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Results: LIF down-regulates the visual cycle decreasing RPE65 expression and activity through activation of STAT3 in RPE.
Conclusion: The gp130/STAT3 pathway is independently modulated in RPE and retina for coordinated control of visual cycle

Significance: A single, endogenous paracrine factor (LIF) can stimulate RPE cells to reduce production of 11-cis-retinal.
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Leukemia inhibitory factor (LIF), an interleukin-6 family neu-
rocytokine, is up-regulated in response to different types of ret-
inal stress and has neuroprotective activity through activation of
the gp130 receptor/STAT3 pathway. We observed that LIF
induces rapid, robust, and sustained activation of STAT3 in
both the retina and retinal pigmented epithelium (RPE). Here,
we tested whether LIF-induced STAT3 activation within the
RPE can down-regulate RPE65, the central enzyme in the visual
cycle that provides the 11-cis-retinal chromophore to photore-
ceptors in vivo. We generated conditional knock-out mice to
specifically delete STAT3 or gp130 in RPE, retina, or both RPE
and retina. After intravitreal injection of LIF, we analyzed the
expression levels of visual cycle genes and proteins, isomerase
activity of RPE65, levels of rhodopsin protein, and the rates of
dark adaptation and rhodopsin regeneration. We found that
RPEG65 protein levels and isomerase activity were reduced and
recovery of bleachable rhodopsin was delayed in LIF-injected
eyes. In mice with functional gp130/STAT3 signaling in the ret-
ina, rhodopsin protein was also reduced by LIF. However, the
LIF-induced down-regulation of RPE65 required a functional
gp130/STATS3 cascade intrinsic to RPE. Our data demonstrate
that a single cytokine, LIF, can simultaneously and indepen-
dently affect both RPE and photoreceptors through the same
signaling cascade to reduce the generation and utilization of
11-cis-retinal.
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The retinal pigment epithelium (RPE)? closely interacts with
photoreceptors for the recycling of visual pigments and essen-
tial lipids and for the exchange of nutrients from the blood
(1-3). Because of these essential interactions, disruptions in
RPE function or viability result in retinal degenerations includ-
ing Stargardt’s disease, Best disease, and age-related macular
degeneration (4—6). A major function of the RPE is the regen-
eration of 11-cis-RAL through a multistep enzymatic pathway
known as the retinoid visual cycle (7-10). The central enzyme
in the visual cycle, retinal pigment epithelium 65 (RPE65) pro-
tein, is expressed in the RPE and is the enzyme responsible for
regeneration of photosensitive 11-cis-retinoid (9, 11). Excessive
synthesis of 11-cis-RAL by the RPE is detrimental to photore-
ceptor health and survival (12, 13). In response to both light and
mechanical stresses, visual cycle genes are down-regulated via a
signal(s) originating from the retina, suggesting that this down-
regulation is a general damage response of the RPE (14). Indeed,
inhibition of RPE65 activity by retinoid and non-retinoid com-
pounds is a promising pharmacological intervention for inher-
ited retinal degenerations (15-17). Identifying endogenous
pathways that can stimulate a natural down-regulation of
RPEG65 activity would not only address an interesting biological
question, but the discovery could potentially be developed into
a new therapeutic approach to prevent blindness.

We and others have shown that IL-6 family cytokines,
including leukemia inhibitory factor (LIF) and ciliary neu-
rotrophic factor (CNTF), are endogenously induced in
response to light and inherited mutation-triggered stresses
(18-25). These up-regulated cytokines protect the retina from
degeneration through activation of the gp130 receptor and con-

2 The abbreviations used are: RPE, retinal pigment epithelium; LIF, leukemia
inhibitory factor; CNTF, ciliary neurotrophic factor; 11-cis-RAL, 11-cis-reti-
nal; LRAT, lecithin-retinol acyltransferase; MCT-1, monocarboxylate trans-
porter-1; DKO, double knock-out mice; ERG, electroretinography.
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sequent activation of STAT3 in the retina (26, 27). Studies have
also shown that high levels of CNTF result in decreased mRNA
and protein expression of phototransduction genes (28, 29),
thus reducing the utilization of 11-cis-RAL in photoreceptor
cells. To maintain health and balance in the production and
utilization of retinoids, we predicted that LIF might also reduce
the production of 11-cis-RAL in the RPE.

In this study we investigated whether STAT3 activation by
LIF alters the activity of the visual cycle in RPE. We found that
RPE65 mRNA, protein, and isomerase activity, bleachable rho-
dopsin content, and recovery of rod a-wave response after
bleaching light are reduced in response to robust STAT3 acti-
vation. We used conditional knock-out mice for gp130 and
STATS3 to demonstrate that the reduction in RPE65 required a
functional gp130/STATS3 cascade in the RPE. Our results sup-
port the concept that endogenous stress responses in the retina
can directly modulate the visual cycle in RPE cells and can con-
trol the rate of 11-cis-RAL production. The direct neuroprotec-
tive effects of LIF and CNTF coupled with the ability to down-
regulate RPE65 activity suggest that gpl130 agonists could
provide a potent therapeutic strategy for retinal diseases that
result from the toxic accumulation of retinoid byproducts.

EXPERIMENTAL PROCEDURES

Animals—All animal procedures were followed according to
guidelines established by the ARVO (Association for Research
in Vision and Ophthalmology) statement for the Use of Ani-
mals in Ophthalmic and Vision Research and were approved by
Institutional Animal Care and Use Committees at the University
of Oklahoma Health Sciences Center and the Dean A. McGee Eye
Institute. STAT3%*/1°* mice (30, 31) and gp130"°/"*mice (32)
were mated with RPE-cre mice (33) to generate conditional
knock-out (KO) mice with RPE-specific deletion of STAT3
(RPE-cre*; STAT3%0%fo%)  referred to here as STAT3-
RPE-cre KO, and gp130 (RPE-cre*; gp130"°*/1°%), referred to
here as gp130-RPE-cre KO. In addition, gp130"°*/1°* were
mated with Chx10-cre™ mice (34), purchased from The Jackson
Laboratory ((Chx10-EGFP/cre-,-ALPP)2Clc/J; #005105) to
generate retina-specific conditional KO mice (ChxI0-cre™;
gp1307°%/1°%) | referred to here as gp130-Ret-cre KO. Double
KO mice with deletion of gp130 in both the retina and RPE were
generated by mating gp130-Ret-cre KO by gp130-RPE-cre KO
mice (Chx10-cre™; gp130"°*°*/RPE-cre™; gp130"°*/1°x),
referred to here as gp130-Ret&RPE-cre DKO. Male Balb/cj
mice were purchased from The Jackson Laboratory (#000651)
and acclimated in our animal facility for 2 weeks before any
experiments were performed. To ease the nomenclature in our
studies with transgenic mice, we will refer to the floxed, not
expressing cre littermate controls as wild type (WT) for each
conditional KO strain. All mice used in this study were albino
and homozygous for the L450 variant of RPE65 (12). All exper-
iments were performed on 6—8-week-old albino mice unless
otherwise stated. DNA was extracted from tail samples for
genotyping. The sequences of primers used for genotyping are
included in supplemental Table 1.

Intravitreal Injection—Recombinant human LIF was pro-
duced in our laboratory and injected intravitreally as described
previously (35). Recombinant LIF was free of endotoxins, and
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purity was determined by LC/MS/MS. Briefly, a single dose of
0.25, 0.5, or 3.0 ug of LIF (1 ul total volume) was injected
through the temporal limbus of one eye of anesthetized 6 - 8-
week-old mice, whereas the same volume of PBS (vehicle) was
injected in the other eye as a control. Eyes showing signs of
damage, bleeding, or inflammation were excluded from
analysis.

RNA Extraction and Quantitative Real-time PCR—Total
RNA pooled from two eyecups containing retina, RPE, choroid,
and sclera was extracted with TRI reagent (Sigma) 2 days after
intravitreal injections of 3.0 ug of LIF in the right eye and PBS in
the left eye. RNA was used for cDNA synthesis (iScript cDNA
synthesis kit, Bio-Rad). The mRNA levels of selected visual
cycle genes were measured using quantitative real-time PCR.
Primers to RPE65, lecithin-retinol acyltransferase (LRAT),
retinol dehydrogenase 5, interphotoreceptor retinoid-binding
protein, and RPL19 (housekeeping gene) were designed using
PrimerQuest software (Integrated DNA Technologies) span-
ning intron-exon boundaries to amplify the corresponding
mRNAs without amplifying potentially contaminating
genomic DNA (supplemental Table 2). Quantitative real-time
PCR was carried out with the SYBR Green PCR master mix
(Bio-Rad) using the MyiQ Single-Color Real-Time PCR
detection system (Bio-Rad) following the manufacturer’s
instructions.

Western Blot—Eyecups (RPE+ choroid+ sclera) and retinas
were harvested at the indicated time points after a single injec-
tion of LIF and homogenized in lysis buffer (50 mm Tris-HCl
(pH 7.5), 150 mm NaCl, 2.0 mm EDTA, 1% (v/v) Nonidet P-40, 1
mM sodium orthovanadate, and protease inhibitor mixture
(Calbiochem, #539131)). Protein content was measured using
the BCA protein assay (Pierce, #23225) with bovine serum albu-
min as the standard.

Equal amounts of protein, tested to fit within the linear range
of detection for the antibodies used (20, 10, or 1 ug for retinas
and 7.5 ug for eyecups) were electrophoresed on 4-20% SDS-
polyacrylamide gels (Invitrogen, #£C60285) and electroblotted
to nitrocellulose membranes. Proteins were detected by West-
ern blotting with the following primary antibodies: anti-rho-
dopsin (RET-P1, Abcam, Cambridge, MA #ab3267); anti-
PDE6a (ABR, Golden, CO #PA1-720); anti-transducin «
(Abcam, #ab74059); anti-RPE65 anti-LRAT, and anti-pSTAT3
to phosphorylated STAT3 (Cell Signaling Technology, Dan-
vers, MA #9145L), anti-ezrin (Sigma, #E8897), anti-MCT1
(Millipore, Temecula, CA #AB3540P), and anti-B8 actin
(Abcam, #ab6276) as loading control. For representative blots
for rhodopsin, the numbers 1, 2, and 3 next to the protein bands
depict monomers, dimers, and trimers of rhodopsin protein,
respectively. For chemiluminescent detection, blots were incu-
bated with HRP-conjugated secondary antibodies (Amersham
Biosciences). Imaging of the blots and analysis of band intensi-
ties were performed by conventional image analysis using an
Image Station 4000R and Kodak software (IS4000 R; v.4.5.1) A
total of at least three mice per group were analyzed, and results
from right (LIF-injected) and left (PBS control) eyes were
compared.

Immunohistochemistry—STAT3 activation in the eyes of
Balb/cj mice and in conditional KO and their control eyes (WT)
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was assessed by immunohistochemistry at different time points
after a single intravitreal injection of LIF. To stain sections, eyes
were removed, and the cornea and lens were dissected away.
The resulting eyecups were fixed for 20 min with 2% parafor-
maldehyde, 1X PBS supplemented with 1 mwm sodium
orthovanadate. Eyecups were cryoprotected by sequential incu-
bations in PBS containing 10, 15, and 30% sucrose and then
frozen in Optimal Cutting Temperature medium (Tissue-Tek,
#4583). Retinal cryostat sections (14 wm) were rinsed with PBS
containing 1% Triton X-100, blocked with 5% normal horse
serum, and immunostained with anti-pSTAT3 antibody. Imag-
ing was performed on an Olympus FluoView FV500 confocal
laser scanning microscope (Olympus, Center Valley, PA, v.5.0).
Imaging and microscope settings were identical for all samples.
For experiments checking the efficiency of deletion of STAT3
or gp130, a total of four mice per group was analyzed, and data
from right (LIF-injected) eyes were compared between KO and
their WT control mice.

To measure phagocytic activity of RPE, gp130-Ret-cre KO
and control mice were injected with 3.0 g of LIF in one eye and
PBS in the other eye as a control, and 5 days later their eyes were
collected at 3 different time points: 7:30 a.m. (30 min after the
lights go on in the animal facility), 9:00 a.m., and 3:00 p.m.
Opsin-labeled phagosomes in the RPE were stained with anti-
RET-P1 antibody and were counted on 5-um-thick paraffin
sections. Imaging was performed using Olympus FluoView
FV500 confocal laser scanning microscope (Olympus, Center
Valley, PA; v.5.0). Phagosome counting was performed using a
Nikon Eclipse E800 epifluorescence microscope using the Meta
View software (v7.1.1.0). A total of four eyes per group were
analyzed, and data from right (LIF-injected) eyes were com-
pared with left (PBS-injected) eyes. Phagosomes were counted
in four equidistant regions along both superior and inferior
retinal hemispheres to evaluate the center, mid-periphery, and
periphery of each hemisphere. The values from each region
were summed to give a total count for each eye (each region,
143 pm; the sum of total 8 regions was 1144 um). Care was
taken to use the same regions in each eye. Counts from four
replicates were averaged for each group.

RPE65 Isomerase Activity—RPE65 enzymatic activity was
assayed as described previously (36) with slight modifications.
Mouse eyecup homogenates were prepared from Balb/cj mice
that were not injected or 7 days after intravitreal injections with
3.0 pug LIF or PBS. The homogenates were incubated with 0.2
uM all-trans-[*H]retinol in the presence of 25 um cellular reti-
naldehyde-binding protein (CRALBP) in 10 mm 1,3-bis[tris(hy-
droxymethyl)methylamino]propane buffer (BTP), containing
0.1 m NaCl, 1% BSA (pH 8.0). This resulted in the formation of
retinyl esters and 11-cis-retinol. After a 2-h incubation at 37 °C
in the dark, the generated retinoids were extracted with meth-
anol and hexane and analyzed by normal phase HPLC (for rep-
resentative HPLC traces, see supplemental Fig. 7). The isomer-
ase activity was expressed as 11-cis-retinol formed/2 h/mouse
eye. Based on previous studies, we have found this assay to be
linear over a wide range of time points (37).

Measurement of Rhodopsin Regeneration—To measure the
effect of LIF on the rate of rhodopsin regeneration, gp130-Ret-
cre KO mice were injected intravitreally with 3.0 ug of LIF in
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the right eye and with PBS in the left eye. Four days after injec-
tions, mice were dark-adapted overnight and then exposed to a
period of photo-bleach consisting of diffuse, cool, white fluo-
rescent light from the top of a cage (400 lux for 5 min). Imme-
diately after the bleach (time = 0 min) a group of mice were
killed, and their eyes were removed and snap-frozen. The
remaining photobleached mice were returned to darkness, and
their eyes were collected under dim red light at 10, 20, 30, and
60 min after the bleach. An additional group of mice were not
exposed to photo-bleach and served as overnight dark-adapted
controls.

Rhodopsin measurements were performed as described pre-
viously (38, 39) with slight modification. Briefly, under dim red
light, each eye was homogenized in 100 ul of buffer containing
10 mm Tris-HCI (pH 7.4), 150 mm NaCl, 1 mm EDTA, 2% (w/v)
octylglucoside, and 50 mm hydroxylamine. Homogenates were
centrifuged at 16,000 X g, and soluble lysates were scanned
from 270 to 800 nm in a spectrophotometer (Ultrospec 3000
UV-visible spectrophotometer, GE Healthcare). Samples were
then bleached under room light for 10 min and scanned again.
The difference spectra at 500 nm between pre- and post-
bleached samples were used to determine rhodopsin content
using a molar extinction coefficient of 42,000 M~ ' (40). The
values were normalized to the total lysate volume, and data are
presented as rhodopsin content/eye. To determine the rhodop-
sin regeneration rate, the rhodopsin content was plotted versus
dark adaptation time. The sigmoidal curve was fit to the Hill
equation by nonlinear regression. The equation allowed for a
determination of the total rhodopsin content/eye (B,,,,) and
the time required to regenerate 50% of the total rhodopsin
(Ko.5(chodopsiny) after photobleach.

Electroretinography (ERG)—After overnight dark adapta-
tion, mice were anesthetized with intraperitoneal injection of
xylazine (7 mg/kg) and ketamine (40 mg/kg), and their pupils
were dilated topically with 1% atropine sulfate and 10% phe-
nylephrine. Anesthetized mice were kept on a heating pad at
37 °C throughout the recordings. A gold wire electrode was
placed on the center of each cornea and overlaid with 1% meth-
ylcellulose. A platinum reference electrode was attached in the
mouth, and a platinum needle electrode was attached to the tail
to serve as ground. Full-field ERGs were recorded from both
eyes using an Espion E2 ERG system with Colordome Ganzfeld
dome (Diagnosys, Littleton, MA, v.4.0.51).

For full field scotopic ERG recordings, a series of increasing
flash intensities (—2.7, —0.7, 0.3, 1.3, 2.3, and 2.6 log cd*s/m?)
was presented to mice after overnight dark adaptation (26). The
amplitude of the rod a-wave was measured from base line to
trough and the b-wave from a-wave trough to the b-wave peak.
RPE-driven c-wave responses were elicited by a 2.6 log cd-s/m?
intensity flash and recorded within a period of 15 s after the
flash presentation.

To determine the effect of LIF on rod dark adaptation, we
compared the recovery of rod ERG responses after photo-
bleaching (16, 41, 42) in eyes injected with LIF (3 ug) to PBS-
injected control eyes. Full field scotopic ERG responses were
elicited in both eyes after overnight dark adaptation using a test
flash of 2.3 log cd's/m”. This flash elicited the maximal rod
photoreceptor a-wave response, as established by intensity ver-

VOLUME 287 +NUMBER 29-JULY 13,2012


http://www.jbc.org/cgi/content/full/M112.378240/DC1

Coordinated Regulation of the Visual Cycle in Retina and RPE

A PBS LIF

RPE65

-
o

e  _ _

*k *

-

s 7d 90 3wk
Time after LIF injection

Normalized intensity ()
o

o

o o
o
N
x H:

STAT3
215 p
‘@
]
E 10
E s 5
yecup g
beta actin S "
Z o
2d 5d 7d 9d 3wk
s —— - —— pSTAT3 Time after LIF injection
— — W W — " W — w— Det2 2ctin
Rhodopsin
215
o . @
- = 3 Retina ¢
E10{fmmr -
- - =
Rhodopsin % 0.5
£
S
FY T I I I LT TR 2 0o
2d 54 7d 9d 3wk
— —— — —————— — beta actin Time after LIF injection

FIGURE 1. LIF activates STAT3 and reduces expression of RPE65 protein in RPE and rhodopsin in the retina. A, immunohistochemical detection of STAT3
phosphorylation (pSTAT3; green) on frozen sections from Balb/cj retinas revealed activation of STAT3 in RPE cell nuclei after a single intravitreal injection of 3.0
g LIF (white arrows at 2 days (b), 5 days (d), or 9 days (f) after injection). Injection of PBS did not induce detectable STAT3 activation (g, ¢, and e). Nuclei were
counterstained with DAPI (blue). ONL, outer nuclear layer; OS, outer segments. Scale bar, 50 um. B, representative blots from eyecup and retina fractions show
decreased RPE65 protein in the RPE fraction at various time points after intravitreal injection of 3.0 ug of LIF compared with PBS-treated controls. In the retinas
of the same mice, LIF treatment induced increased activation of STAT3 and caused a time-dependent reduction in rhodopsin protein content. NOTE: numbers
1,2,and 3 labeled on the rhodopsin blot indicate rhodopsin monomer, dimer, and trimer, respectively. C, shown are densitometric analyses of RPE65 protein,
STAT3 activation, and rhodopsin content at each time point after LIF injection. 3-Actin was used as loading control. Normalizations were done to the respective
PBS control.n = 3 for each group; * and ** p < 0.05 with respect to 3 weeks for RPE65; *, p < 0.05 with respect to 3 weeks for pSTAT3, and *, p < 0.05 with respect
to 2 days for rhodopsin by one-way analysis of variance followed by Newman-Keuls post hoc test. Error bars, S.E.

sus response relationships. Mice were then exposed in the Gan-  RESULTS

zfeld dome to a steady field of white light at 2.3 log cd/m*for5 [ /F Activates STATS and Decreases the Levels of RPE6S in
min. At the end of the photobleach, the background illumina-  Rpp_\We previously showed that LIF, a member of the IL-6
tion was turned off, and the same test flash of 2.3 log cds/m? family of cytokines, can protect photoreceptors under stress
was presented at time = 0 min and at 10-min intervals thereaf-  through gp130/STAT3 activation within photoreceptor cells
ter under fully dark conditions. For each eye, the a-wave (26, 35). In these studies we also observed that, in addition to
response was normalized to the initial dark-adapted response  activating signaling in the retina, LIF caused rapid and robust
(normalized Rm,,; amplitude). phosphorylation of STAT3 in RPE cells (35), suggesting that

Histological Analysis—After ERG recordings, mice were [JF may have an activity in RPE cells. In response to several
euthanized with CO,, and the eyes were enucleated and marked  retinal stresses, such as retinal detachment or bright light expo-
with a green dye on the dorsal surface to mark the superior  sure, transcripts coding for visual cycle components, including
hemisphere. Eyes were then fixed in PERFIX (20% isopropyl =~ RPE65, are down-regulated, suggesting the existence of a gen-
alcohol, 2% trichloroacetic acid, 4% paraformaldehyde, and 2%  eral RPE stress response capable of modulating visual cycle
zinc chloride) overnight and placed in 70% ethanol at room  activity (14). In photoreceptors, IL6 family neurocytokines,
temperature for 2 days followed by embedding in paraffin. Sag-  such as CNTF (28, 29) and LIF (this study), can down-regulate
ittal sections through the center of the eye, including the optic  the phototransduction machinery, which dramatically reduced
disc, were cut at 5-um thickness. Hematoxylin and eosin stain-  the need for 11-cis-RAL in the retina. We hypothesized that LIF
ing was performed to examine eye morphology. signaling in RPE cells may activate a parallel mechanism to

Statistical Analysis—Statistical analyses were performed by ~ down-regulate the visual cycle in RPE cells as part of a general
using Graph pad Prism 5.0 software. The quantitative data are  protective response to reduce the accumulation of potentially
expressed as the mean * S.E. for each group. The paired ¢ test  toxic retinoid products. To test this hypothesis, we injected LIF
and unpaired ¢ test were performed to assess the differences intravitreally in the right eye and PBS in the left eye of Balb/cj
between the means. For multiple comparisons, one-way analy- mice and collected eyes at different time points for RNA, pro-
sis of variance was performed along with the Newman-Keuls tein, and immunohistochemical analyses. STAT3 was robustly
post hoc test. activated (pSTATS3; green) in RPE nuclei, and this activation
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FIGURE 2. LIF-induced down-regulation of RPE65. A, quantitative real-time
PCR analysis of visual cycle transcripts revealed that intravitreal injection of
3.0 pg of LIF significantly decreased the expression of RPE65 in comparison to
PBS-injected eyes at 2 days post-injection. Gene expression was normalized
to 60 S ribosomal protein L19 coding gene (RPL19) as housekeeping gene and
compared with PBS; SLR, signal log ratio (1 unit of SLR = 2-fold of change; n =
3 for each group; *, p < 0.05 by paired t test. Error bars, S.E.). B, representative
blots from eyecups show the protein contents of LRAT, MCT-1, and ezrin after
intravitreal injections in Balb/cj mice. C, densitometric analysis of three inde-
pendent experiments shows the analysis of protein contents of LRAT, MCT-1,
and ezrin. B-Actin was used as loading control. Normalizations were done to
the respective PBS control (n = 3 for each group. Error bars, S.E.

was persistent for up to 9 days after a single intravitreal injec-
tion of 3.0 ug LIF (Fig. 1A). Western blot analysis of protein
lysates from RPE fractions (eyecup + choroid + sclera) showed
that LIF significantly reduced the protein content of RPE65
relative to PBS-injected eyes (Fig. 1, B and C). The effect lasted
more than 9 days, but RPE65 levels recovered by 3 weeks post-
injection. Consistent with our previous reports (19, 26, 35), LIF
also activated STAT3 in neuroretinas. LIF treatment also
resulted in a reduction in rhodopsin protein levels (Fig. 1, Band
C) as expected. Intravitreal injections of lower concentrations
of LIF (0.25 and 0.5 pg) resulted in decreased RPE65 protein in
the RPE fraction without reducing rhodopsin content in the
neuroretina (supplemental Fig. 1), suggesting that RPE cells are
more sensitive to LIF than photoreceptors in decreasing the
expression of visual cycle components.

We measured the expression of RPE65, LRAT, retinol dehy-
drogenase 5, retinal G protein-coupled receptor, and interpho-
toreceptor retinoid-binding protein by quantitative real-time
PCR. Our data showed that at 2 days post-injection, only RPE65
was down-regulated more than 2-fold and was statistically
lower than control (Fig. 24). By Western blot analysis, LRAT,
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FIGURE 3. LIF decreases the isomerase activity of RPE65. The enzymatic
activity of RPE65 was measured from eyecups of Balb/cj mice 7 days after a
single injection of 3.0 g of LIF or PBS. The isomerase activity was analyzed as
the production of 11-cis-retinol after a 2-h incubation of Balb/cj mouse eye-
cup homogenates with the substrate all-trans-[*H]retinol. Compared with
uninjected (—) and PBS-injected eyecups, LIF-injected eyecups showed
decreased isomerase activity of RPE65. n = 4 for each group; * and **, p < 0.05
by one-way analysis of variance followed by Newman-Keuls post hoc test.
Error bars, S.E.

monocarboxylate transporter-1 (MCT-1), and ezrin were not
significantly reduced by LIF treatment (Fig. 2, B and C). These
data suggest that the down-regulation of RPE65 was a specific
effect triggered by LIF in RPE and affected both mRNA and
protein levels.

LIF Reduces the Isomerase Activity of RPE65—The reduction
in RPE65 protein suggested that LIF could reduce isomerase
activity. To assess the functional activity of RPE65, we deter-
mined the generation of 11-cis- [*H]retinol from all-trans-
[*H]retinol in Balb/cj eyecups collected 7 days after intravitreal
injection of 3.0 ug of LIF and PBS. Consistent with the down-
regulation of RPE65 mRNA and protein, intravitreal injection
of LIF reduced the isomerase activity of RPE65 protein, in com-
parison to not injected and PBS-injected eyes (Fig. 3). In addi-
tion to the LIF-induced reduction of isomerase activity, we
were surprised to observe a smaller reduction of isomerase
activity in mice injected with PBS alone. Although we do not
know the cause of this PBS effect, the reduced isomerase activ-
ity occurs without changing the level of RPE65 protein and
without activating the gp130/STAT3 cascade. This suggests
that there are additional mechanisms to regulate activity in
response to mechanical injury.

Down-regulation of RPE6S Is Dependent on gp130/STAT3 in
RPE—To determine whether the down-regulation of RPE65
was a direct effect of LIF activating the gp130/STAT3 pathway
intrinsic to RPE cells or was caused by indirect signaling from
photoreceptors, we used conditional knock-out mice with spe-
cific deletion of STAT3 (STAT3-RPE-cre KO) or gpl30
(gp130-RPE-cre KO) in RPE cells. To assess the efficiency of
STAT3 and gp130 deletion in RPE, we counted cells that were
positive for pSTAT3 30 min after LIF injection (Fig. 4A4). The
immunohistochemical analysis demonstrated significant (~8-
fold) reduction of LIF-induced STAT3 activation in both
STAT3-RPE-cre KO and gp130-RPE-cre KO lines (Fig. 4B).
The deletion was specific for the RPE as LIF activated STAT3 in
the retinas of all mice but not in the RPE of the RPE conditional
KO mice (supplemental Fig. 2). Loss of gp130 or STAT3 (data
not shown) did not cause retinal degeneration or overt changes
in retina or RPE structure or function (supplemental Fig. 3).

After establishing robust and specific deletion of gp130/
STATS3 signaling in RPE, we next determined whether LIF
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FIGURE 4. Efficiency of deletion of gp130 and STAT3 in the gp130-RPE-cre
KO and STAT3-RPE-cre KO mouse models. A, shown is immunohistochem-
ical detection of STAT3 activation (pSTAT3) on frozen retinal sections of
gp130-RPE-cre littermates (gp130-RPE-cre WT versus gp130-RPE-cre KO, see a
and ¢) and STAT3-RPE-cre littermates (STAT3-RPE-cre WT versus STAT3-RPE-
cre KO, see band d) 30 min after intravitreal injection with 0.5 g LIF. Scale bar,
100 wm. B, shown is quantification of pSTAT3-positive nuclei staining in
gp130-RPE-cre and STAT3-RPE-cre mouse systems, expressed as percentage
of RPE nuclei 30 min after LIF injection. Compared with their respective WT
controls, gp130-RPE-cre KO and STAT3-RPE-cre KO showed significantly
reduced pSTAT3 staining specifically in RPE cells (n = 4 for each group, **p <
0.05 by unpaired t test. error bar, S.E.).

could still reduce RPE65 levels in the RPE. Western blot analysis
showed that LIF injection did not decrease RPE65 levels in
gp130-RPE-cre and STAT3-RPE-cre KO eyecups but was effec-
tive in reducing RPE65 in control (WT) littermates (Fig. 5, A
and B). These results indicate that the gp130/STAT3 pathway
intrinsic to RPE cells mediates the down-regulation of the vis-
ual cycle. In contrast, RPE65 protein was reduced in eyecups
from LIF-injected mice lacking gp130 only in the retina (gp130-
Ret-cre KO) (Fig. 5C). To confirm that gp130 in RPE is neces-
sary for LIF-mediated reductions in RPE65, we generated dou-
ble knock-out mice (DKO) mice lacking gp130 in both the
retina and RPE. In these DKO mice LIF injection did not reduce
RPEG65 levels (Fig. 5D). These results demonstrate that LIF-in-
duced signaling intrinsic to the RPE is necessary for LIF to
induce reduction of RPE65.

In eyes injected with high doses of LIF (3 ug), we observed a
coordinated decrease in the levels of both RPE65 and rhodopsin
(Fig. 1B). We demonstrated that the LIF-induced down-regu-
lation of RPE65 requires gp130/STAT3 signaling intrinsic to
RPE (Fig. 5). To determine whether the LIF-induced reduction
of rhodopsin was dependent on gp130/STAT3 signaling in the
RPE, we injected LIF into eyes from mice with either gp130 or
STATS3 deletion specific to RPE and measured rhodopsin pro-
tein by Western blotting. We found that deletion of gp130 or
STATS3 in RPE did not reduce STAT3 activation in the retina
nor the LIF-induced reduction of rhodopsin protein (Fig. 6, A
and B). We then examined the effect of gp130 deletion in the
retina on rhodopsin levels. The retina-specific gp130 deletion
dramatically reduced STAT3 activation in the neuroretina (Fig.
6C) but did not affect the ability of LIF to activate STAT3 in the
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FIGURE 5. The reduction of RPE65 protein levels is dependent on gp130/
STAT3 signaling pathway in RPE cells. Shown are representative blots (left
column) and densitometric analysis of multiple blots (right column) of RPE65
protein content in eyecups 5 days after a single intravitreal injection of 3.0 ug
of LIF. The values shown are the normalized signals of LIF-injected mice rela-
tive to the normalized signals of PBS controls (internal normalization for each
sample to B-actin signal). The PBS controls are, therefore, set at the value of 1
(dashed line). The reduction of RPE65 protein level by LIF treatment seen in
control mice was abolished in gp130-RPE-cre KO (A), STAT3-RPE-cre KO (B),
and in gp130-Ret&RPE-cre DKO (D) eyecups. In the gp130-Ret-cre KO eyecups
(retina only knock-out), LIF effectively reduced RPE65 at the same extent in
both KO and WT (C). B-Actin was used as the loading control. n = at least 3 for
each group; *, p < 0.05 by unpaired t test comparing WT and KO. Error bars,
S.E.

RPE (supplemental Fig. 44). As shown in Fig. 6C, deletion of
gp130 in the retina resulted in a loss of the ability of LIF to
down-regulate rhodopsin protein. Not surprisingly, similar
results were obtained for gp130-Ret&RPE-cre KO mice (Fig.
6D). In addition to rhodopsin, LIF induced down-regulation of
additional phototransduction proteins, transducin-a and
PDE6-a, in WT retinas but not in gp130-Ret&RPE-cre DKO
retinas (supplemental Fig. 4B). Collectively, these data demon-
strate that LIF-induced down-regulation of RPE65 in the RPE
and rhodopsin in the retina is independent and due to intrinsic
signaling within RPE and retina, respectively.

LIF Delays the Recovery of Rhodopsin after Photobleach—The
data show that LIF could reduce RPE65 protein levels and
isomerase activity in the RPE. We next wanted to determine
whether the change in activity was sufficient to alter RPE sup-
port of photoreceptor function. We next determined whether
we could measure reduced regeneration of 11-cis-RAL by RPE
and whether this would translate into a delay in recovery of
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FIGURE 6. LIF-mediated activation of retinal STAT3 and down-regulation of rhodopsin protein depends on gp130/STAT3 pathway within the neu-
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unpaired t test. Error bars, S.E.

rhodopsin after photobleach. To investigate this, we measured
rhodopsin content spectrophotometrically at various time
points after photobleach and compared rhodopsin recovery in
LIF- and PBS-injected eyes. In the fully dark-adapted state, con-
trol WT mice had significantly reduced rhodopsin 5 days after
LIF injection (Fig. 7, A and B). In contrast, deletion of gp130 in
retina (Fig. 7A) or in retina and RPE (Fig. 7B) abolished the
LIF-induced reduction in bleachable rhodopsin. This agrees
with the Western blot data presented in Figs. 1 and 6. In con-
trast, total rhodopsin after complete dark adaptation was not
reduced in gp130-Ret-cre KO mice, as photoreceptors lacked
the LIF receptors. However, RPE cells could respond to LIF and
had reduced RPE65 levels (see Fig. 5). In these mice we hypoth-
esized that LIF would delay rhodopsin recovery if the reduction
in RPE65 was biologically significant. Data show that the time
to regenerate 50% of rhodopsin (K 5 nodopsiny) Was delayed by
more than 6 min in the LIF-injected eyes of gp130-Ret-cre KO
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mice compared with their paired PBS-injected eyes
(Ko 5(hodopsiny = 22.12 = 3.502 min versus 15.56 * 2.091 min;
LIF versus PBS, respectively) (Fig. 7C). In contrast, in mice with
gp130 deletion in both the retina and RPE (gp130-Ret&RPE-cre
DKO), there was no difference in rhodopsin recovery
(Ko.5(hodopsiny = 14:25 = 4.476 min versus 12.65 * 4.476 min;
LIF versus PBS, respectively) (Fig. 7D). LIF did not significantly
change the total rhodopsin content/eye (B,,,,) in the gp130-
Ret-cre KO eyes (B,,,.. = 345.8 = 40.78 pmol/eye versus B, =
315.0 = 28.4 pmol/eye; LIF versus PBS, respectively) or in the
gp130-Ret&RPE-cre KO eyes (B,,,, = 325.1 * 63.13 pmol/eye
versus B, = 302.6 = 69.32 pmol/eye; LIF versus PBS, respec-
tively). Thus, the effect of LIF on rhodopsin recovery requires a
functional gp130 receptor in RPE and the reduction of RPE65
was biologically significant on photoreceptor biochemistry.
To determine whether the 2-fold reduction in RPE65 could
alter retina function, we measured the kinetics of rod dark
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FIGURE 7. LIF causes delayed recovery of bleachable rhodopsin through
RPE-intrinsic gp130. Shown are spectrophotometric determinations of
bleachable rhodopsin in fully dark-adapted gp130-Ret-cre WT and gp130-
Ret-cre KO eyes (A) and of gp130-Ret&RPE-cre WT and gp130-Ret&RPE-cre
DKO eyes (B) 5 days after intravitreal 3.0-ug LIF or PBS injections. Total rho-
dopsin levels were reduced by LIF in WT mice but not in mice in which gp130
was deleted in the retina. n = at least 3 for each group; **, p < 0.05 comparing
LIF- to PBS-injected eyes. Error bars, S.E. LIF significantly reduced rhodopsin
recovery in mice in which gp130 was only deleted in the retina (C). However,
rhodopsin recovery was unaffected by LIF in mice in which gp130 was also
deletedinthe RPE (D). n = atleast 3 for each group; ** p < 0.05 comparing LIF-
to PBS-injected eyes by paired t test. Error bars, S.E.

adaptation in LIF- and PBS-injected mice by ERG. We found
that 5 days after a single LIF injection there was a significant
delay in the recovery of rod responses after a photobleach (Fig.
8). The delay was observed at the longer time points and early
time points, presumably because the rod a-wave amplitudes
were small before 30 min of recovery. After this point, PBS-
injected eyes continued to recover, but LIF-injected eyes were
delayed. This result confirms that the reduction in RPE65 was
sufficient to alter photoreceptor function.

LIF Does Not Alter Phagocytic Function of RPE—Because LIF
can reduce the visual cycle, it was possible that LIF can reduce
other functions of RPE. RPE cells are responsible for phagocy-
tosing and digesting 10% of rod photoreceptor outer segments
daily (43—46). This is an essential activity of RPE cells as impair-
ment of phagocytosis results in the accumulation of a debris
layer between photoreceptors and RPE and leads to retinal
degeneration (47— 49). To assess whether LIF causes significant
changes in other RPE function, we performed assays to measure
RPE phagocytic activity. We reasoned that because LIF can
cause reduced rhodopsin content in photoreceptors, such an
effect would confound the interpretation of phagocytic assays,
as it would greatly affect the level of substrate available for
phagocytosis in WT mice. Thus, we used the gp130-Ret-cre KO
mice, in which the gp130 subunit is specifically deleted in the
retina, whereas it is maintained in the RPE tissue. We collected
eyes 5 days after PBS and LIF injection at different times of the
day, 7:30 a.m. (half an hour after the lights are on in the animal
facility), 9:00 a.m., and 3:00 p.m., and processed for immuno-
histochemistry. As expected, at 7:30 a.m., we observed a burst of
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FIGURE 8. The recovery of rod responses after photobleach is delayed in
LIF-injected eyes. Shown are electroretinographic recordings of the recov-
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phagocytosis that decreased throughout the day. This is a hall-
mark of circadian-regulated phagocytosis in RPE. This activity
was identical in LIF- and PBS-injected eyes (supplemental Fig.
5). These data demonstrate that LIF stimulation down-regu-
lated the visual cycle in RPE cells without altering another
major function of RPE, such as phagocytosis. Further studies
evaluating the effect of the LIF/gp130/STAT3 signaling cascade
on other molecular events that might affect the activity of the
visual cycle, such as the uptake of retinoids by the RPE from the
choroidal blood, should be conducted to establish if this signal-
ing cascade can trigger other mechanisms other than the down-
regulation of RPE65 that can contribute to the down-regulation
of the visual cycle.

DISCUSSION

Here we demonstrate a novel role for the gp130/STAT3 sig-
naling pathway in RPE cells. Our data demonstrate that a single
injection of LIF can decrease the isomerase activity in RPE cells
in vivo. The decreased activity lasts for more than 9 days after a
single high dose injection and is sufficient to reduce recovery
from photobleach and extends dark adaptation time. Data also
show that these effects require gp130 and STAT3 activation in
RPE cells and involve reduced mRNA and protein expression of
RPE65. The significance of these findings is that we have iden-
tified a paracrine factor that can coordinate activity in RPE and
photoreceptors to reduce production and utilization of 11-cis-
RAL. As we will discuss, this has important relevance to retinal
degenerations.

Excessive accumulations of visual cycle byproducts such as
A2E, photoisomers of A2E, and all-trans-RAL dimer conju-
gates are considered a primary cause of RPE atrophy in reces-
sive Stargardt disease, a juvenile form of macular degeneration
(50, 51), as well as in cone-rod dystrophy and atypical retinitis
pigmentosa. In this context, limiting the activity of the RPE65
isomerase is a reasonable strategy to prevent such degenera-
tions, and slowing the light-dependent cycling of retinoids
activity has been suggested as a protection strategy (10, 12, 13).
In fact, the use of compounds that slow down the renewal of the
chromophore, 11-cis-RAL, has been indicated as a potential
treatment for specific forms of retinal degeneration (16, 17, 52).
Hypomorphic alleles of RPE65 such as the mouse M450 mutant
have been shown to have about 40% of the normal isomerase
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activity (53) and have been shown to have delayed dark adapta-
tion (see Fig. 22 in Ref. 54). These studies show that a 50%
reduction is biologically significant for the RPE visual cycle and
is in very good agreement with the data presented in this study.
Our study and these published studies show that a 40-50%
reduction in RPE65 activity can affect vision. Also, this reduc-
tion is associated with protection because the M450 mutation is
less sensitive to light damage and because these mice have
slower degeneration in the presence of rhodopsin mutations
(12,13, 55). Our study suggests that agonists of the LIF/gp130/
STAT3 pathway, which decrease RPE65 expression, may also
have this therapeutic activity. Importantly, in response to both
light damage and retinal detachment, down-regulation of RPE
transcripts coding for visual cycle proteins is a generic endoge-
nous response by the RPE (14). Our study suggests that down-
regulation of the visual cycle in both the RPE and photorecep-
tors is coordinated by a single factor. This is the first report that
identifies a specific factor that can explain this activity.

Intrinsic gp130 activation in photoreceptors is required to
prevent the death of neurons in situations of acute light damage
or genetic stress, suggesting that gp130 is essential to prevent or
delay cell death in neurodegenerative diseases or chronic injury
(19, 26, 27). Indeed, when gp130 ligands such as CNTF and LIF
are provided exogenously, they protect photoreceptors from
light damage (35, 56). In our previous report (35) we observed
strong activation of STATS3 in the RPE after intravitreal injec-
tion of LIF, which prompted us to identify RPE functions that
are modulated by STAT3.

Members of the STAT family of transcription factors, such as
STATI1, STAT2, STAT5b, STAT6, and STATS3, were found in
the adult RPE (57). In particular, phosphorylated STAT3
(pSTAT3) was localized to RPE nuclei and along with STAT5a
was suggested as the most important modulator of RPE func-
tion. The activation of STAT3 was also reported in RPE cells
coincident with the formation of scars in choroidal neovascular
membranes of patients with age-related macular degeneration
(58), indicating a possible role of STAT3 in the molecular
responses of RPE cells to stress or disease. Recently, the expres-
sion of CNTF, cardiotrophin 1, oncostatin M, and LIF and the
localization of their receptors were shown in primary cultures
of human fetal RPE (59). In their work, treatment with CNTF
and oncostatin M induced phosphorylation of STAT3 and
increased RPE cell survival, supporting a role for the gp130/
STAT3 pathway in modulating the polarized secretion of neu-
rotrophic factors and cytokines from the apical side of the RPE
to contribute to protection of photoreceptors.

Previous studies implicated IL-6 family members, such as
CNTF (28, 29, 60), as negative regulators of the phototransduc-
tion cascade in photoreceptor cells. Here, we provide evidence
that LIF robustly activates the gp130/STAT3 pathway in the
RPE to down-regulate the visual cycle by decreasing the RNA
(Fig. 24), protein (Fig. 1, B and C), and enzymatic activity of
RPE65 (Fig. 3). The effect was specific as the contents of other
RPE proteins such as LRAT, MCT-1, and ezrin did not signifi-
cantly differ between LIF-injected and the PBS-injected groups
(Fig. 2, B and C). Furthermore, another major function of RPE,
phagocytosis of the photoreceptor outer segments, was not
influenced by LIF (supplemental Fig. 5).
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In summary, we provide direct evidence for anovel role of the
gp130/STAT3 pathway in RPE cells in vivo. In response to cyto-
kines such as LIF, which are up-regulated by Miiller cells in
situations of retinal stress (22), the RPE can down-regulate the
activity of the visual cycle by decreasing the expression and
activity of the key component RPE65. Our findings describe a
cell-autonomous phenomenon regulated by a unique pathway
that can down-regulate the phototransduction cascade if
expressed in retinal photoreceptors and can provide protection
of photoreceptors under genetic- and light-triggered stresses. A
complete understanding of the mechanism underlying this
effect is of relevance for the application of cytokines such as LIF
and CNTF in clinical trials for treatment of retinal neurodegen-
erative diseases.
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