. rhodopsin: correct folding and misfolding in two point mutants in the

Cheng, T. and Naash, M. 1(1995). Quantitative analysis of mMRNA levels of intradiscal domain of rhodopsin identified in retinitis pigmentBsac. Nat.
the transgenic and endogenous opsin genes in retinas of transgenic miceAcad. Sci. USA3, 4554-4559.

Invest. Ophthalmol. Vis. SE6, S273. Naash, M. I., Hollyfield, J. G., Al-Ubaidi, M. R. and Baehr, W.(1993).
Clark, A. W. and Branton, D. (1968). Fracture faces in frozen outer segments Simulation of human autosomal dominant retinitis pigmentosa in transgenic
from the guinea pig retind. Zellforsch. Mikroskop. An&1, 586-603. mice expressing a mutated murine opsin genec. Nat. Acad. Sci. US30,

Colley, N. J., Cassill, J. A., Baker, E. K. and Zuker, C. 1995). Defective 5499-5503.
intracellular transport is the molecular basis of rhodopsin-dependerilir, I., Sagie, G. and Papermaster, D. $(1987). Opsin accumulation in

dominant retinal degeneratidProc. Nat. Acad. Sci. US3®, 3070-3074. photoreceptor inner segment plasma membranes of dystrophic RCS rats.
Corless, J. M., Cobbs, W. H. d., Costello, M. J. and Robertson, J. 1976). Invest. Ophthalmol. Vis. S@8, 62-69.

On the asymmetry of frog retinal rod outer segment disk membrigrps.  Nir, 1., Agarwal, N., Sagie, G. and Papermaster, D. S(1989). Opsin

Eye Res23, 295-324. distribution and synthesis in degenerating photoreceptodsnofitant mice.
Dryja, T. P., McGee, T. L., Reichel, E., Hahn, L. B., Cowley, G. S., Yandell, Exp. Eye Re4l9, 403-421.

D. W., Sandberg, M. A. and Berson, E. L(1990). A point mutation of the  Olsson, J. E., Gordon, J. W., Pawlyk, B. S., Roof, D., Hayes, A., Molday, R.

rhodopsin gene in one form of retinitis pigmentdéature343 364-366. S., Mukai, S., Cowley, G. S., Berson, E. L. and Dryja, T. §1992).
Fliesler, S. J., Rapp, L. M. and Hollyfield, J. G.(1984). Photoreceptor- Transgenic mice with a rhodopsin mutation (Pro23His): a mouse model of

specific degeneration caused by tunicamyature311, 575-577. autosomal dominant retinitis pigmentobsieuron9, 815-830.

Fliesler, S. J., Rayborn, M. E. and Hollyfield, J. G.(1985). Membrane Roof, D. J., Adamian, M. and Hayes, A(1994). Rhodopsin accumulation at
morphogenesis in retinal rod outer segments: inhibition by tunicamycin.  abnormal sites in retinas of mice with a human P23H rhodopsin transgene.
Cell Biol. 100, 574-587. Invest. Ophthalmol. Vis. SE5, 4049-4062.

Fliesler, S. J., Rayborn, M. E. and Hollyfield, J. G(1986). Protein-bond = Rosenfeld, P. J., Cowley, G. S., McGee, T. L., Sandberg, M. A., Berson, E. L.
carbohydrate involvement in plasma membrane assembly: the retinal rod and Dryja, T. P. (1992). A null mutation in the rhodopsin gene causes rod
photoreceptor cell as a model. Rrotein-Carbohydrate Interactions in photoreceptor dysfunction and autosomal recessive retinitis pigmentosa.
Biological System&d. D. L. Lark), pp. 191-205. Academic Press, London.  Nature Genetic§, 209-213.

Fung, B. K.-K. (1983). Characterization of transducin from bovine retinal rod Steinberg, R. H., Fisher, S. K. and Anderson, D. H(1980). Disc

outer segments. |. Separation and reconstitution of the subdinisol. morphogenesis in vertebrate photoreceptbr@omp. Neuroll 90, 501-508.
Chem258 10495-10502. Sung, C.-H., Schneider, B. G., Agarwal, N., Papermaster, D. S. and
Goto, Y., Peachey, N. S., Ripps, H. and Naash, M. (1995). Functional Nathans, J. (1991). Functional heterogeneity of mutant rhodopsins
abnormalities in transgenic mice expressing a mutant rhodopsin igesst. responsible for autosomal dominant retinitis pigmentBsac. Nat. Acad.

Ophthalmol. Vis. ScB6, 62-71. Sci. USAB88, 8840-8844.

Goto, Y., Peachey, N. S., Ziroli, N. E., Seiple, W. H., Gryczan, C., Sung, C. H., Makino, C., Baylor, D. and Nathans, J1994). A rhodopsin
Pepperberg, D. R. and Naash, M. 1(1996). Rod phototransduction in gene mutation responsible for autosomal dominant retinitis pigmentosa

transgenic mice expressing a mutant opsin g&n®ptical Soc. Am. A3, results in a protein that is defective in localization to the photoreceptor outer
577-585. segmentJ. Neuroscil4, 5818-5833.

Hong, K. and Hubbell, W. L. (1972). Preparation and properties of Williams, D. S., Linberg, K. A., Vaughan, D. K., Fariss, R. N. and Fisher, S.
phospholipid bilayers containing rhodopsitroc. Nat. Acad. Sci. US89, K. (1988). Disruption of microfilament organization and deregulation of disk
2617-2621. membrane morphogenesis by cytochalasin D in rod and cone photoreceptors.

Hodges, R. S., Heaton, R. J., Parker, J. M., Molday, L. and Molday, R. S. J. Comp. NeuroR72, 161-176.
(1988). Antigen-antibody interaction. Synthetic peptides define lineaWilliams, D. S., Arikawa, K. and Paallysaho, T.(1990). Cytoskeletal
antigenic determinants recognized by monoclonal antibodies directed to the components of the adherens junctions between the photoreceptors and the

cytoplasmic carboxyl terminus of rhodopsih.Biol. Chem.263 11768- supportive Muller cellsJ. Comp. NeuroR95 155-164.

11775. Young, R. W. and Bok, D.(1969). Participation of the retinal pigment
Hong, K. and Hubbell, W. L. (1972). Preparation and properties of epithelium in the rod outer segment renewal procksSell Biol.42, 392-

phospholipid bilayers containing rhodopsitroc. Nat. Acad. Sci. US89, 403.

2617-2621.

Jin, J., Heth, C. A. and Roof, D. J.(1995). P23H mutant human opsin in (Received 2 June 1997 — Accepted 13 August 1997)



