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Transgenic Mice Overexpressing Serum Retinol-Binding Protein
Develop Progressive Retinal Degeneration through a Retinoid-
Independent Mechanism
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Serum retinol-binding protein 4 (RBP4) is the sole specific transport protein for retinol in the blood, but it is also an adipokine
with retinol-independent, proinflammatory activity associated with obesity, insulin resistance, type 2 diabetes, and cardiovascu-
lar disease. Moreover, two separate studies reported that patients with proliferative diabetic retinopathy have increased serum
RBP4 levels compared to patients with mild or no retinopathy, yet the effect of increased levels of RBP4 on the retina has not
been studied. Here we show that transgenic mice overexpressing RBP4 (RBP4-Tg mice) develop progressive retinal degeneration,
characterized by photoreceptor ribbon synapse deficiency and subsequent bipolar cell loss. Ocular retinoid and bisretinoid lev-
els are normal in RBP4-Tg mice, demonstrating that a retinoid-independent mechanism underlies retinal degeneration. In-
creased expression of pro-interleukin-18 (pro-IL-18) mRNA and activated IL-18 protein and early-onset microglia activation in
the retina suggest that retinal degeneration is driven by a proinflammatory mechanism. Neither chronic systemic metabolic dis-
ease nor other retinal insults are required for RBP4 elevation to promote retinal neurodegeneration, since RBP4-Tg mice do not
have coincident retinal vascular pathology, obesity, dyslipidemia, or hyperglycemia. These findings suggest that elevation of se-

rum RBP4 levels could be a risk factor for retinal damage and vision loss in nondiabetic as well as diabetic patients.

Serum retinol-binding protein 4 (RBP4) is the sole specific
transport protein for vitamin A (retinol) in the blood (1-4).
The eye is the organ most dependent on the RBP4-mediated de-
livery of retinol to maintain optimal function, as RBP4 loss of
function in either mice or humans impairs retinal function, lead-
ing to visual impairment, while other organ systems remain intact
(5-7). However, in the past decade numerous clinical studies have
linked increased serum levels of RBP4 to disease, including obesity
(8,9), insulin resistance (8-13), type 2 diabetes (9, 13), and car-
diovascular disease (hypertension, atherosclerosis, stroke) (14—
18). This appears to be more than a spurious correlation, since
recent studies have demonstrated that RBP4 is an adipokine (ad-
ipose-derived cytokine) with retinoid-independent, proinflam-
matory activity that contributes to the development of insulin
resistance (13, 19-21). Moreover, a human single nucleotide poly-
morphism that increases RBP4 promoter activity confers a 2-fold
increase for the risk of type 2 diabetes (22, 23).

Several studies have provided mechanistic insights into RBP4-
induced insulin resistance. Mice with genetic or pharmacologic
elevation of RBP4 levels develop insulin resistance (13), whereas
lowering of RBP4 levels improves insulin sensitivity in mice (13,
24). RBP4 inhibits insulin signaling in adipocytes indirectly by
activating proinflammatory cytokine production in macrophages
through retinol-independent and Toll-like receptor 4 (TLR4)-
and c-Jun N-terminal kinase (JNK)-dependent pathways (19).
Transgenic mice overexpressing RBP4 (RBP4-Tg¢ mice) have in-
creased adipose infiltration of macrophages and CD4 T cells
through a JNK-dependent pathway that does not involve the
RBP4 receptor STRA6 (stimulated by retinoic acid) (20). How-
ever, RBP4 can also directly inhibit insulin signaling in adipocytes
through the RBP4 receptor STRAG6, activating JAK2/STATS5-me-
diated expression of SOCS3 (suppressor of cytokine signaling), a
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cytosolic inhibitor of insulin receptor signaling (25, 26). In
addition, we have previously shown that RBP4 induces a proin-
flammatory phenotype in human endothelial cells through a ret-
inol- and STRA6-independent mechanism (27), which could con-
tribute to cardiovascular disease as well as insulin resistance.

The incidences of obesity, insulin resistance, type 2 diabetes,
and cardiovascular disease continue to increase, and these diseases
are not mutually exclusive, often yielding comorbid conditions.
For instance, obesity is a significant risk factor for developing both
type 2 diabetes and cardiovascular disease (28-32), and patients
with type 2 diabetes have a 2- to 4-fold increased risk for cardio-
vascular disease (33—35). Moreover, type 2 diabetes is associated
with deranged function in several tissues, which can cause debili-
tating neuropathy, nephropathy, and retinopathy (36-38). In fact,
even with good control of blood glucose levels, nearly all type 1
diabetics and over 60% of type 2 diabetics will develop clinically
significant retinal disease (diabetic macular edema or diabetic
retinopathy) and vision loss within 20 years of diabetes onset
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(38—40). This statistic highlights the role of additional factors,
besides hyperglycemia, that continue to promote tissue dysfunc-
tion and damage during diabetes. In nondiabetic patients, hyper-
tension can lead to retinopathy (41-43), while obesity increases
the risk for the development and progression of age-related mac-
ular (retinal) degeneration (44, 45). Since RBP4 is a proinflamma-
tory adipokine that is often elevated in patients with obesity, car-
diovascular disease, and type 2 diabetes, we sought to determine
whether the elevation of RBP4 levels could promote retinal dys-
function and/or degeneration.

RBP4~'~ mice have retinal dysfunction due to insufficient ret-
inol delivery to the eye (5). RBP4-Tg mice were previously gener-
ated and bred with RBP4~'~ mice as a means to restore retinol
delivery and rescue retinal function (5, 46). However, visual func-
tion was not directly measured in RBP4-Tg mice on a wild-type
background. Here we show that RBP4-Tg mice develop progres-
sive retinal dysfunction and degeneration, characterized by pho-
toreceptor ribbon synapse deficiency and subsequent bipolar cell
loss. Importantly, retinoid and bisretinoid levels are normal in the
eyes of RBP4-Tg mice, demonstrating that a retinoid-independent
mechanism underlies retinal dysfunction and degeneration. In-
creased levels of expression of pro-interleukin-18 (pro-IL-18)
mRNA and activated (cleaved) IL-18 protein and early-onset mi-
croglia activation in the retina suggest that retinal degeneration is
driven by a proinflammatory mechanism. Notably, RBP4-Tg mice
maintain normal body mass and normal blood glucose, triglycer-
ide, and insulin levels, demonstrating that systemic metabolic dys-
regulation is not necessary to promote retinal degeneration. These
studies reveal that RBP4-Tg mice develop retinal neuroinflamma-
tion and neurodegeneration in the absence of retinal vascular pa-
thology, obesity, dyslipidemia, and hyperglycemia. This suggests
that elevation of the serum RBP4 level could be a risk factor for
retinal damage and vision loss in nondiabetic as well as diabetic
patients.

MATERIALS AND METHODS

Mice. RBP4-Tg mice, which overexpress human RBP4 under the control
of the mouse muscle creatine kinase (MCK) promoter on a C57BL/6]
background, have been described previously (46) and were kindly pro-
vided by Loredana Quadro. All animal studies were approved by the In-
stitutional Animal Care and Use Committee of the University of Okla-
homa Health Sciences Center (OUHSC). Mice were fed a standard chow
diet (Labdiet 5001) ad libitum. This diet contains a sufficient amount of
vitamin A (15 IU g~ !). All studies were performed on age-, sex-, and
strain-matched wild-type controls. Both sexes were used in all studies, and
no sex-dependent differences in phenotype were observed. Importantly,
RBP4-Tg mice were confirmed to be free of the retinal degeneration rd8
mutation that is known to be present in some C57BL/6 colonies (data not
shown).

Measurements of body mass and blood glucose levels and insulin
tolerance tests. Mice were fasted for 6 h before measurements were taken.
A OneTouch Ultra 2 glucose monitor was used to measure blood glucose
levels. To assess insulin tolerance, mice were intraperitoneally (i.p.) in-
jected with 0.75 unit/kg of body weight of insulin (Humulin R; Eli Lilly &
Company, Indianapolis, IN), and the blood glucose level was measured at
0, 15, 30, 60, 90, and 120 min after injection, as previously described (47).

Serum measurements. Mouse serum was collected by superficial tem-
poral vein puncture from live mice that had fasted for 6 to 16 h, depending
on the endpoint analysis. Enzyme-linked immunosorbent assay (ELISA)
kits for mouse adiponectin (catalog no. MRP300; R&D Systems, Minne-
apolis, MN), mouse insulin (catalog no. 90080; Crystal Chem, Downers
Grove, IL), mouse transthyretin (TTR; catalog no. IRKTAH1161; Inno-
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vative Research, Novi, MI), human RBP4 (catalog no. DRB400; R&D
Systems, Minneapolis, MN), mouse RBP4 (catalog no. MRB400; R&D
Systems, Minneapolis, MN), and mouse IL-18 (catalog no. 7625; MBL
International Corp., Woburn, MA) were used to quantify the target mol-
ecules in serum samples. Serum triglycerides were quantified using a com-
mercial kit (catalog no. ab65336; Abcam, Cambridge, MA).

To quantify the serum retinol level, 100 .l of mouse serum was diluted
in 1 ml of 0.025 M KOH, retinoids were extracted in hexane, and the
solvent was evaporated under argon gas. Dried retinoid samples were
resuspended in 200 pl of mobile-phase buffer (11.2% ethyl acetate, 2.0%
dioxane, 1.4% octanol, 85.4% hexane) and injected into the high-perfor-
mance liquid chromatography (HPLC) machine (515 HPLC pump; Wa-
ters Corp., Milford, MA) at an isocratic flow rate of 1 ml/min for separa-
tion using a normal-phase 5-pm column (4.6 mm [inner diameter] by 250
mm [length]; Lichosphere SI-60; Alltech, Deerfield, IL). The all-trans-retinol
absorbance was monitored at 320 nm. The serum retinol level was quantified
from the area of the all-trans-retinol peak using synthetic purified all-trans-
retinol as a standard for calibration (Empower software; Waters Corp.).

Quantification of RBP4 and albumin in retina tissue. Mice were sac-
rificed by CO, asphyxiation and perfused with phosphate-buffered saline
(PBS) at a flow rate of 8 ml/min for 3 min to remove blood cells. The
retinas were rapidly collected using Winkler’s method, snap-frozen, and
stored at —80°C. The retinas were suspended in lysis buffer [50 mM Tris-
HCI, pH 7.8,0.1 M NaCl, 5mM EDTA, 0.1% SDS, 1 mM 4-(2-aminoeth-
yl)benzenesulfonyl fluoride hydrochloride, 0.1% Triton X-100, 2.5%
glycerol] and sonicated on ice at a 20% intensity for 2 rounds of 5 s each.
Insoluble material was removed by centrifugation, and the protein con-
centration was determined by the Bradford colorimetric assay. ELISA kits
for human RBP4 (catalog no. DRB400; R&D Systems, Minneapolis, MN),
mouse RBP4 (catalog no. MRB400; R&D Systems, Minneapolis, MN),
and mouse albumin (catalog no. 80630; Crystal Chem, Downers Grove,
IL) were used to quantify RBP4 and albumin levels in retinal lysates. RBP4
and albumin levels were normalized according to the total retinal protein
content in each sample.

OKT analyses. Visual function was measured using a virtual optoki-
netic tracking (OKT) system (OptoMotry; CerebralMechanics Inc.) de-
signed for rapid, quantifiable behavioral measurements of spatial vision in
a virtual environment (48). All optokinetic tracking experiments were
performed using an OptoMotry device designed for rodent use (Cerebral-
Mechanics Inc.). The animals were placed inside an enclosed box that was
placed on a platform surrounded by four computer monitors forming a
square. The monitors display continuous vertical sine wave gratings ro-
tating across the monitors at 12 degrees/s. These appear to the animal to be
a virtual three-dimensional rotating cylinder. The animal’s ability to vi-
sualize the sine wave was monitored via a video camera positioned directly
above the animal to display an image perpendicular to the animal’s field of
vision. The rotation of the virtual cylinder was constantly centered at the
animal’s viewing position to ensure a consistent viewing distance. Track-
ing movements were identified as slow, steady head movements in the
direction of the rotating grating. For measurements of spatial frequency
threshold, the mice were tested at spatial frequencies ranging from 0.034
to 0.664 cycle per degree. The OptoMotry device employs a proprietary
algorithm to accept the input from the masked observer and automati-
cally adjusts the testing stimuli on the basis of whether the animal exhibits
the correct or incorrect tracking reflex. All measurements of contrast
threshold were performed at a spatial frequency threshold of 0.064 cycle
per degree. The contrast sensitivity was calculated as a reciprocal of the
Michelson contrast from the screen’s luminance: (maximum — mini-
mum)/(maximum + minimum).

ERG. Mice were weighed on the day prior to the electroretinography
(ERG) test and dark adapted overnight. At 30 min prior to the test, 1 drop
of 1% cyclopentolate hydrochloride ophthalmic solution (Cyclogyl) was
delivered to each cornea for pupil dilation. The mice were anesthetized
with an intraperitoneal injection of a cocktail of ketamine and xylazine at
85 and 14 mg/kg, respectively. Body temperature was maintained at 37°C
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using a heating pad. Pupils were dilated a second time with phenylephrine
hydrochloride ophthalmic solution (10%) 5 min prior to performing the
ERG procedure. Excess fluid was wicked from eyes, whiskers were
trimmed, and hypromellose ophthalmic demulcent solution (Gonak;
2.5%) was applied to each cornea. A stainless steel needle electrode was
gently hooked into the right cheek to serve as a reference. A stainless steel
needle electrode was placed just under the skin of the tail to serve as the
ground. Platinum wire electrodes were placed on the corneal surface of
each eye, and a drop of saline was added after the baseline was established.
A seven-step protocol was run using an Espion E2 system with a Ganzfeld
ColorDome system (Diagnosys LLC, Lowell, MA). The first five steps were
performed under scotopic conditions and consisted of 5 single flashes
of 10-fold increasing flash intensity, starting at a light intensity of 0.004
(S)cd - s/m* [where (S) refers to scotopic units]. After light adaptation,
two separate photopic readings were taken at light intensities of 3 (S)cd -
s/m?and 10 (S)cd - s/m? using a 10-(S)cd - m ™~ ? background light; for each
photopic light intensity reading, the readings from 15 flashes were averaged.

Quantitative histological analyses of retina. A flamed needle was
used to scorch the superior side of the cornea to demarcate the vertical
meridian, and the eyes were enucleated with part of the optic nerve still
attached. The eyes were fixed in 4% paraformaldehyde for 24 h, sub-
sequently transferred into PBS, and then dehydrated and paraffin em-
bedded for sectioning along the superior-inferior retinal axis. Sections
were deparaffinized and stained with hematoxylin and eosin, and im-
ages were scanned at X 40 magnification on a Ventana Coreo Au slide
scanner (Tissue Sciences Facility, University of Nebraska Medical Cen-
ter). Scanned images underwent quantitative analysis using Ventana
image viewer software (Ventana Medical Systems Inc., Tucson, AZ).
Beginning at the optic nerve head and extending into the retinal pe-
riphery in 250-pm increments, the thickness of the total retina, outer
nuclear layer (ONL), and inner nuclear layer (INL) was measured. In
the case of the ONL and INL, the number of cell nuclei spanning each
layer was counted to alleviate differences that may arise simply due to
fixation or histological processing.

Quantification of visual cycle retinoids and bisretinoids A2E and
iso-A2E in mouse eyes by HPLC. For quantification of visual cycle reti-
noids, mice were dark adapted overnight for 16 h and sacrificed in the dark
under dim red light, and the eyes were enucleated and stored at —80°C
with protection from light. All further sample processing and HPLC were
performed in the dark under a dim red light. The whole eyes were homog-
enized with a glass grinder in lysis buffer [10 mM NH,OH, 50% ethanol,
50% 2-(N-morpholino)ethanesulfonic acid, pH 6.5], and retinoids were
extracted with hexane. Solvent was evaporated under argon gas, and dried
retinoid samples were resuspended in 200 pl of mobile phase (11.2% ethyl
acetate, 2.0% dioxane, 1.4% octanol, 85.4% hexane) and injected into the
HPLC machine (515 HPLC pump; Waters Corp., Milford, MA) at an
isocratic flow rate of 1 ml/min for separation using a normal-phase 5-pm
column (Lichosphere SI-60; 4.6 mm [inner diameter] by 250 mm
[length]; Alltech, Deerfield, IL). Each retinoid isomer was quantified from
the area of its corresponding peak, determined by using synthetic purified
retinoid standards for calibration (Empower software; Waters Corp.).

For quantification of the bisretinoids N-retinylidene-N-retinyletha-
nolamine (A2E) and iso-A2E, mice were reared under normal cyclic light
and fed standard chow ad libitum. At 9 months of age, the mice were
sacrificed, their eyes were enucleated, and the eyecup (retinal pigment
epithelium [RPE], sclera, and choroid) was dissected out. A total of 4
eyecups (from 2 mice of the same genotype and sex) were pooled to gen-
erate a single sample for HPLC measurement. The eyecups were stored at
—80°C until analysis. Samples were homogenized in a glass grinder in
PBS, and bisretinoids were extracted three times using chloroform-meth-
anol (2:1; vol/vol). The pooled organic phases were dried under a stream
of argon gas and resuspended in 100 pl of methanol. A2E and iso-A2E
were separated using a mobile-phase gradient of methanol in water (85 to
96% methanol and 0.1% trifluoroacetic acid) through a C, 4 reverse-phase
column (particle size, 3.5 pm; 4.6 by 150 mm; Waters, Milford, MA) at a
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flow rate of 1 ml/min. A Waters 2996 photodiode array detector was used
to monitor the absorbance of A2E and iso-A2E at 430 nm. A2E and iso-
A2E levels were quantified from the area of each peak using purified A2E
and iso-A2E standards for calibration (Empower software; Waters Corp.).

Immunohistochemistry. Mouse eyes were enucleated, and posterior
eyecups were dissected and fixed in 4% paraformaldehyde for 2 h. The
eyecups were cryoprotected in graded sucrose solutions (10 to 30% in
PBS), embedded in optimal cutting temperature compound, and snap-
frozen in liquid nitrogen. Cryosections of the retina were cut to a thickness
of 8 wm and processed for immunohistochemistry as previously described
(49). Briefly, retinal cryosections were coated in blocking solutions (10%
goat or donkey serum, 5% bovine serum albumin, 1% fish gelatin, and
0.5% Triton X-100 in PBS) for 1 h before incubation overnight at 4°C in
primary antibodies diluted in blocking buffer. After the sections were
washed in PBS, they were incubated with appropriate fluorophore-con-
jugated secondary antibodies for 2 h at room temperature. The sections
were then rinsed with PBS, Vectashield mounting medium (Vector Lab-
oratories, Burlingame, CA) and DAPI (4',6-diamidino-2-phenylindole)
were applied, a cover slip was placed over the sections, and the sections
were imaged with a Leica SP2 MP confocal microscope (Leica Microsys-
tems, Buffalo Grove, IL).

For labeling of the retina and RPE whole mounts, posterior eyecups
were dissected and fixed in 4% paraformaldehyde for 30 min. The entire
neural retina was carefully peeled off from the RPE-choroid and sclera.
Retina and RPE whole mounts were permeabilized separately in 1% Tri-
ton X-100—PBS overnight at 4°C and blocked in blocking buffer (5% goat
serum and 0.5% Triton X-100 in PBS) overnight at 4°C. The retina and
RPE whole mounts were then incubated for 2 days on a shaker at 4°C in
primary antibodies dissolved in 0.1% Triton X-100 with 1% goat serum in
PBS. After they were washed in PBS, the retina and RPE whole mounts
were incubated with fluorophore-conjugated secondary antibodies for 2 h
atroom temperature. The whole mounts were then washed in PBS, coated
in Vectashield mounting medium, flat mounted, and viewed and imaged
using a Leica SP2 MP confocal microscope.

The following antibodies were used: from Enzo Life Sciences, bassoon
(catalog no. SAP7F407); from Cedarlane Labs, ribeye (catalog no. 192103);
from EMD Millipore, calbindin (catalog no. ab1778), NeuN (catalog no.
MAB377), cone arrestin (catalog no. AB15282), S-opsin (catalog no. ab5407),
M-opsin (catalog no. ab5405), rhodopsin (catalog no. MAB5356), VGLUT1
(catalog no. ab5905), glutamine synthetase (catalog no. mab302), glial fibril-
lary acidic protein (GFAP; catalog no. mab3402), GLYT1 (catalog no.
AB1770),and ZO-1 (catalog no. AB2272); from Abcam, beta-III tubulin (cat-
alog no. ab18207); from Santa Cruz Biotechnology, protein kinase C alpha
(PKC-alpha; catalog no. sc-208); from Biovendor, secretagogin (catalog no.
RD 184120100); from Life Technologies, calretinin (catalog no. 18-0291);
from Leico Technologies, CD11b (catalog no. C227); from Wako, Iba-1 (cat-
alogno. 019-19741); from the Developmental Studies Hybridoma Bank at the
University of lowa, CD31 (catalog no. 2H8-c); from Exalpha, Chx10 (catalog
no. X1179P); and from the Zebrafish International Resource Center, ZNP-1
(catalog no. ZDB-ATB-081002-25).

Funduscopy and fluorescein angiography. Mice were sedated by i.p.
administration of ketamine and xylazine at 85 and 14 mg/kg, respectively.
Following sedation, the pupils were dilated by topical administration of
cyclopentolate and phenylephrine ophthalmic solution (Cyclomydril).
The fundus of the sedated animals was observed and recorded using a
Micron IIT small-animal funduscope (Phoenix Research). Standard color
fundus photos were first captured for each eye without any exciter/barrier
filters. The mice were then administered 10% fluorescein sodium at 1 pl/g
of body weight via i.p. injection. Within 5 min of fluorescein administra-
tion, exciter/barrier filters for a target wavelength of 488 nm were em-
ployed to capture fluorescence-driven fundus photographs.

Retinal leukostasis assays. Retinal leukostasis was measured by label-
ing the retinal vasculature and adherent leukocytes with fluorescein iso-
thiocyanate-conjugated concanavalin A (FITC-ConA; Vector Laborato-
ries, Burlingame, CA) according to a published method (50). The animals
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TABLE 1 Mouse serum levels of retinol and RBP4

Retinal Degeneration in RBP4-Tg Mice

RBP4 concn (pg/ml)

Retinol concn Total RBP4 concn RBP4/retinol
Mouse (uM) Mouse Human Total (M) molar ratio
Wild type 1.87 = 0.35 179 £ 0.8 0 179 £ 0.8 0.85 = 0.04 0.46
RBP4-Tg 7.11 £ 0.36 182 £ 1.6 100.4 = 8.9 118.6 = 10.5 5.65 * 0.47 0.79

@ Serum from the same set of male mice aged 10 weeks was used to measure retinol and RBP4 levels by HPLC and ELISA, respectively. Values are means * standard deviations for

=5 mice per genotype.

were deeply anesthetized by intraperitoneal injection of the cocktail of
ketamine (85 mg/kg) and xylazine (14 mg/kg). Then, the chest cavity was
opened and the descending aorta was clamped. A 25-gauge cannula was
inserted into the left ventricle, and drainage was achieved by opening the
right atrium. The animals were perfused with PBS containing 0.1 mg/ml
heparin at a constant flow rate of 8 ml/min for 2 min to wash out eryth-
rocytes and nonadherent leukocytes. Next, the animals were perfused
with FITC-ConA at 500 pg/ml in PBS at 4 ml/min for 2 min to label the
adherent leukocytes and vascular endothelial cells. Residual unbound
FITC-ConA was removed by perfusion with PBS containing 0.1 mg/ml
heparin at a constant flow rate of 8 ml/min for 2 min. The retinas were
carefully dissected, fixed with 4% paraformaldehyde, and flat mounted.
The retinas were then visualized using an Olympus BX-60 fluorescence
microscope (Olympus, Tokyo, Japan), and the total number of adherent
leukocytes per retina was determined.

Confocal and 3D imaging. A Leica SP2 MP confocal microscope
(Leica Microsystems, Wetzlar, Germany) was used for imaging of the
retinal cryosections and whole mounts. Cryosection images were acquired
using a 63X oil immersion objective, and each z-series was taken at
0.5-pwm intervals. Image stacks were processed using Leica Application
Suite advanced fluorescence 3 (LAS AF 3) software. Retina and RPE
whole-mount multiplane z-series were collected using a 40X or 60X oil
immersion objective. Each z-series spanned 50 pm in depth and com-
prised 100 optical sections taken at 0.5-pm intervals. Microglial cell num-
bers in retinal whole mounts stained with CD11b or Iba-1 antibodies were
counted, using z-series stacks that encompassed the inner plexus versus
the outer plexus separately and that were collected using a 40X oil immer-
sion objective. A single image (magnification, X40; corresponding surface
area, 0.14 mm?) from the midperiphery of each retinal whole mount was
randomly selected and used for counting 3 to 5 independent retinas from
each age-genotype group.

Image stacks were processed with an image analysis software package
(Volocity; PerkinElmer, Waltham, MA) to generate a 3-dimensional (3D)
rendering of the in vivo spatial distribution and activation of microglia.
The z-stack images were processed for 3D data visualization using the
same image analysis software package.

Quantitative reverse transcription-PCR (qRT-PCR). Retinas were
dissected and immediately submerged in the TRIzol reagent (Life Technolo-
gies, Carlsbad, CA) for storage at —80°C. Thawed samples were homogenized
with a motorized pestle, and RNA was extracted using an Ambion PureLink
RNA minikit (Life Technologies). RNA was reverse transcribed to generate
cDNA. Quantitative real-time PCR was performed in triplicate for each
cDNA sample using SYBR green (Invitrogen) as previously described (47).
The primer sequences are as follows: (i) for IL-18, forward (Fwd) primer

5'-GTCTGTGATGCCCTTAGATG-3" and reverse (Rev) primer 5'-AGCTT
ATGACCCGCACTTAC-3'; (ii) for IL-1B, Fwd primer 5'-TGGGCCTCAA
AGGAAAGA-3" and Rev primer 5'-GGTGCTGATGTACCAGTT-3'; (iii)
for Nlrp3, Fwd primer 5'-ATTACCCGCCCGAGAAAGG-3' and Rev primer
5'-TCGCAGCAAAGATCCACACAG-3'; (iv) for GAPDH (glyceraldehyde-
3-phosphate dehydrogenase), Fwd primer 5'-ATTGTCAGCAATGCATC-
CTG-3" and Rev primer 5’ -ATGGACTGTGGTCATGAGCC-3'; (v) for ret-
inoic acid receptor beta (RARB), Fwd primer 5'-GGACCTTGAGGAACCA
ACAA-3" and Rev primer 5'-TGGCATTGATCCAGGAATTT-3'; and (vi)
for hypoxanthine phosphoribosyltransferase (HPRT), Fwd primer 5'-GCAA
ACTTTGCTTTCCCTGGTT-3' and Rev primer 5'-CAAGGGCATATCCA
ACAACA-3'. The relative RNA amount was calculated with the 2"24¢T
threshold cycle (C;) method and normalized to the amount of GAPDH or
HPRT as the internal control. At least 3 distinct biological samples from mice
of each genotype were examined.

Western blotting. Retinal lysate and serum protein concentrations were
determined by Bradford analysis, and equal amounts of protein lysates were
loaded in each lane of SDS-polyacrylamide gels for Western blotting. Immu-
noblotting for actin (retina lysates) or albumin (serum) was performed on
each Western blot to confirm equal protein loading. The following antibodies
were used: from R&D Systems Inc., IL-13 (catalog no. AF-401-NA); from
Sigma-Aldrich, actin-horseradish peroxidase (catalog no. A3854); and from
BioVision, IL-18 (catalog no. 5180R).

Caspase-1 activity assay on retina lysates. Caspase-1 activity was
measured according to the manufacturer’s instructions (catalog no.
AB39470; Abcam). Briefly, each retina was homogenized in the lysis buffer
provided in the kit, sonicated on ice at a 20% intensity for two 5-s bursts,
and centrifuged at 10,000 X g for 1 min at 4°C. The supernatant was
collected, and its protein concentration was determined using the Brad-
ford assay. Fifty microliters of supernatant from each sample was trans-
ferred to a clear-bottom 96-well plate, 50 wl of reaction buffer (containing
10 mM dithiothreitol) and 5 pl of 4 mM YVAD-p-nitroanilide (YVAD-
pNA) substrate were added, and the mixture was incubated at 37°C for 1
h. Active human caspase-1 (catalog no. ab39901; Abcam) was used as a
positive control and to set the standard curve for caspase-1 activity units.
Caspase-1 activity was measured by reading the plate at 405 nm. Absor-
bance values were converted to caspase-1 activity units and adjusted for
the total amount of protein per sample.

RESULTS

RBP4-Tg mice are a model for studying the effects of increased
serum RBP4 levels in the context of normal serum glucose, in-
sulin, and lipid levels. Total serum RBP4 levels in RBP4-Tg mice

FIG 1 RBP4-Tg mice have 10- to 6-fold increases in serum RBP4 levels and maintain a normal body mass and fasting blood glucose, serum insulin, and
triglyceride levels. (A) Total (mouse and human transgene) RBP4 levels in mouse serum (1 = 4 mice per age-genotype combination; WT, wild type). (B) TTR
levels in mouse serum at 2 months of age (n = 5 mice per genotype; data were analyzed by Student’s ¢ test). (C and D) Blood glucose levels in mice that had fasted
for 6 h (n = 6 mice per measurement). (E and F) Body mass measurements in mice that had fasted for 6 h (n = 6 mice per measurement). (G) Insulin levels in
the sera of 9-month-old mice that had fasted for 6 h (no significant difference between genotypes was detected on the basis of Student’s ¢ test). (H) Triglyceride
levels in serum from 4-month-old mice that had fasted for 6 h (no significant difference between genotypes was detected on the basis of Student’s # test). (I)
Adiponectin levels in serum from 4-month-old mice that had fasted for 6 h (no significant difference between genotypes was detected on the basis of Student’s
ttest). (J and K) Results of insulin tolerance tests in which male mice aged 17 to 21 weeks (1 = 7 to 8 mice per genotype) were fasted for 6 h and then given a single
i.p. injection of insulin (0.75 unit/kg) at time zero, followed by blood glucose measurements at 0, 15, 30, 60, 90, and 120 min postinjection. All graph values are
means = SEMs. **, P < 0.01 by Student’s ¢ test; ***, P < 0.001 by Student’s ¢ test.
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were initially 10-fold higher than those in the wild-type controls,
although serum RBP4 levels decreased with age in RBP4-Tg mice,
likely due to transgene silencing; nonetheless, RBP4-Tg mice
maintained a ~6-fold increase in serum total RBP4 levels by 9
months of age (Fig. 1A). Serum all-trans-retinol levels increased
3.8-fold compared to those in the wild type, and the majority of
RBP4 likely circulates as holo-RBP4 (retinol bound), on the basis
of a serum RBP4/retinol molar ratio of 0.79 (Table 1). Serum
transthyretin (TTR) levels were significantly increased, albeit by a
modest amount (25%) (Fig. 1B), and TTR levels followed the
same trend as serum RBP4 levels by decreasing with aging, but
unlike RBP4 levels, serum TTR levels were nonsignificantly in-
creased by 6 months of age (data not shown). RBP4-Tg mice that
were fed standard chow ad libitum maintained a normal body
mass and normal fasting levels of serum glucose (Fig. 1C to F), as
well as normal levels of insulin, triglyceride, and adiponectin (Fig.
1G to I). These results are similar to those presented in a previous
report (20). In contrast to previous reports, insulin tolerance tests
showed no change in insulin sensitivity in RBP4-Tg mice (Fig. 1] and
K). Thus, RBP4-Tg mice represent a model for studying the physio-
logic consequences of specifically increasing serum RBP4 levels in the
absence of systemic insulin resistance, hyperglycemia, hyperinsulin-
emia, or hyperlipidemia and their confounding comorbidities.
Visual acuity and retinal function progressively decline with
age in RBP4-Tg mice. To understand whether RBP4 may have di-
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rect or indirect effects on the retina, we investigated whether RBP4-Tg
mice have increased levels of RBP4 in retinal tissue. PBS perfusion
removed most blood from retinal tissue, as determined by an ~6-fold
reduction in the albumin concentration in perfused versus nonper-
fused retinas (data not shown), and albumin levels were similar in
perfused retinas from wild-type and RBP4-Tg mice (Fig. 2B). We
found that RBP4-Tg mice had significant increases in total RBP4 lev-
els and the RBP4/albumin ratio in the retina compared to those in the
retinas of the wild-type controls (Fig. 2A to C), suggesting that RBP4
may directly target retinal tissue.

To assess visual acuity and contrast sensitivity, we per-
formed optokinetic tracking (OKT) experiments, which clearly
showed that RBP4-Tg mice have a significant reduction in both
visual contrast and spatial frequency thresholds as early as 1
month of age (Fig. 2D and F). The OKT response was more
severely reduced by 6 months of age (Fig. 2E and G). Since
reductions in visual acuity and contrast vision can result from
dysfunction in a number of different visual system pathways
(i.e., cataracts, brain perception, retina), we performed electro-
retinography (ERG) analyses to directly measure retinal func-
tion in response to light stimuli. Under scotopic (dark-
adapted) conditions, RBP4-Tg mice showed a significant
reduction in the ERG inner retinal response (b wave), which
began by 1 month of age and progressively worsened with aging
(Fig. 3B and D). Likewise, under photopic (light-adapted) con-
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ditions, RBP4-Tg mice showed a significant reduction in the
ERG inner retinal response (b wave) by 1 month of age, which
continued to decline with aging (Fig. 3C). The scotopic photo-
receptor response (a wave) was not significantly reduced until 6
months of age but declined with aging thereafter (Fig. 3A).
These data suggest that RBP4-Tg¢ mice develop an early domi-
nant dysfunction in inner retinal signaling leading to second-
ary photoreceptor dysfunction.

Retinal degeneration coincides with the progressive loss of
retinal function in RBP4-Tg mice. Quantitative histological ana-
lyses were performed to measure retinal thickness. RBP4-Tg mice
had normal retinal development and thickness at 1 month of age
(Fig. 4A) but significant thinning of both the outer and inner
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nuclear layers of the retina, which are comprised of photoreceptor
and second-order neuron cell bodies, respectively, by 6 months of
age (Fig. 4B). Second-order neurons of the inner nuclear layer are
responsible for generating and modulating the ERG b-wave re-
sponse. In RBP4-Tg mice, thinning of the retinal inner nuclear
layer was the most significant and coincided with the predomi-
nant ERG b-wave deficit (Fig. 3). Immunohistochemical analyses
of retinal cryosections demonstrated that the expression of key
rod and cone phototransduction proteins appeared to be normal
in RBP4-Tg mice (Fig. 4C to F), even at 6 months of age. Taken
together, these data suggest that photoreceptor cell integrity is
largely intact and that the second-order neurons of the INL pref-
erentially degenerate in RBP4-Tg mice.
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Retinas of RBP4-Tg mice have normal visual cycle retinoids by the retinoid visual cycle (5-7), we measured the levels of each
and bisretinoid A2E levels. Since RBP4 is primarily recognized major retinoid isomer of the visual cycle in the retina. Retinal
for its role in transporting and delivering retinoids to target tissues  levels of 11-cis-retinal, all-frans-retinal, and retinyl ester were not
(1-4), including its specific importance for the delivery of optimal  significantly different between RBP4-Tg and wild-type mice, with
levels of retinol to the retinal pigment epithelium for metabolism  the exception of a slight but significant increase in the level of the
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visual chromophore 11-cis-retinal in RBP4-Tg mouse retinas at 2
months of age (Fig. 5A to C). A modest increase in the level of a
visual chromophore such as this has not been associated with any
form of retinal degeneration and does not explain the retinal de-
generation observed in RBP4-Tg mice.

Retinoid visual cycle activity is known to contribute to the
generation of by-products that are nondegradable and toxic to
cells (51, 52). These retinoid-derived by-products slowly accumu-
late within the subretinal space and retinal pigment epithelium
(RPE) during normal aging but can accumulate more rapidly in
some types of retinal degeneration, in which toxic retinoid deriv-
atives have been shown to promote retinal degeneration (51-55).
Despite no change in the levels of retinoid isomers of the visual
cycle itself, we reasoned that it was possible that RBP4-Tg mice
have increased retinol uptake that promotes excessive visual cycle
activity leading to the increased accumulation of toxic retinoid
by-products of the visual cycle, such as the bisretinoid N-reti-
nylidene-N-retinylethanolamine (A2E), the most abundant toxic
retinoid derivative associated with retinal degeneration (51, 52).

August 2015 Volume 35 Number 16

Molecular and Cellular Biology

Therefore, we measured A2E levels in mouse eyecups (RPE, sclera,
choroid). There was no significant increase in the level of A2E or
its isomer, iso-A2E, in the eyecups of RBP4-Tg mice compared to
that in the eyecups of the wild-type controls at 9 months of age
(Fig. 5D). Moreover, RBP4-Tg mice had no observable deposits or
RPE atrophy upon retinal fundus exam (Fig. 6A), and the RPE
pigmentation (Fig. 6B and C) and tight junctions (Fig. 6D) re-
mained intact.

To address the possibility that RBP4-Tg mouse retinas have
increased levels of retinoic acid, we measured the level of expres-
sion of mRNA for the retinoic acid receptor beta (RARPB) gene,
which is itself a retinoic acid target gene whose mRNA shows
increased expression in response to retinoic acid treatment (56—
60). There was no significant difference in RARB mRNA levels
between wild-type and RBP4-Tg mouse retinas (Fig. 5E), suggest-
ing that retinoic acid signaling is unchanged in RBP4-Tg mouse
retinas. These data indicate that retinoid metabolism is largely
unchanged in RBP4-Tg mice and that retinal degeneration is ret-
inoid independent.

mcb.asm.org 2779


http://mcb.asm.org

Du et al.

RBP4-Tg

FIG 6 RBP4-Tgmice have normal retinal stratification and RPE pigmentation
and integrity. (A) Representative retinal fundus images of wild-type (WT) and
RBP4-Tg mice aged 6 months. (B) Hematoxylin- and eosin-stained retinal
sections from mice aged 6 months. Magnifications, X40; bars, 20 pm. (C)
Bright-field images of retinal whole mounts showing normal RPE pigmenta-
tion in 6-month-old mice. Magnifications, X4. (D) Representative confocal
images of RPE whole mounts from 6-month-old mice immunofluorescently
labeled for ZO-1 to demarcate tight junctions. Confocal images were acquired
under a 63X magnification objective and represent the maximum stack of
z-plane acquisition. Bars, 20 pm. The images in panels B and D were acquired
from central retina sections. All images are representative of those from 4 to 6
independent samples from mice of each genotype.

Loss of retinal synaptic connectivity and reduced bipolar cell
density in RBP4-Tg mice. Since RBP4-Tgmice have predominant
INL thinning, we performed immunohistochemistry on retinal
cryosections to evaluate the integrity of each major cell type of the
INL. At 6 months of age, there was significant bipolar cell loss, and
both rod and cone bipolar cell types were affected (Fig. 7A to C).
All other INL cell subtypes, including amacrine, horizontal, and
Miiller cells, appeared normal (Fig. 7D to G). Retinal whole-
mount staining also showed no loss of retinal ganglion cells or
their axons (Fig. 7H).

To further evaluate retinal integrity, we investigated retinal
synaptic connectivity by immunohistochemical labeling of retinal
cryosections. Presynaptic photoreceptor ribbon synapses were
significantly reduced in RBP4-Tg mice, as shown by reduced la-
beling for ribeye and bassoon and the loss of a horseshoe-like
morphology (Fig. 8A and B). Bipolar (PKC-a) and horizontal
(calbindin) cell postsynaptic processes were normal (Fig. 8C and
D). Vesicular glutamate transporter 1 (VGLUT1) labeling in pho-
toreceptors was abnormal, showing trails of VGLUT1 that local-
ized within the ONL layer instead of at the synaptic outer plexi-
form layer (Fig. 8E). ZNP-1 labeling revealed a significant loss of
cone bipolar cell terminals at the synaptic inner plexiform layer by
6 months of age (Fig. 8E). A similar loss of rod bipolar cell termi-
nals was also observed at 6 months of age (Fig. 7A and B). Addi-
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tional analyses showed that rod and cone bipolar cell numbers and
the terminal morphology were initially normal at 1 month of age
(data not shown). The degradation of rod and cone bipolar cell syn-
apses chronologically coincided with reduced rod and cone bipolar
cell density at 6 months of age (Fig. 7A to C), suggesting that cell loss
accounts for the loss of bipolar cell terminals. In contrast, there was
already a noticeable deficiency of the presynaptic photoreceptor rib-
bon synapses at 1 month of age (Fig. 8A), an age at which there is no
measurable photoreceptor degeneration or a loss of intrinsic photo-
receptor function, according to ERG a-wave recordings (Fig. 3A and
4A). Taken together, these data show that the earliest observable ret-
inal abnormality is deficient photoreceptor ribbon synapse forma-
tion at 1 month of age, which likely contributes to subsequent rod and
cone bipolar cell loss.

RBP4-Tg mice have normal retinal vasculature. Since RBP4-Tg
mice have a primary inner retinal degeneration and we have previ-
ously shown that RBP4 has proinflammatory activity in human reti-
nal capillary endothelial cells (27), we investigated whether RBP4-Tg
mice have an abnormal retinal vasculature, including retinal leuko-
stasis, that may contribute to inner retinal dysfunction. Fluorescein
angiography showed that RBP4-Tig mice have a normal retinal vascu-
lar tree with no signs of vascular leakage (Fig. 9A). Retinal leukostasis
assays were performed to assess retinal vascular inflammation char-
acteristic of retinopathy. There was no significant difference in retinal
leukostasis between genotypes, and both wild-type and RBP4-Tg
mice had higher levels of retinal leukostasis at 1 month of age than at
6 months of age (Fig. 9B and C).

RBP4-Tg mice have early-onset retinal gliosis and microglia
activation. To investigate the mechanisms underlying retinal de-
generation, we performed immunohistochemical labeling of reti-
nas for the gliosis stress marker glial fibrillary acidic protein
(GFAP) and the microglia markers CD11b and Iba-1. GFAP ex-
pression was noticeably increased in both astrocytes and Miiller
cells as early as 1 month of age (Fig. 10A), and gliosis was wide-
spread throughout Miiller cell bodies by 6 months of age (Fig.
10B). CDI11b staining of retinal whole mounts showed that
RBP4-Tg mice had a thickening of microglia cell bodies, which is
characteristic of an activated state, by 1 month of age (Fig. 10Cand
D), and the activated microglia morphology was maintained at 6
months of age (Fig. 11A and B), at which time retinal microglia
cell numbers were increased in RBP4-Tg mouse retinas (Fig. 10E
and F). 3D confocal processing also showed that microglia pro-
cesses often extend into the ONL in RBP4-Tg mice, a phenome-
non that was never observed in wild-type mouse retinas (Fig. 11C
and D).

RBP4-Tg mice have retinal neuroinflammation. To investi-
gate whether neuroinflammation could be driving retinal degen-
eration, we performed quantitative PCR analyses to look for
changes in retinal proinflammatory cytokine expression. We
found a significant increase in IL-18 mRNA levels in the retinas of
RBP4-Tg mice compared to those of wild-type mice (Fig. 12A).
Interestingly, although IL-18 and IL- 1 are often coactivated dur-
ing neuroinflammation (61), we did not find a similar increase in
IL-18 mRNA levels but instead found a significant reduction (Fig.
12B). Western blotting for protein levels also showed an increase
in activated (cleaved) IL-18 protein, but no activation of IL-1
protein (Fig. 12C to E). The IL-18 protein level was also signifi-
cantly increased in the serum of RBP4-Tg mice (Fig. 12F), indicat-
ing ongoing systemic inflammation, in addition to retinal inflam-
mation. Most typically, IL-18 and IL-1f are activated by
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FIG 7 RBP4-Tg mice have an age-related loss of rod and cone bipolar cells. (A to G) Representative confocal images of retinal cryosections from 6-month-old
mice immunofluorescently labeled for distinct INL cell types, as follows: all blpolar cells (green, Chx10) and rod bipolar cells (red, PKC-a) (A), rod bipolar cells
(PKC-at) (B), cone bipolar cells (secretagogin) (C), calcium-binding amacrine and ganglion cells (calretinin) (D), glycinergic amacrine cells (GLYT1) (E),
horizontal cells (calbindin) (F), and Miiller cells (glutamine synthetase [GS]) (G). (H) Representative confocal images of retinal whole mounts immunolabeled
with NeuN (green) to stain retinal ganglion cell bodies and beta-III tubulin (red) to stain ganglion axonal processes. In each panel, the image on the left is from
a wild-type mouse retina and the image on the right is from an RBP4-T¢ mouse retina. Confocal images were acquired under a 63X (A to G) or 40X (H)
magnification objective, but the secretagogin (C) and calbindin (F) images are shown with an additional digital zoom of X2. All images shown represent the
maximum stack of z-plane acquisition. All images were acquired from central retina sections and are representative of those from 3 to 7 independent samples

from mice of each genotype. Bars, 10 pm.

inflammasome-mediated caspase-1 cleavage of their pro-forms to
generate the cleaved active forms (61). However, the mRNA level
of the key inflammasome component NLRP3 was significantly
decreased in RBP4-Tg mouse retinas (Fig. 12H); moreover, there
was no increase in caspase-1 activity in the retinas of RBP4-Tg
mice compared to those of wild-type mice (Fig. 12G). This sug-
gests that IL-18 activation is inflammasome and caspase-1 inde-
pendent, a novel phenomenon recently reported by others (62,
63). Itisinteresting that both IL-13 and NLRP3 mRNA levels were
significantly decreased in RBP4-Tg mouse retinas, and it is unclear
if this was a direct response to RBP4 or occurred as a compensa-
tory response following RBP4-mediated induction of alternative
inflammatory signaling pathways.

DISCUSSION

RBP4 is a proinflammatory adipokine associated with obesity (8,
9), insulin resistance (8—13), type 2 diabetes (9, 13), and cardio-
vascular disease (14-18). Moreover, a genetic or pharmacologic
increase in the serum levels of RBP4 induces insulin resistance in
mice (13). Obesity, diabetes, and cardiovascular disease can each
lead to dysfunction in multiple organ systems, including the retina
(38, 40—45), which can cause permanent vision loss, yet it is un-
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known whether increased serum levels of RBP4 contribute to the
development of such comorbidities. Our study provides the first
evidence that elevated levels of serum RBP4 can contribute to
retinal neuroinflammation and neurodegeneration, even in the
absence of obesity, dyslipidemia, or hyperglycemia.

The absolute level of RBP4 measured in patient serum varies
between different clinical studies according to the methodology
used for quantification, which includes Western blotting, various
commercial ELISA kits, and mass spectrometry (reviewed in ref-
erence 64). Therefore, there is a rather broad definition of normal/
healthy serum RBP4 levels, which range from 10 to 50 pg/ml,
depending on the methodology used in a specific study. Likewise,
the relative increase in the serum RBP4 level associated with var-
ious disease states, such as obesity, insulin resistance, cardiovas-
cular disease, and type 2 diabetes, can range from 17 to 150 g/ml
(8,9,11-17,64—67). In one particular study (11), about half of the
patient samples in which RBP4 levels were measured had serum
RBP4 levels above 100 pg/ml, which is similar to the serum RBP4
level in young RBP4-Tg mice (Fig. 1A). However, the same study
reported normal patient serum RBP4 levels of 40 pg/ml, indicat-
ing that there was a maximum ~4-fold increase in the serum
RBP4 level. Therefore, since the RBP4-Tg mouse model had a 6- to
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FIG 8 RBP4-Tg mice have deficiencies in photoreceptor ribbon synapses and cone bipolar terminals. (A to E) Representative confocal images of retinal
cryosections from 1-month-old (A) or 6-month-old (B to E) mice (WT, wild type) immunolabeled for presynaptic photoreceptor ribbon synapses (red, bassoon;
green, ribeye) (A and B), photoreceptor ribbon synapse connection to postsynaptic rod bipolar cell dendrites (red, bassoon; green, PKC-a) (C), photoreceptor
ribbon synapse connection to postsynaptic horizontal cell dendrites (red, bassoon; green, calbindin) (D), and photoreceptor presynaptic terminals (red,
VLGUT1) and cone bipolar axonal and dendritic terminals (green, ZNP-1) (E). Confocal images were acquired under a 63X magnification objective, but
panels A to C are shown with an additional digital zoom of X4, and panel D is shown with an additional zoom of X6. All images shown represent the
maximum stack of z-plane acquisition. DAPI counterstaining is shown in blue. Arrowheads, displaced VGLUT1; arrows, thinning or loss of ZNP-1
labeling. All images were acquired from central retina sections and are representative of those from 4 to 8 independent samples from mice of each
genotype. Bars, 10 pm.
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FIG 9 RBP4-Tg mice have normal retinal vasculature. (A) Fluorescein angio-
gram images from wild-type (WT) and RBP4-Tg mice aged 6 months. Each
image shown is from a different mouse. (B) Epifluorescent images from whole-
mount retinas following a retinal leukostasis procedure in which mice were
perfused with FITC-concanavalin A to label adherent leukocytes. Arrows, ad-
herent leukocytes. Magnification, X20. (C) Quantification of retinal leukosta-
sis. Values are means = SEMs for =3 mice (6 eyes) per genotype-age combi-
nation. There was no statistically significant difference between genotypes by
two-way analysis of variance.

10-fold increase in serum RBP4 levels compared to those in wild-
type mice, this model may be physiologically relevant only to ex-
treme cases of long-duration obesity, insulin resistance, or type 2
diabetes. Nonetheless, it is important to remember that in chronic
diseases, such as insulin resistance, cardiovascular disease, and
type 2 diabetes, a multitude of factors contributes to disease pro-
gression. Some factors have independent activity that directly
contributes to disease pathogenesis, whereas others must act in
concert to produce significant effects. In order to reveal the po-
tential effects of one specific factor, such as RBP4, a supraphysi-
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ological dose may be necessary. The present study is striking in
that it shows that increased levels of RBP4 alone, without any
additional insult, can result in very significant retinal degenera-
tion and vision loss. This warrants further investigations to under-
stand how a more physiologically relevant 2- to 4-fold increase in
serum RBP4 levels may impact the progression of retinal diseases,
including diabetic retinopathy, when patients have a combination
of other pathological factors contributing to disease progression.

In contrast to two previous reports (13, 20), our results show
no significant reduction in insulin sensitivity in RBP4-Tg mice
compared to that in wild-type mice. In one of the previous reports,
RBP4-Tg mice had reduced insulin sensitivity when 12-week-old
male mice (n = 7 per group) were dosed with 0.9 U/kg insulin by
1.p. injection 4 h after food removal (13). In the second report,
RBP4-Tg mice had reduced insulin sensitivity when 12- to 19-
week-old male mice (n = 13 to 15 per group) were dosed with 0.8
U/kg insulin by i.p. injection 5 h after food removal (20). How-
ever, in the second study the reduction in insulin sensitivity in
RBP4-Tg mice was less pronounced and significant (P < 0.05 in
the second study [20] compared to P < 0.01 in the first study
[13]). Moreover, similar to our results, no other research group
has reported fasting hyperglycemia in RBP4-Tg mice. In our
study, 17- to 21-week-old male mice (n = 7 to 8 mice per group)
were dosed with 0.75 U/kg insulin by i.p. injection 6 h after food
removal. Since we used an established procedure (47) and evalu-
ated mice of the same sex and age as the mice used in the previous
studies, it is difficult to explain why we found no significant dif-
ference in insulin sensitivity, except that there seems to be vari-
ability in the severity of systemic insulin resistance in RBP4-Tg
mice, according to the results of the previous studies (13, 20). In
addition, previous studies have shown that the proinflammatory
activity of RBP4 indirectly inhibits insulin signaling in adipocytes
(19, 20), so that RBP4 primarily acts to promote inflammation,
which secondarily inhibits insulin signaling. Therefore, variability
in the degree of the inflammatory response in a particular animal
may account for the variability in the systemic insulin response,
whereas RBP4-induced inflammation in localized tissues, such as
the retina, may have a less variable and more potent effect to
perturb tissue homeostasis and function.

We show that retinoid and bisretinoid A2E levels are normal in
the eyes of RBP4-Tg mice, suggesting that a retinoid-independent
mechanism underlies retinal dysfunction and degeneration. Al-
though there was a slight trend toward higher A2E levels in
RBP4-Tg mice, this was below the level of significance, and the
levels of A2E were 4- to 12-fold below the level of A2E measured in
the eyecups of abcr '~ and mutant Elovi4-Tg mice, which have
retinal degeneration driven by A2E accumulation (53-55). Addi-
tionally, mice with A2E-associated retinal degeneration have very
significant A2E accumulation beginning as early as 2 months of
age (53-55), whereas the relatively low level of A2E in the eyecups
of RBP4-Tg mice at the older age of 9 months further suggests that
A2E accumulation is not a factor contributing to retinal dysfunc-
tion and degeneration that occurs between 1 and 6 months of age.
Furthermore, A2E from the visual cycle accumulates within lipid-
rich deposits in the retinal pigment epithelium layer and conse-
quently contributes to outer retinal (RPE and photoreceptor)
degeneration (53, 68, 69). In contrast, RBP4-Tg mice have a pre-
dominant inner retinal degeneration.

Previous studies have shown that RBP4-Tg mice have a mea-
surable level of insulin resistance, on the basis of the results of
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FIG 10 RBP4-Tg mice have early-onset retinal gliosis and microglia activation. (A and B) Representative confocal images of retinal cryosections from
1-month-old mice (A) and 6-month-old (B) mice immunofluorescently labeled for GFAP, a marker of gliosis (WT, wild type). DAPI counterstaining is
shown in blue. Confocal images were acquired under a 40X magnification objective and represent the maximum stack of z-plane acquisition. All images
were acquired from central retina sections and are representative of those from 3 to 5 independent samples from mice of each genotype. Bars, 10 wm. (C
and D) Representative confocal images of retinal whole mounts from 1-month-old mice immunofluorescently labeled for microglia marker CD11b.
Confocal images were acquired under a 40X magnification objective, and each image represents a single layer of z-plane acquisition. Arrows, microglia
cells with enlarged cell bodies characteristic of activated microglia. All images were acquired from the midperiphery and are representative of those from
3 to 6 independent samples from mice of each genotype. Bars, 40 pwm. (E and F) Microglia cell bodies were counted in retinal whole mounts under a 40X
magnification objective. Each field of view corresponds to a surface area of 0.14 mm?. Microglia were counted in 3 to 5 retinas per genotype. Values are

means = SEMs. **, P < 0.01 by Student’s ¢ test.

insulin and glucose tolerance tests (13, 20). Here we show that
RBP4-Tg mice do not develop hyperglycemia and do not always
have detectable systemic insulin resistance, yet they consistently
develop progressive retinal degeneration. Thus, elevation of RBP4
levels can cause deranged function and damage in specific periph-
eral tissues well before the onset of chronic and severe systemic
metabolic disease. Similar observations have been made in human
studies, which show that subclinical symptoms and insulin resis-
tance are often present for several years prior to the onset of clin-
ical diabetes. In fact, although diabetic retinopathy is clinically
monitored, characterized, and treated according to the presence
and severity of retinal vascular pathology, multiple studies in an-
imals and humans have documented significant retinal neuronal
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dysfunction and degeneration in diabetes, which often precedes
any detectable changes in retinal vasculature (70-73). Interest-
ingly, retinal neuronal dysfunction and degeneration in RBP4-Tg
mice are similar to those in diabetic patients with retinopathy, in
that both show predominantly inner rather than outer retinal dys-
function and degeneration (70, 71, 73, 74). On the basis of our
findings, it would be interesting to evaluate whether serum RBP4
levels in diabetic patients correlate with subclinical retinal neuro-
nal dysfunction.

Insulin receptor signaling in the retina is neuroprotective (75—
78), and blocking retinal insulin receptor signaling causes retinal
dysfunction and degeneration in mice (79, 80). Retinal insulin
resistance contributes to diabetic retinopathy in rodents with
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FIG 11 Microglia projections extend into the outer nuclear layer in RBP4-Tg mice. (A and B) Representative confocal images of retinal whole mounts from 6-month-old
mice immunofluorescently labeled for the microglia marker Iba-1. Confocal images were acquired under a 63X magnification objective, and each image represents the
z-series of the inner plexus layer (GCL, ganglion cell layer). Numbered boxes denote cells that are shown at higher magnification to the right side of the original image.
All images were acquired from the midperiphery and are representative of those from 3 to 5 independent samples from mice of each genotype. Note the enlarged cell
bodies in the microglia of RBP4-Tg mouse retinas. Bars, 40 pm. (C and D) Representative 3D confocal images of retinal whole mounts from 6-month-old mice
immunofluorescently labeled for CD31 (red) and either Iba-1 (green) (C) or CD11b (green) (D). All images were acquired from the midperiphery and are representative
of those from 3 to 5 independent samples from mice of each genotype. Note the microglia extensions into the ONL in the retinas of RBP4-Tg mice only.

streptozotocin (STZ)-induced diabetes, in which insulin receptor
signaling is downregulated (81) and systemic or ocular injection
of insulin significantly reduced proinflammatory gene expression
and neurodegeneration (70, 82, 83). Intriguingly, disruption of
insulin receptor signaling in cone photoreceptors causes disorga-
nized and reduced photoreceptor ribbon synapses (79), similar to
the types observed in RBP4-Tg mice. Likewise, insulin-deficient
diabetic mice also develop a progressive loss of photoreceptor rib-
bon synapses (84) and decreased expression of presynaptic pro-
teins (85). Since an elevation of RBP4 levels can inhibit insulin
receptor signaling in adipose tissue, it is plausible that an elevation
of RBP4 levels could similarly disrupt insulin receptor signaling in
the retina as an underlying mechanism contributing to neuronal
dysfunction and degeneration in RBP4-Tg mice, and this should
be a subject for future investigation.

Neuroinflammation is a major contributing factor in several
neurodegenerative diseases, including Alzheimer’s disease (86)
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and Parkinson’s disease (87—89), as well as retinal degeneration
(90, 91). Neuroinflammation is characterized by elevation of
proinflammatory cytokine levels and activation of microglia
(92, 93). There are multiple reports implicating inflam-
masomes in mediating neuroinflammation (reviewed in refer-
ences 94 and 95). Inflammasomes activate proinflammatory
caspase-1, which then cleaves precursor forms of the IL-1 fam-
ily of proinflammatory cytokines into their active forms (61).
We show that IL-18 but not IL-13 mRNA expression was in-
creased in the retinas of RBP4-Tg mice. Likewise, the level of
active (cleaved) IL-18 protein was increased, while IL-18 was
nearly undetectable in RBP4-Tg mouse retinas. Although IL-18
and IL-1P are typically coregulated, there are recent reports of
inflammasome- and caspase-1-independent activation of
IL-18 without a coincident activation of IL-1B (62, 63). We also
show that retinas from RBP4-Tg mice had no increase in the
mRNA or protein level of the major inflammasome subtype
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FIG 12 RBP4-Tg mice have retinal neuroinflammation. qRT-PCR analyses showed increased levels of pro-IL-18 (A) and reduced levels of pro-IL-1{ (B) mRNA
expression in retinas from 6-month-old RBP4-Tg mice. (C) Western blots show no retinal expression of mature IL-1@ in RBP4-Tg or wild-type mice at age 3
months. Lane +C, 1 pg recombinant mouse IL-1 as a positive control. The upper band near 45 kDa is B-actin, while the lower band near 15 kDa is mature IL-1f3.
(D and E) Western blot and densitometry (densitomet) analyses show significantly increased expression of mature IL-18 in retinas from RBP4-Tg mice at age 6
months. Densitometry is from 3 independent experiments consisting of 3 mice per genotype. (F) Serum IL-18 levels measured by ELISA. (G) The enzymatic
activity of caspase-1 in lysates of retinas from 6-month-old mice was determined by incubation with the colorimetric substrate YVAD-pNA. (H) qRT-PCR
analyses show decreased levels of NLRP3 mRNA expression in retinas from 6-month-old RBP4-Tg mice. Values are means = SEMs for 4 to 6 mice per genotype.

n.s., not significant by Student’s ¢ test; *, P < 0.05 by Student’s ¢ test; **, P < 0.01 by Student’s ¢ test; ***, P < 0.001 by Student’s ¢ test.

NLRP3 and no increase in caspase-1 activity. Thus, the mech-
anism of IL-18 protein activation in RBP4-Tg mice is likely
inflammasome and caspase-1 independent.

The cellular source of IL-18 in the retina of RBP4-Tg mice is
unknown; however, microglia cells, which are the cellular source
of IL-18 and other cytokines in brain neurodegenerative diseases
(94), possess an activated morphology in the retinas of RBP4-Tg
mice. Furthermore, microglia express Toll-like receptor 4 (TLR4)
(96, 97), which is involved in the pathogenesis of different types of
retinal degeneration (91, 96-99). TLR4 activation has been shown
to induce IL-18 mRNA and protein activation in renal tubular
epithelial cells during renal obstruction (100). Since RBP4 acts
through a TLR4-dependent mechanism to induce proinflamma-
tory cytokine expression in adipose tissue macrophages (19),
RBP4 may similarly activate TLR4 signaling in retinal microglia to
release IL-18, but this is yet to be determined.

It was somewhat surprising to find retinal neuronal dysfunc-

2786 mcb.asm.org

Molecular and Cellular Biology

tion in the absence of retinal vascular pathology in RBP4-Tg mice,
on the basis of our previous finding that high levels of RBP4 can
induce the expression of proinflammatory cytokines and cell ad-
hesion molecules to promote leukostasis in primary human reti-
nal capillary endothelial cells (27). In addition, two relatively small
clinical studies reported a modest increase in serum RBP4 levels in
human patients with proliferative diabetic retinopathy, the most
advanced vascular disease stage, compared to those in diabetic
patients with mild or no retinopathy (66, 67). Since cultured cells
can have altered properties compared to their properties in their
in vivo state, it may be that culturing conditions primed endothe-
lial cells to respond pathologically to increasing RBP4 levels in our
previous study. Interestingly, hyperglycemia increases TLR4 ex-
pression in endothelial cells (101) and the retinas of rats with
STZ-induced diabetes (99), which could prime the endothelium
to respond to proinflammatory levels of RBP4 during diabetes.
Further studies are necessary to determine whether the elevation
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of RBP4 levels exacerbates retinal vascular inflammation in a
mouse model of diabetic retinopathy, such as mice with db/db- or
STZ-induced diabetes.

In conclusion, this study demonstrates that RBP4-Tg mice de-
velop progressive retinal degeneration through a retinoid-inde-
pendent mechanism. Retinal microglia activation and increased
levels of the active proinflammatory cytokine IL-18 protein indi-
cate that neuroinflammation promotes retinal degeneration in
RBP4-Tg mice. Neither chronic systemic metabolic disease nor
other retinal insults are required for elevated RBP4 levels to pro-
mote retinal neurodegeneration, since RBP4-Tg mice do not have
coincident retinal vascular pathology, obesity, dyslipidemia, or
hyperglycemia. These findings suggest that elevated serum RBP4
levels could be a risk factor for retinal damage and vision loss in
nondiabetic as well as diabetic patients.
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