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Vitamin A (retinol) actions in eye development are
mediated by retinoic acid receptors (RARs and RXRs).
Using the Cre/loxP system, we have selectively ab-
lated RXRe in the retinal pigment epithelium (RPE), a
cell monolayer critically involved in visual retinoid
renewal and phagocytosis of photoreceptor outer seg-
ments. In the mutant (RXRa “P*~/7) mice, RPE cells
are morphologically and functionally abnormal and
display decreased expression of proteins involved in
the visual retinoid cycle, namely RPE65, CRALBP, and
RGR. RXRa “P°~/~ mice also show alterations of photo-
receptor cells including: 1) decrease in their number;
2) outer segment shortening and disorganization, and
3) reduced light responses in electroretinograms.
These results indicate that RXRe« is required for nor-
mal maturation of the RPE, which is known to play
essential roles in photoreceptor cell function and sur-
vival, and point to a possible involvement of RXRa«
signaling pathways in the RPE in human retinal dis-
eases. (Am J Pathol 2004, 164:701-710)

The functions of vitamin A (retinol) in eye development
are mediated by its active derivative, retinoic acid
(RA)."2 RA activates two families of nuclear receptors,
the retinoic acid receptors, RARs («, B8, and v), and the
retinoid X receptors, RXRs («, B, and vy), which are ligand-
dependent transcriptional regulators.® RXRa plays major
roles in eye development as demonstrated by the multi-
ple ocular abnormalities displayed by RXRa-null mutant
fetuses,* but the death of these mutant fetuses around
E14.5 has precluded the establishment of RXRa func-
tions at later stages of eye development and in adult-
hood.

In the adult eye, vitamin A is critically involved in vision
as a source of 17-cis-retinaldehyde, the chromophore of
opsins in mammalian photoreceptors.®® Regeneration of

this chromophore as well as phagocytoses of distal por-
tions of the continuously growing photoreceptor outer
segments is performed by the retinal pigment epithelium
(RPE), a cell monolayer lying between the choroid and
the photoreceptor cells.”® The requirement of RPE in eye
development and in retinal function and survival has
been demonstrated by RPE ablation experiments using
RPE-specific expression of the diphtheria toxin in trans-
genic mice,® as well as by the occurrence of retinal
dystrophies in rodents or humans carrying mutations in
genes expressed in the RPE (eg, RPE65,'°~ '3 RGR,'*"°
and RLBP1'®'7). RPE dysfunction is also involved in the
pathogenesis of age-related macular degeneration,
which is the major and increasing cause of vision loss
among the elderly of the industrialized world.'®°

To investigate the roles of RXRa in the RPE, we have
generated mutant mice in which RXRa is selectively in-
activated in this tissue, using a tyrosinase-related protein
1 (TRP1) promoter-driven Cre recombinase.?°=22 We
found that these mice exhibit dystrophic changes in the
RPE and retina accompanied by photoreceptor dysfunc-
tion. This mouse phenotype indicates that RXRa present
in the RPE is required both for RPE development and for
neural retina maintenance, and points to a possible in-
volvement of RXRa signaling pathways in the RPE in
human retinal diseases.

Materials and Methods

Transgenic Mice

RXRa “¥* mice, in which the exon encoding the DNA
binding domain of RXRa is loxP-flanked (floxed) on one
allele,?® were bred with TRP1-Cre ‘99 transgenic mice
that express the Cre recombinase under the control of
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TRP1. The patterns of Cre expression and DNA excision
in this mouse line have been reported previously.?? All
mice harboring the TRP1-Cre transgene were genotyped
for rd (retinal degeneration) mutation®* that was present
in the founder mouse of FVB/N background,?® and mice
that did not carry the rd mutation were used. Mice were
maintained on a 12-hour light/dark cycle with food and
water provided ad libitum.

Electroretinogram (ERG)

Six-month-old mice were dark-adapted for at least 16
hours and anesthetized by intraperitoneal injection of
ketamine (200 mg/kg body weight) and xylazine (10
mg/kg body weight). Pupils were dilated by topical ap-
plication of 1% atropine sulfate. Full-field ERGs were
recorded in a Ganzfeld dome using a gold-coil active
electrode on the corneal surface, a subcutaneous refer-
ence electrode on the head between the eyes, and a
needle ground electrode on the tail. Methylcellulose was
applied between the cornea and the electrode speculum
for their tight connection.

Scotopic ERG responses were recorded with single
flash stimuli ranging from 10~* cd s/m? to 25 cd s/m?.
Responses were recorded once with a flash of a given
intensity, because response tended to decrease when
recorded repeatedly. Photopic ERG responses were re-
corded after 10 minutes of exposure to background light
of 30 cd/m?. Single flash responses were obtained with 1,
10, and 25 cd s/m?. Flicker responses were obtained with
flashes of 3 cd s/m? at frequencies ranging from 0.5 to 30
Hz.

For recovery experiments, mice were dark-adapted at
least for 16 hours and anesthetized as described above.
Maximal scotopic responses were recorded using a 0.1
cd s/m? stimulus. Bleaching was done in a Ganzfeld
dome with 0.2 cd/m? illumination for 5 minutes. Through-
out a 25-minute period, single responses were recorded
every 5 minutes using a single 0.1 cd s/m? stimulus.

Histology and Electron Microcopy

Eyes were removed 4 hours after the onset of light (11:
00), immersion-fixed in either Bouin’s fluid or in 2.5%
glutaraldehyde in phosphate-buffered saline (PBS), and
processed as described.?® Briefly, the Bouin-fixed eyes
were bisected along the vertical meridian, embedded in
paraffin, sectioned at 5 um, and stained with hematoxylin
and eosin. Glutaraldehyde-fixed eyes were bisected and
embedded in epon. One-um-thick sections were stained
with toluidine blue for light microscopy, and 90-nm-thick
sections were contrasted with uranyl acetate and lead
citrate for electron microscopy. Outer segment lengths
were measured at a distance of 1.0 mm from the optic
nerve head on 1-pum-thick sections from five animals. The
numbers of nuclear rows in the outer nuclear layer were
calculated as mean values of three counts in the same
region. To evaluate the numbers of phagosomes in the
RPE, all densely stained inclusions larger than 0.75 um in
any dimensions and contained in the cell soma or villous

processes were counted along the entire, 1-um-thick,
eye sections from 3-month-old mice as described.?”

Immunohistochemistry

For RXRa immunodetection, albino embryos, which do
not have melanin granules in the RPE, were collected at
embryonic day 13.5 (E13.5) and immersion-fixed in a
poly-L-lysine-paraformaldehyde fixative. Ten-um-thick
frontal cryosections at the level of the optic nerve head
were processed for fluorescent immunolabeling with a
polyclonal anti-RXRa antibody as described.?® For immu-
nodetection of vision-related proteins (CRALBP, RGR,
RPEBS5, arrestin, rhodopsin, cone red/green pigment, and
cone blue pigment), heads from E17.5 fetuses as well as
eyes from P4, P12, and 6-month-old mice were immer-
sion-fixed in 4% paraformaldehyde in PBS at 4°C for 16
hours and embedded in paraffin. Three-um sections
were deparaffinized, treated with 0.25% KMnO, for 20
minutes and then with 5% oxalic acid for 3 minutes to
bleach melanin granules, and immunolabeled with pri-
mary antibodies in PBS containing 5% normal goat serum
at 4°C for 16 hours. The antibodies (all given to us as
gifts) were: anti-CRALBP (rabbit polyclonal, 1:1000), anti-
RGR (rabbit polyclonal, 1:200), anti-RPE65 (mouse
monoclonal, 1:1000), anti-arrestin (rabbit polyclonal,
1:5000), anti-rhodopsin  (mouse monoclonal, 4D2;
1:5000), anti-red/green cone pigment and anti-blue cone
pigment (both rabbit polyclonal, 1:5000). The secondary
antibodies were labeled with Alexa 488 or Alexa 594
(1:500; Molecular Probes, Eugene, OR). All immunolabel-
ings were photographed in the central regions of the
retina/RPE near the optic nerve head, unless otherwise
specified.

Reverse Transcriptase (RT)-Polymerase Chain
Reaction (PCR)

Eyes of 6-month-old mice were dissected and eyecups
consisting of the RPE, choroid, and sclera were isolated.
Total RNA was extracted from two eyecups of one animal
using a kit (EasyPrep; Takara, Tokyo, Japan) according
to the manufacturer’s instructions. One ug of RNA was
treated with DNasel (Takara), and first-strand cDNA was
synthesized using a kit with an oligo-dT primer (Roche,
Indianapolis, IN) according to the manufacturer’s instruc-
tions. PCR was performed to amplify DNA segments of
RPE65, CRALBP, RGR, and a housekeeping gene, glyc-
eraldehyde-3-phosphate dehydrogenase (G3PDH) using
0.5 pmol/L of primers at 94°C, 58°C, and 72°C (30
seconds each). The primers used were as follows:
RPEGB5, 5'-AATGGATTTCTGATTGTGGA-3" and 5'-
TCAGGATCTTTTGAACAGTC-3'; CRALBP, 5’-CAAGAG-
GCAGTATGTCAGAC-3’ and 5'-GAAGAGTTCAGGG-
TACTGGA-3’; RGR, 5-TGACCATCTTCTCTTTCTGC-3’
and 5'-GGGTGCAGTAGTGGTGATAA-3’; G3PDH, 5'-
GCATCCTGGGCTACACTGAG-3' and 5'-TTTACTCCTT-
GGAGGCCATG-3'.

For semiquantitative evaluation, 24, 27, and 30 PCR
cycles were performed for CRALBP, RPE65, and RGR,



and 18, 21, and 24 cycles for G3PDH. The PCR products
were electrophoresed on a 2.5% agarose gel, stained
with ethidium bromide, and photographed under ultravi-
olet light. The density of the bands was quantified with an
optical scanner and standardized with that of G3PDH
after 21 PCR cycles (exponential amplification phase).
The nucleotide sequences of the products were con-
firmed with an automated DNA sequencer.

TdT-Mediated UTP Nick-End Labeling (TUNEL)
Analysis

Histological sections from 4% paraformaldehyde-fixed,
paraffin-embedded, eyes from 3-month-old mice were
processed for TUNEL analysis (Apoptosis Detection Sys-
tem; Promega, Madison, WI) according to the manufac-
turer's instructions and observed under a fluorescent
microscope.

Statistical Analyses

Data from mutant and control mice were compared using
the unpaired two-tailed Student’s t-test with Welch cor-
rection for unequal variance.

Results

Efficient Ablation of RXR« in the RPE of
RXRa P~ Mice

To ablate RXRa in the RPE, RXRa “** mice were bred
with TRP1-Cre 99 transgenic mice to generate TRP1-
Cre 99RXRa “?2 mice (referred to as RXRa ™/~
mice hereafter). TRP1-Cre “99/RXRa */*, TRP1-Cre 0/
RXRa */*, and TRP1-Cre ‘“9/RXRa “2 littermates, all of
which displayed no morphological eye abnormalities,
served as controls. At embryonic day (E) 13.5, RXRa
protein was detected both in the periocular mesenchyme
(PM) and RPE of control mice (Figure 1a, arrows), while it
was selectively absent in the RPE of the RXRa ™™/~
mouse (Figure 1b, arrows). Weak immunostaining in the
neural retina (N), which was not visible at the low mag-
nification in Figure 1, a and b, was similar in control and
RXRa "°~/~ mice. These results indicate that RXRa is
selectively and efficiently depleted in the RPE of RXRa
e/~ fetuses.

Reduced ERG Response and Delayed Dark
Adaptation in RXRa ™°~/~ Mice

ERGs were performed in 6-month-old mice to study the
function of RPE and photoreceptor cells. To assess the
function of the rod pathway, scotopic responses were
recorded at different light intensities. Both a- and b-wave
amplitudes were reduced by ~50% in RXRa ™°~/~ mice
as compared with control mice (Figure 2; a to d). To
assess the function of the cone pathway, flicker and
photopic responses were recorded. The b-wave ampli-
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Figure 1. Selective ablation of RXRe in the RPE. Immunodetection of RXRa
in the E13.5 control (a) and RXRa P°~/~ (rpe—/—, b) eyes. The top half of
each panel corresponds to the immunohistochemical signal and the bottom
half to the DAPI counterstaining. Arrows point to RPE cell nuclei. N, neural
retina; PM, periocular mesenchyme. Scale bar, 10 um.

tudes in both flicker and photopic ERGs were similarly
reduced by ~50% as compared with control mice (Figure
2, e and f). In contrast, there were no significant differ-
ences between RXRa ™°/~ and control mice in the
latency for the a- and b-waves in scotopic ERGs, as well
as in the b-waves in flicker and photopic ERGs (data not
shown).

As RPE cells are involved in visual retinoid renewal,
their function was assessed by ERG before and after
photo-bleach. After a 16-hour dark adaptation, scotopic
responses were recorded with a single flash. This mea-
surement confirmed that a-wave amplitudes were re-
duced by ~50% in RXRa "™°~/~ mice as compared with
control mice (Figure 3). Subsequently, after a 10-minute
photo-bleach, scotopic responses were recorded at
5-minute intervals with the same flash intensity as in the
prebleach measurement. Control mice recovered ~40%
of their prebleach a-wave amplitudes within 25 minutes,
whereas RXRa ™°~/~ mice exhibited a low recovery
(<10%) (Figure 3), indicating impairment of visual retin-
oid renewal.

Dystrophic Changes of RPE in RXRa "¢/~
Mice

Histological analysis of the RXRa "P°~/~ mice revealed no
abnormalities at E17.5 and postnatal day 4 (P4) (data not
shown). In contrast, the mutant RPE at P12 was thinner
than control RPE and displayed an uneven distribution of
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Figure 2. ERG analyses. Representative scotopic responses in a control (a)
and RXRa "P°~/~ (rpe—/—, b) mouse by 0.1 cd s/m? flash. Amplitudes of
both a-waves (¢) and b-waves (d) of scotopic ERGs, as well as of b-waves of
photopic (e) and flicker (f) ERGs are reduced in the RXRa ¢/~ mice.
Mean = SD; *, P < 0.05; **, P < 0.005 (1 = 6, r-test).

melanin granules (data not shown). In 3-, 12-, and 18-
month-old RXRa ™°~/~ mice, the thickness of the entire
RPE was decreased (Figure 4, a to h, and data not
shown). The mutant RPE cells contained fewer melanin
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Figure 3. Dark adaptation analysis. After light bleach (0.2 cd/m?* for 5
minutes), RXRa "¢/~ mice (rpe—/—) show little recovery of ERG a-wave
amplitudes in 25 minutes, whereas the recovery in the control mice is ~40%.
Mean = SD; *, P < 0.05; **, P < 0.005 (12 = 0, ttest).

granules than their counterpart in control mice (MG; Fig-
ure 4, compare ¢ and d and g and h) and often displayed
large vacuoles (V, Figure 4h). Large cysts (CY) and ec-
topic RPE cells (E) were frequently observed in the pho-
toreceptor outer segment layer of the RXRa P°~/~ retina
(Figure 4d, and see below). The number of phagosomes
per mm of RPE was 29.4 = 3.3 and 15.6 = 2.6 (mean =
SD) in the 3-month-old control and RXRa ™™/~ mutant
mice, respectively, and this difference was statistically
significant (P < 0.01; t-test, n = 5). The RPE of 3-, 12-,
and 18 month-old TRP1-Cre (9©/RXRa “2/* mice (ie,
RXRa ™°*/~“mice) was histologically indistinguishable
from that of control mice (data not shown).

Electron microscopy analysis showed that RPE cells of
the 3-month-old RXRa ™°~/~ mice were abnormally flat
and elongated, and often largely overlapped with one
another (eg, C1 and C2; Figure 5a). Control RPE cells
never overlapped and were connected by tight junctions
(Figure 5¢, double arrow). In the areas of overlapping,
RPE cells displayed loose intercellular contacts (Figure
5a, black arrows). Additionally, in mutant RPE cells, api-
cal microvilli (MV) were shorter, extended less deeply into
the interphotoreceptor space, contained fewer melanin
granules (MG; Figure 5, compare a and b), and basal
membrane infoldings (Bl), which were well organized,
lying parallel to one another in control RPE (Figure 5, b
and c), were either absent or scarce (Figure 5; a, d, and
e) and oriented randomly (Figure 5, f and g). The shape
of the melanin granules was irregular, and typical fusi-
form granules were almost lacking (MG; Figure 5, com-
pare a and b). Cells containing melanin granules ob-
served between the photoreceptor outer segments of the
RXRa e/~ retina most probably correspond to ectopic
RPE cells (E, Figure 5a). Vacuoles (V, Figure 5a), elec-
tron-dense large phagolysosomes (P; Figure 5, d and f),
and lipid droplets (LI, Figure 5e) were often found in
RXRa "°~/~ mice but rarely or never in control mice.
These observations indicate that some of the structural
defects of the mutant RPE cells might be related to a
metabolic disorder. Extracellular basal deposits of amor-
phous material, thickening of the Bruch’'s membrane
(BM), and atrophy of the choroid (CH) were absent (Fig-
ure 5, a to e, and data not shown).

Disorganization and Shortening of
Photoreceptor Outer Segments and Decrease
in the Number of Photoreceptor Cells in

RXRa e/~ Mice

In RXRa ™°~/~ mice, the photoreceptor cells appeared
histologically normal at P12, ie, a time when their mor-
phological differentiation is completed (data not shown).
However, from 1 month of age onwards, photoreceptor
outer segments no longer displayed the regular align-
ment seen in controls (OS; Figure 4, ¢, d, g, and h, and
data not shown) and were significantly shorter (77%,
66%, and 65% of control at 3, 12, and 18 months, re-
spectively; Figure 4, a to i). In contrast, inner segments
had a normal size (IS; Figure 4, a to h). The number of



Retinal Dystrophy by RXRa Ablation in RPE 705
AJP February 2004, Vol. 164, No. 2

ke
Q@
L
—
C
o
=
™
[— e P, N ‘S"
- control
L=
?
K
-—
c
o)
=
(o]
b =

50 20

I M control Orpe-/- ] W control Orpe-/-
40 r | il | *
*% 1 5 B I * ]
I : 1

30 r

*
*
20 r :
10 r
0 - . 0 L L
3 12

1 3 12 1
Age (month)

Figure 4. Histological abnormalities in RPE and neural retina of adult RXRa ¢/~ mice. Semithin sections through the retina of 3-month-old (a-d) and
12-month-old (e—h) control (a, ¢, e, and g) and RXRa ¢/~ (rpe—/—; b, d, f, and h) mice. i and j: Reduction of outer segment length (i) and of number of
nuclear rows in the outer nuclear layer (j) of RXRa "™/~ mice. Mean * SD; *, P < 0.05; **, P < 0.005 (1 = 5, ttest). CY, cysts; E, ectopic RPE cell; INL, inner
nuclear layer; IS, photoreceptor inner segment; MG, melanin granules; ONL, outer nuclear layer; OS, photoreceptor outer segment; V, vacuoles. Scale bars, 20 wm.

Length of OS (um)

Nuclei per column
o )




706  Mori et al
AJP February 2004, Vol. 164, No. 2
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Figure 5. Ultrastructural defects in RPE and photoreceptor cells of 3-month-old RXRa "™/~ (rpe—/—; a, d-g) and control (b and ¢) mice. Black arrows in
a indicate intercellular contact points; the double arrow in d points to a tight junction. White (a) and black (f and g) arrowheads point to debris of outer
segment disks. C1 and C2 in (a and ¢) indicate adjacent RPE cells. BI, basal membrane infoldings; BM, Bruch’s membrane; CH, choroid; CT, cytoplasmic fragment;

CY, cyst; E, ectopic RPE cell; LI, lipid droplet; MG, melanin granules; MV, microvilli; MY, myeloid structure; N, RPE cell nucleus; OS, photoreceptor outer segments;
P, phagosome or phagolysosome; SP, intercellular space; V, vacuoles. Scale bar, 1 um.
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at 6 months (s and w and t and x, respectively). ONL, outer nuclear layer; OS, outer segment. Scale bar, 50 wm.

nuclear rows in the outer nuclear layer was significantly
smaller (83%, 80%, and 78% of controls at 3, 12, and 18
months, respectively; Figure 4, a, b, €, f, and j). Moreover,
there was a significant reduction in outer segment
lengths and number of nuclear rows in RXRa ™°/~ ret-
inas analyzed at 3, 12, and 18 months when compared
with the situation at 1 month (Figure 4, i and j). The
severity of these alterations was similar in the center and
periphery of the retina (data not shown). No abnormalities
were observed in the other cell types of the neural retina
(eg, INL; Figure 4, a, b, e, and f). The retinas of RXR«
e+~ mice at 3, 12, and 18 months did not show any
alteration (data not shown).

Electron microscopy analysis revealed the presence of
large and irregular intercellular spaces (SP, Figure 5a)
between the photoreceptor outer segments. On the api-
cal side of the RPE, cytoplasmic fragments (CT, Figure
5a), large cysts (CY, Figure 5f), and myeloid bodies (MY,
Figure 5g) were observed. All these abnormal structures
contained altered outer segment disk membranes (Fig-
ure 5, a, f, and g; arrowheads). These observations indi-
cate that RXRa "™/~ mice display, in addition to defects
in the RPE, structural alterations in outer segments of
photoreceptor cells as well as a progressive loss of these
cells.

Distribution in RXRa "° ™"~ Eyes of Proteins
Involved in Vision

To get insight into the molecular mechanisms underlying
the morphological and functional abnormalities of RXRa

e/~ mice, the expression of three proteins involved in
visual retinoid renewal in the RPE, namely, cellular reti-
naldehyde-binding protein (CRALBP), RPE retinal G-pro-
tein-coupled receptor (RGR), and RPEB5, were analyzed
by immunohistochemistry and semiquantitative RT-PCR
in E17.5, P4, P12, and/or 6-month-old mice. The immu-
nostaining patterns for these three proteins were similar
at P12 and at 6 months of age (data not shown). CRALBP
was detected throughout the RPE in the RXRa "°~/~ and
control mice at all ages, but its distribution was less
uniform in the mutant RPE (Figure 6; compare a and e, ¢
and g, i and m). RGR labeling was globally decreased in
the mutant RPE at E17.5 (Figure 6, compare b and f), and
unevenly reduced at P4, P12, and 6 months (Figure 6,
compare d and h and k and o, and data not shown).
RPEG5 was not expressed at E17.5 and P4 (data not
shown). RPEB5 immunolabeling was weak or absent in
some regions of the mutant RPE at 6 months, whereas it
was homogeneous in the RPE from control mice (Figure
6, compare j and n and | and p). Importantly, loss of
RPEBS5 labeling was observed in areas where CRALBP or
RGR labeling was strong, demonstrating that this loss did
not merely reflect a local thinning of the RPE (Figure 6,
compare m and n and o and p). In agreement with these
results, semiquantitative RT-PCR analyses of 6-month-old
eyecups revealed an ~50% reduction of RPEB5,
CRALBP, and RGR transcripts (Figure 7). In 6-month-old
mice, the expression patterns of photoreceptor markers
(rhodopsin, arrestin, blue and red/green cone pigments)
were also analyzed. The distributions of arrestin and rho-
dopsin, as well as those of cone blue pigment in the
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Figure 7. Vision-related gene transcript levels in RPE of RXRa P/~ mice.
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(G3PDH) cycles. b: Quantification of the RT-PCR products for RPEG5,
CRALBP, and RGR. Mean = SD (n = 3); *, P < 0.01.

inferior hemisphere and of red/green cone pigment in the
superior hemisphere (where they are normally concen-
trated) were similar in RXRa "™°~/~ and control mice
(Figure 6, compare g to t and u to x).

Absence of TUNEL-Positive Cells in
RXRa °~/~ Eyes

Apoptotic cells were undetectable in sections from both
RXRa °~/~ and control eyes, although all cell nuclei
were positive in DNase I-treated histological sections,
which served as positive controls in these assays (data
not shown).

Discussion

We show here that selective ablation of RXR« in RPE cells
causes morphological defects and reduced expression
in RPE cells of proteins involved in visual retinoid renewal.
Moreover, the morphological and functional alterations
occurring in the neural retina under these conditions most
probably arise as a consequence of RPE defects.

RPE Cell Functions Require RXRa

In RXRa "/~ mice, excision of the RXRa gene, which is
observed in more than 95% of adult RPE cells, is already
detected throughout the RPE at E13.5%2 and the RXRa
protein is efficiently removed from the RPE at this stage
(present results). The altered expression of RGR and
CRALBP in the RPE of RXRa ™°~/~ mice is observed at
E17.5, indicating early functions of RXRea in these cells.
However, there is a lag between the time window at which
RXRe is highly expressed in the wild-type RPE, ie, E10.5
to E17.5,%8 and the onset of the morphological defects in
the RPE of RXRa ™/~ mice, ie, P12. Along the same
lines, it is noteworthy that histological defects were not
observed in the RPE of RXRa-null mutant mice that die
before E16.5.% Thus, the lack of RXRa in prenatal RPE
apparently impairs cellular functions that are normally
required for late postnatal steps in the maturation of RPE
cells.

The RPE cells of adult RXRa P/~ mice display sev-
eral defects. They are very flat, overlap primarily with their

neighbors, and are occasionally ectopically located be-
tween photoreceptor outer segments. They possess
poorly developed apical microvilli and basal membrane
infoldings as well as fewer phagosomes. They also show
abnormal organelles such as large phagolysosomes and
vacuoles, as well as numerous lipid droplets. Paucity of
RPE phagosomes as well as flattening, overlapping, and
migration of RPE cells are characteristics of Royal Col-
lege Surgeons (RCS) rats that display a retinal degener-
ation related to a defective phagocytosis by RPE cells of
outer segment disks.?®° The decrease in phagosome
numbers might be even larger at peak time of phagocy-
tosis, ie, ~1 hour after the onset of light as in the case of
RCS rats.®" It is thus probable that phagocytosis of outer
segment disks is defective in RXRa ™°~/~ mice. Lipid
droplets are abundant in the RPE of null mutants for
RPEGS5,"® and all-trans-retinyl esters accumulate in eyes
of mice carrying null mutations for RPE65,'® CRALBP, "
or RGR."® As RXRa °~/~ mice show altered expression
of CRALBP, RGR and RPEB5, the presence of lipid drop-
lets in their RPE cells may result from accumulation of
visual retinoids. Absence of detectable atrophy of cho-
roid structures in RXRa P/~ mice by transmission elec-
tron microscopy suggests that the defects of the RPE
cells are milder than those caused by pharmacological
and surgical means that are associated with choriocap-
illaris degeneration.®23% However, more detailed analy-
sis, eg, scanning electron microscopy of choroidal vas-
cular casts, may reveal more subtle RPE-related changes
in the choriocapillaris, as in the case of senescence-
accelerated mice.>*

Photoreceptor Cell Abnormalities and
Functional Alterations of Photoreceptor-RPE
Complex Arising from RPE Defects

The reduction of ERG responses by ~50% in RXRa
e/~ mice may be accounted for by a decrease in
available opsin molecules resulting from the shortening of
photoreceptor outer segments. Because expressions of
RGR, RPEG5, and CRALBP, which are normally required
for regeneration of 77-cis-retinaldehyde in the
RPE, 31517 are decreased in the mutant RPE, the de-
layed dark adaptation after photo bleach may be sec-
ondary to a reduced supply of 77-cis-retinaldehyde to
opsins. The reductions of both scotopic and photopic
ERG responses suggest that both rod and cone path-
ways are affected by ablation of RXRa in the RPE.

The presence in RXRa ™/~ mice of large cysts and
myeloid bodies that contain outer segment debris among
photoreceptor outer segments and the decrease in the
number of RPE phagosomes suggest that processing of
shed outer segments by RPE cells is not fully efficient.
The disorganization of photoreceptor cell outer seg-
ments, as well as the decrease of photoreceptor cell
number may result from deficient processing of shed
outer segment disks as in the case of RCS rats,?*3° or
alternatively, from impaired visual transduction in the
photoreceptors as in the case of RPE65-null mice.'® Ab-
sence of apoptotic cells in RXRa "P°~/~ eyes suggests



mild dystrophy of the photoreceptors, which is compati-
ble with the survival of 78% of these cells in 18-month-old
mutant mice. It is noteworthy recalling that, in our mutant
mice, the floxed RXRa gene is not only excised through-
out the RPE, but also in limited populations of the neural
retina cells representing, in adults, less than 5% of the
cells in the center and less than 30% in the periphery.?
However, as the severity of outer segment abnormalities
is not different between the periphery and center of the
RXRa e/~ retina, it is unlikely (although not definitely
ruled out) that they result from RXRa ablation in the neural
retina.

Which Signaling Pathways Are Altered in
RXRa P°~~ Mice?

Nuclear receptors expressed in RPE cells which could
act as RXRa heterodimeric partners for RPE homeostasis
include retinoic acid receptor (RAR) «, B, and vy; peroxi-
some proliferator-activated receptors (PPAR) «, B, and v;
NGFI-B; and RNR.26:28:35-37 |ntgrestingly, mutant mice
lacking both RARB2 and RARy2 isoforms (RARB2/RARYy2
double-null mutants) show defects that are similar to
those observed in RXRa ¢/~ mice, including flattening
and vacuolation of RPE cells as well as disorganization of
photoreceptor outer segments,®® although they start ear-
lier and are, on the whole, more severe than those seen in
RXRa ™°~/~ mice. There is strong evidence, from gene
knockout studies, for the existence of functional RXRa/
RAR(B and v) heterodimers in vivo.*383° Altogether,
these data raise the possibility that RXRa/RARB2 and
RXRa/RARYy2 heterodimers could transduce a retinoid
signal required for the RPE homeostasis. On the other
hand, accumulation of lipids in RPE cells was not ob-
served in RARB2/RARYy2 double-null mutants supporting
the view that signaling pathways other than those medi-
ated by RXRa/RAR heterodimers may be affected in
RXRa ™P°~/~ mice. Note that the relatively late onset and
slow progression of the phenotype, as well as the heter-
ogeneity of expression levels of RPE6S5, CRALBP, or RGR
in the RPE of the RXRa ™/~ mice may result from a
partial functional compensation of the loss of RXRa by
RXRB that is also expressed in the developing and adult
RPE.?®

CRALBP- and RGR-null mutants show delayed dark
adaptation, but no morphological abnormalities in the
RPE and photoreceptor cells.’®'” RPE65-null mutants
exhibit delayed dark adaptation and disorganized pho-
toreceptor outer segments with a small decrease in the
number of photoreceptor cells, but no morphological al-
terations in the RPE except for lipid droplets.™ Thus,
CRALBP, RGR, and RPEBGS5 represent most probably only
a fraction of the altered protein profile in RXRa ¢/~
mice. Interestingly, RNR can interact with the promoter of
the CRALBP gene in the presence of RXR,3” thus raising
the possibility that the alteration of CRALBP in the RXRa
ee~/~ mice may result from a loss of transcriptional reg-
ulation by RXRa/RNR heterodimers.
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Relevance to Human Retinal Diseases

The phenotype of the RXRa ™™/~ mice does not corre-
spond accurately to any of known human retinal disease.
For instance, it differs markedly from retinitis pigmentosa
and its allied diseases, in which rod photoreceptors are
primarily affected and almost completely lost.*° Instead,
this abnormal mouse phenotype is more reminiscent of
diseases that primarily involve the RPE. Such diseases
may include age-related macular degeneration.'®°
RXRa "°~/~ mice show some phenotypic features similar
to those of age-related macular degeneration patients, ie,
thinning and depigmentation of RPE cells and modest
loss of photoreceptor cells, but do not display the sub-
RPE deposit that is a hallmark of this disease.*’ Never-
theless, our mice should provide a useful model for
studying RXRa signaling pathways in the RPE which may
be involved in pathogenesis and may represent potential
therapeutic targets of human retinal diseases.
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