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Loss of the vitamin A receptor RBPR2 in mice disrupts
whole-body retinoid homeostasis and the quantitative
balance regulating retinylidene protein synthesis
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1 | INTRODUCTION

Dietary vitamin A/all-trans-retinol (ROL) has pleiotropic
functions in the human body, attributable to its several
biologically active forms, collectively termed retinoids.'
These functions include vision, corneal development,
immune system functioning, maintaining epithelium
integrity, metabolic function, cellular growth and differ-
entiation, and fetus and central nervous system develop-
ment.'” Dietary vitamin A is the precursor for the visual
chromophore (11-cis-retinaldehyde/11-cis-retinal) and
all-trans-retinoic acid (atRA). The vitamin A active me-
tabolite in the eye, 11-cis-retinal, binds with photorecep-
tor opsin protein, a G-coupled protein receptor, to form
rhodopsin that is the critical pigment for light percep-
tion.** Upon light exposure, 11-cis-retinal is isomerized to
all-trans-retinal, causing a photobleaching process where
rhodopsin forms several different intermediate states that
trigger a G-protein signaling pathway. The vitamin A me-
tabolite atRA is a hormone-like molecule that regulates
gene expression through interactions with nuclear recep-
tors that are critical for the differentiation and patterning
of the eyes. Vitamin A deficiency in the eye impairs night
vision due to deficient rhodopsin/retinylidene protein
synthesis and if left untreated can lead to photoreceptor
cell death and blindness.**™® Significantly, since humans
are exposed to fluctuating conditions of dietary vitamin
A intake throughout their lifespan, an understanding of
the mechanisms that regulate and maintain the quanti-
tative balance of retinoids in the body are critical to help
design strategies to prevent dysfunctional serum and pe-
ripheral tissue retinoid homeostasis in retinal diseases
susceptibility.

The main transport form of dietary vitamin A in the
circulation to peripheral tissues is all-trans-retinol (ROL),
which is bound to the retinol-binding protein 4 (RBP4)
as holo-RBP4 (RBP4-ROL).}*!°2° There currently exist
two membrane receptors that have been shown to bind
to the RBP4-ROL complex and facilitate the internaliza-
tion of ROL into tissues from the circulation. Previously,
biochemical and genetic evidence have elegantly demon-
strated that stimulated by retinoic acid 6 (STRA6), a

lifespan of the animal.

retinoid homeostasis, which supports chromophore production and visual
function under variable conditions of dietary vitamin A intake throughout the

all-trans-retinol, photoreceptors, retinoids, retinol-binding protein 4, retinol-binding protein 4
receptor 2, rhodopsin, stimulated by retinoic acid 6, vitamin A

receptor that is highly expressed in the retinal pigmented
epithelium (RPE), is involved in the uptake of circulatory
ROL into the eye.”’>* STRA6 is however not expressed in
major peripheral/non-ocular tissues, most notably, STRA6
is not expressed in the liver despite its role as the main
storage organ for dietary vitamin A.>*** These observa-
tions indicate that alternate vitamin A receptors might
exist in such tissues, which may be responsible for the
maintenance of liver and whole-body retinoid homeosta-
sis. First identified by the Graham laboratory in 2013, the
retinol-binding protein receptor 2, RBPR2 or STRAG6like
(STRAS®I), is implicated in the re-uptake of ROL from cir-
culating RBP4, in the liver and other peripheral tissues,
but not in the eye due to its lack of expression there.** Our
previous biochemical and genetic analysis of RBPR2 in
cell lines, and in zebrafish and mice deficient in RBPR2
showed that it was a bona fide RBP4-ROL receptor, and
is involved in ROL internalization.?¢™2 Additionally, we
have previously demonstrated that RBPR2 contains spe-
cific RBP4-ROL-binding motifs that suggest direct binding
and association with circulatory RBP4-ROL complex.**®
Most critically, we have demonstrated that the loss of this
systemic vitamin A transporter resulted in visual func-
tion defects in mice.?** However, the long-term effects
of RBPR2 has in maintaining liver and whole-body vita-
min A/retinoid homeostasis are yet unknown. Therefore,
given the current understanding of the mechanisms of
RBPR2, we hypothesize that RBPR2 would have a direct
impact in maintaining the quantitative balance between
chromophore and opsins in the generation of rhodopsin
for visual function, especially under conditions of dietary
vitamin A insufficiency.

To answer these questions, we have now conducted a
longitudinal study in RbprZ_/ ~ and WT mice fed with ei-
ther a vitamin A sufficient (VAS) or vitamin A deficient
(VAD) diet, to better understand the consequences of the
diet and genetics on whole-body dietary vitamin A uptake
and storage, and its impact on ocular retinoid homeosta-
sis. We also aimed to investigate the long-term effects of
the diet under these genotypes on chromophore produc-
tion for visual function. By comparing RBPR2-deficient
mice to WT mice under different conditions of dietary
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vitamin A supply, we studied the physiological role of the
vitamin A receptor, RBPR2, in maintaining whole-body
retinoid homeostasis, which is important for visual pig-
ment synthesis and photoreceptor cell function through-
out the lifespan of humans.

2 | MATERIALS AND METHODS

2.1 | Materials

All chemicals unless stated otherwise were purchased
from Sigma-Aldrich (St. Louis, MO, USA) and were of
molecular or cell culture grade quality.

2.2 | Animals, animal husbandry,
and diets

Rbpr2-knockout (RbprZ_/ 7) mice used in the study have
been previously described.* Six-week-old wildtype (WT)
mice (C57BL/6J) were purchased from JAX labs. Breeding
pairs and litters of Rbpr2_/ ~ and WT mice were genotyped
and found to be negative for the known Rd8 and Rd1 mu-
tations, as previously described by us.***' Breeding pairs
of mice were fed purified breeder diets, provided water
ad libitum, and maintained at 24°C in a 12:12h light-
dark cycle. All animal experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) of
the University of Minnesota (protocol # 2312-41637A) and
performed in compliance with the ARVO Statement for
the use of Animals in Ophthalmic and Vision Research.
Post-weaning (P21), equal numbers of male and female
mice were randomly distributed to different vitamin A
feeding groups. For experiments, WT or Rbpr2~~ mice
were fed purified rodent diets (AIN-93G; Research Diets,
New Brunswick, NJ) containing the recommended 41U
of vitamin A/g (Vitamin A sufficient diet; VAS) or spe-
cially formulated and purified low vitamin A/vitamin A
deficient (VAD) diets contained 0.221U vitamin A/g based
on the AIN-93G diet (Research Diets, New Brunswick,
NJ)!%122432 for up to 6-months.

2.3 | Immunohistochemistry and
fluorescence imaging

Mice at 3- and 6-months on the variable dietary vita-
min A conditions were euthanized by CO, asphyxiation
and cervical dislocation, according to approved IACUC
protocols. Eyes were enucleated and fixed with either
4% PFA in 1X PBS or in Davidson's fixative for 4h at
4°C. Paraffin-embedded retinal sections (~8 pm) were
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processed for antigen retrieval and immunofluores-
cence. Primary antibodies were diluted in 1% normal
goat serum (NGS) blocking solution as follows: anti-
rhodopsin 1D4 for mouse rod opsin (1:200; Abcam, St.
Louis, MO, USA), R/G cone opsins (1:100; Millipore, St.
Louis, MO, USA), and 4’,6-diamidino-2-phenylendole
(DAPI; 1:5000, Invitrogen) or Hoechst (1:10000,
Invitrogen) to label nuclei. All secondary antibodies
(Alexa Fluor 488) were used at 1:5000 concentration
(Molecular Probes, Eugene, OR, USA). After mount-
ing, images were captured using 40X and 60X objec-
tives. Optical sections were obtained with a Nikon AXR
confocal microscope and processed with the Nikon
Viewer software and the acquired retinal images were
calibrated with the ZEISS ZEN 3.4 software package.
All fluorescently labeled retinal sections were analyzed
and fluorescence within individual retinal layers were
quantified using Image J or Fiji (NIH) and data were
plotted in GraphPad Prism.

2.4 | Electroretinogram (ERG) analysis

2.4.1 | Dark-adapted scotopic ERG

Mice were dark-adapted overnight for 12-16h. Under
single-source red light, eyes were dilated with tropi-
camide and phenylephrine before being sedated with
Isoflurane using a calibrated Isoflurane machine
(equipped with precision vaporizer, flow meter, and
oxygen). A drop of 2.5% hypromellose ophthalmic de-
mulcent solution (Systane) was placed onto the cornea
just before the electroretinogram. Dark-adapted elec-
troretinograms (ERG) were obtained (0.01-100 cd s/m?)
using a Celeris instrument (Diagnosys). Before running
a combined dark and light protocol (Diagnosys Espion
software), the electrodes were placed on the cornea and
an impedance was measured. The Rod response recov-
ery after bleaching, Celeris ERG protocols were per-
formed with pulse frequency 1 and pulse intensity 1. The
protocol was set to acquire prebleach amplitudes and to
initiate the bleaching protocol using Light adaptation
time 180 secs. After bleaching the amplitudes of the a-
and b-waves were measured under scotopic conditions
(1 cd s/m?) for every minute until 10-min post-bleaching.
The curves were plotted in GraphPad Prism, and the
half-time was measured using the one phase associa-
tion formula Y= Y0+ (Plateau — Y0) * (1 —exp(—K * x)).
YO0 is the Y value when X (time) is zero. Span is the dif-
ference between Y0 and Plateau, expressed in Y values.
Half-time is in the time units, the amount of time needed
to reach half of the maximum recovery or plateau, it is
computed as In(2)/K.
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2.4.2 | Light-adapted photopic ERG

Light adapted mice were sedated and eyes were dilated, as
outlined in dark-adapted mice method section. To meas-
ure the photoreceptor cone response, a-wave, b-wave, and
retinal ganglion response photopic ERG, Celeris ERG pro-
tocol were performed under light adapted condition with
various pulse frequencies and color wavelengths. The am-
plitudes were recorded and plotted in GraphPad Prism.

2.5 | Purification of rhodopsin and
absorbance spectroscopy

Mice were dark-adapted for 12-16 h. Under single source
red light, the mice were then (CO,) euthanized, and the
retina was harvested surgically. In strict dark conditions,
the retinal tissues were homogenized with 20 mM bis-tris
propane, 150mM NacCl, and 1mM EDTA buffer pH7.5
with protease inhibitor. The homogenates were centri-
fuged for 15min at 16 000g using a refrigerated centrifuge.
The supernatants were discarded, and the pellets solubi-
lized for 1h on a rotating platform at 4°C in 20 mM bis-tris
propane, 150mM NaCl, 20mM n-dodecyl-b-D-maltoside
(DDM) buffer and pH7.5 with protease inhibitor. The
lysate was centrifuged for 1h at 16000g at 4°C. The su-
pernatant was incubated for 1h with 30pL HighSpec
Rho1D4 MagBeads (Cat 33299 Cube Biotech Germany).
The resin was washed on a magnetic stand with 20mM
bis-tris propane, 500mM NaCl with pH7.5 buffer two
times and three times with low salt 20 mM BTP, 100 NacCl,
and 2mM DDM buffer. The VAPA peptides dissolved in
low-salt buffer were used at a concentration of 0.1 mg/
mL volume 60 pL to elute the Opsins from 1D4 resin. The
eluted Opsin was analyzed on an Agilent Cary 60 spectro-
photometer Instrument; the measured absorbances were
plotted in GraphPad Prism Version 10.1 and calculated for
free Opsin using a 280/500 nm absorbance ratio,**** using
the extinction coefficient £s,,=40600M ™' cm™'. The con-
centration of ligand-free opsin was calculated using the

extinction coefficient &,q,=81200M'cm ™.

2.6 | High-performance liquid
chromatography (HPLC) analyses of
retinoids

Retinoid isolation procedures were performed under a
dim red safety light (600nm) in a dark room. Animals
were first euthanized with CO, asphyxiation, and perti-
nent tissues were removed from the carcass. The tissue
(eyes or peripheral tissues) was then homogenized in 0.9%
saline with a handheld tissue grinder, consisting of a glass

tube and glass pestle. Methanol (2mL) was added into
the homogenate to precipitate the proteins within the ho-
mogenate. For separation and detection of retinaldehydes
in ocular tissue, 1 mL of 0.1 M hydroxylamine hydrochlo-
ride in 0.1M HEPES (pH6.5) was additionally added to
the homogenate and left for 15 minutes at room tempera-
ture to convert retinaldehyde into retinal oximes. This
step is otherwise not necessary in all other tissues since
retinals are not readily present in them.*>*® The retinoid
content from the tissue (peripheral organs) homogenate
was then extracted with 10 mL of hexane (twice), with the
aqueous layer subsequently removed. The combined hex-
ane extracts were then evaporated with a vacuum evapo-
rator, re-suspended in 100 pL of hexane, then injected into
an HPLC for analysis. HPLC analysis was performed on
an Agilent 1260 Infinity HPLC with a UV detector. The
HPLC conditions employed two normal-phase Zorbax
Sil (5pm, 4.6x150mm) columns (Agilent, Santa Clara,
CA, USA), connected in series within the Multicolumn
Thermostat compartment. Chromatographic separa-
tion was achieved by isocratic flow of mobile phase
containing 1.4% 1-Octanol/2% 1,4-Dioxane/11.2% Ethyl
Acetate/85.4% Hexane, at a flow rate of 1mL/min for
40min. Retinaldehydes, retinol, and retinyl esters were
detected at 325nm using a UV-Vis DAD detector, while
the UV absorbance spectra was collected from 200 to
700nm.*>*® For quantifying molar amounts of retinoids,
the HPLC was previously calibrated with synthesized
standard compounds and as previously described by us.
Calculation of concentration (pM): Standards were in-
jected in concentrations ranging from 0 to 3.5 pM prepared
solutions in the mobile phase. The plotted concentrations
were fit through linear regression to obtain R-equation
(y=mx+c) where y is the peak area (mAUs); m is the
slope of the calibration curve and c is the y-intercept. The
area from the HPLC peaks of the samples (mAU s) are in-
terpolated into concentration and expressed as picomoles.
For eyes, the values are expressed as picomoles/eye; for
liver, lung, spleen, and kidney the values are expressed as
picomoles/mg of tissue; for serum, the ROL values are ex-
pressed as picomoles/microliter.

Peak areay (mAU s) + y-intercept
Slope (m)

Concentration X (picomoles) =

2.7 | Statistical analysis

Data were expressed as means + standard error mean,
statistical analysis by ANOVA and student t-test.
Differences between means were assessed by Tukey's
honestly significant difference (HSD) test. p-values
below 0.05 (p<.05) were considered statistically
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significant. For western blot analysis, the relative in-
tensities of each band were quantified (densitometry)
using the Image J software version 1.54 and normalized
to Ponceau S stain. Statistical analysis was carried out
using GraphPad Prism v 10.1.

3 | RESULTS
3.1 | Design of mouse studies and dietary
vitamin A intervention

In this study, we used our previously established RBPR2-
deficient (RbprZ_/ ~) mouse line and isogenic C57BL/6J
wild-type (WT) mice.** Breeding pairs and litters of
Rbpr2~~ and WT mice were genotyped and found to be
negative for the known Rd8 and Rd1 mutations.** Each
group had equal number of male and female mice and
were randomly assigned to different dietary vitamin A
groups. Groups of WT and RbprZ_/ ~ mice were fed either
a vitamin A sufficient (VAS; 41U vitamin A/g) or vitamin
A deficient (VAD; 0.221U/g) diet post-weaning at P21,
which are custom diets routinely used to control vitamin
A status in mice.***” Additionally, the 4IU vitamin A/g
concentration in the VAS diet is consistent with the rec-
ommended vitamin A intake for rodents and corresponds
to 1.2mg retinol activity equivalent (RAE), which is also
a recommended intake in humans. After 3-months of
dietary intervention, the first cohort of mice were sacri-
ficed to determine the short-term effects, while the second

Thrlc-)A\SEBJouran

cohort of mice were sacrificed after 6-months of dietary
intervention to determine the long-term effects of dietary
vitamin A deficiency on whole-body all-trans-retinol up-
take and liver storage as retinyl esters (RE) and on ocular
retinoids and health in the different genotypes (Figure 1).

3.2 | Total retinoid concentrations are
decreased in the liver of RbprZ_/ ~ mice

We and others have shown in mice that unlike STRAS®,
the vitamin A receptor, RBPR2, is highly expressed in the
liver and to a lesser extent in non-ocular peripheral tis-
sues,>20:242530.38.39.80 Therefore, we first examined how
global loss of RBPR2 in mice affects ROL and RE levels
in the liver by high-performance liquid chromatogra-
phy (HPLC) analysis and compared these results to age-
matched wild-type (WT) mice. At the early timepoint
(3-month), we observed that ROL, retinyl esters (RE), and
total retinoid concentrations in the liver of VAS RbprZ_/ -
mice were similar to those of age-matched WT mice
(Figure 2A-E). However, while VAD WT mice were able
to maintain liver retinoid homeostasis, VAD Rbpr2~/~
mice showed significant reductions in total retinoid con-
centration (Figure 2E).

We then investigated the long-term effects of RBPR2 loss
on liver retinoid homeostasis, at the 6-month timepoint.
In WT mice under either vitamin A diets, ROL, RE, and
total retinoid concentrations in the liver were not affected
(Figure 3A-D). However, RE concentration in the liver

/ Group 1 Short term study

it Asufirnt(81Ug)

WT-C57BL/6J  Rbpr2’-

e e

-

End-point Analysis \

3 months

A

/ Group 2 Long term study

WT-C57BL/6J Rbpr2--

@‘Q

' 6 months

End-pointAnaIysis\

/

FIGURE 1 Schematic overview of the mouse study and vitamin A diet intervention. Post-weaning, we fed cohorts of WT and Rbpr2~/~

mice with a vitamin A sufficient (VAS) or vitamin A deficient (VAD) diet. At the 3-month (early timepoint analysis) and 6-month timepoint

(late timepoint analysis) of dietary vitamin A intervention, noninvasive tests for retinal function and integrity were performed. High
performance liquid chromatography (HPLC) analysis for the quantification of retinoids was then performed on ocular and multiple non-

ocular tissues.
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FIGURE 2 Quantification of total retinoids in livers of mice post 3-months dietary vitamin A feeding regime. High performance liquid
chromatography (HPLC) analysis and quantification of all-trans-ROL (ROL), retinyl esters (RE), and total retinoid content in livers isolated from
VAS and VAD WT and Rbpr2~/~ mice post 3-months of feeding (A) HPLC chromatograms and (B) absorbance spectra of individual retinoids,
(C) Retinyl esters, (D) all-trans-retinol, and (E) total retinoids in the liver. Values are presented as +SD. Two-way ANOVA, ****p <.001; ns, not
significant. VAD, vitamin A-deficient diet; VAS, vitamin A sufficient diet; WT, wild-type mice. n=6-8 animals per group and dietary condition.

was lower in VAD WT mice, compared with VAS WT mice,
indicating that stored RE was converted back to ROL and
re-distributed under the prolonged vitamin A restriction
condition (Figure 3B). Conversely, in VAS and VAD Rbpr2~/~
mice, ROL, RE, and total retinoid concentrations in the liver
were lower when compared with WT mice (Figure 3A-D).
Likewise, total retinoids in the liver of VAD Rbpr2_/ ~ mice
compared with VAS RbprZ_/ ~ mice were severely depleted
at the 6-month timepoint. These results indicate that RBPR2
likely plays a significant role in maintaining retinoid homeo-
stasis under variable conditions of dietary vitamin A intake,
and also that Rbpr2~~ mice are more susceptible to dietary
vitamin A deficiency, which in the long-term, affects liver
retinoid stores (Figures 2 and 3).

3.3 | Serum RBP4-ROL complex
homeostasis is impaired in Rbpr2~'~ mice

Since liver ROL/RE concentrations were significantly
decreased in Rbpr2~/~ mice at the 6-month timepoint
(Figure 3B-3D), we next determined if this could affect
serum RBP4-ROL complex homeostasis. To test this,
we obtained serum from age-matched Rbpr2~~ and
WT mice at the 6-month timepoint (from above) and
performed western blot analysis using a commercial
RBP4 antibody. This analysis showed that while WT
mice were able to maintain RBP4 protein homeostasis
under variable conditions of dietary vitamin A intake,
conversely Rbpr2~'~ mice showed higher RBP4 protein
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in the serum (Figure 4A,B). HPLC analysis showed
that while serum all-trans-retinol concentrations were
homeostatically maintained in VAS and VAD WT ani-
mals, they were significantly reduced in VAS and VAD
RbprZ'/ ~ mice (Figure 4C). Quantification of the molar
ratio of serum RBP4 to ROL showed no differences in
VAS or VAD WT mice, in contrast to RbprZ_/ ~ mice,
where lower serum ROL concentrations and higher
RBP4 protein indicated the presence of unliganded/
apo-RBP4 protein (Figure 4D,E). Thus, while WT mice
can maintain serum RBP4-ROL complex homeostasis
under variable conditions of dietary vitamin A intake,
the absence of RBPR2 made mice susceptible to serum
ROL deficiency, which could influence peripheral tis-
sue retinoid homeostasis.

3.4 | Total retinoid concentrations are
decreased in peripheral tissues of
Rbpr2~/~ mice

Since Rbpr2_/ ~ mice showed dysregulated serum RBP4-
ROL complex homeostasis, we sought to investigate the
long-term effects of this disruption on retinoid homeo-
stasis in peripheral tissues, previously shown to express
RBPR2.%** To investigate these hypotheses, we isolated
lung, spleen, and kidney, the peripheral tissues known

store vitamin A and contain notable amounts of RE.
These tissues were extracted from WT and Rbpr2_/ " mice
at the 6-month timepoint and HPLC analysis was per-
formed to quantify total retinoids. This analysis showed
that while WT mice were able to maintain retinoid ho-
meostasis in peripheral tissues under variable condi-
tions of dietary vitamin A intake, RbprZ_/ ~ mice showed
lower total retinoids in these tissues, which were more
severely depleted in VAD RbprZ_/ ~ mice (Figure 5A-C).
Thus, our data suggest that RBPR2 is required to main-
tain retinoid homeostasis in serum and peripheral tis-
sues, especially under conditions of dietary vitamin A
restriction.

3.5 | Consequences of RBPR2 loss on
ocular retinoid pool and visual function

We next investigated the short-term and long-term con-
sequences of dysregulated liver, serum, and peripheral
tissue retinoid homeostasis in RbprZ_/ ~ mice on ocu-
lar retinoid concentrations and on visual function and
compared these observations to WT mice. In the eyes
of VAS and VAD WT mice at the 3-month timepoint,
total retinoid concentrations were unchanged. Similarly,
VAS RbprZ_/ ~ mice were able to maintain ocular reti-
noid homeostasis, in contrast to VAD Rbpr2_/ ~ mice,
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which showed significantly depleted ocular retinoids
(Figure 6 A-C). We next recorded the electrical responses
to light generated by rod photoreceptors, in dark-adapted
mice eyes of RbprZ_/ ~ and WT mice, fed either a VAS or
VAD diet, and the responses generated by cones in light-
adapted eyes, by electroretinography (ERG) ranging
from 0.01-100cd.s/m* ERG analysis showed that sco-
topic a-wave and b-wave amplitudes were significantly
decreased in 3-month-old VAD RbprZ'/ ~ mice, compared
with VAS RbprZ_/ ~ or WT mice (Figure 6D-G). In the
eyes of WT mice at the 6-month timepoint, total ocular
retinoid concentrations were unchanged. Conversely, in
VAS and VAD RbprZ_/ ~ mice, total retinoid concentra-
tions were significantly lower compared with WT mice
(Figure 7A). WT mice showed no changes in ERG ampli-
tudes under either diet, however, RbprZ_/ ~ mice showed
an even more severe decrease in a-wave and b-wave vis-
ual responses at the 6-month timepoint, compared with
WT mice (Figure 7B-E).

3.6 | Rod photoreceptors of RbprZ'/ ~ mice
display significant levels of apoprotein opsin

Since RbprZ_/ ~ mice display reduced visual responses, we
hypothesized that this phenotype is caused by imbalances
between chromophore and opsin concentrations in rod pho-
toreceptors, which may also resultin the accumulation of un-
liganded/apoprotein opsin in photoreceptor inner segments
(IS). We first analyzed the localization of rhodopsin in reti-
nal sections, from WT mice compared with RbprZ_/ ~ mice,
by immunohistochemistry (IHC) at 6 months of age. In VAS
and VAD WT mice, rhodopsin was properly localized to the
photoreceptor outer segments (Figure 8A). Conversely, in
VAS and VAD Rbpr2_/ ~ mice, the presence of mislocalized
rod opsins was evident in the photoreceptor IS, which was
more severe in VAD RbprZ_/ ~ mice (Figure 8A,F).

We next determined the levels of unliganded/apopro-
tein opsin by performing UV-visible spectrophotometry
with the isolated retinal protein fractions from WT and
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Rbpr2~~ mice using 1D4 antibody and compared the
theoretical 280/500 nm ratio with the experimental ratio
of absorbance.*****!' We observed an~31% and~18%
decrease in rhodopsin concentrations in dark-adapted
photoreceptors of RbprZ_/ ~ mice fed either a VAD or
VAS diet and compared with age-matched WT mice on
VAS or VAD diets, respectively (Figure 8B,D). Similar
results were observed in light-adapted photoreceptors,
where lower Meta II rhodopsin concentrations were
observed in RbprZ_/_ mice compared with WT mice on
either diet (Figure 8C,E). Quantification of unliganded
opsin in dark-adapted retinas showed that RbprZ_/ -
mice had significant amounts of apoprotein opsin; com-
pared to WT mice on either diet (Figure 8G). It has been
proposed previously that accumulation of apoprotein
opsin/unliganded opsin can activate the phototrans-
duction cascade even under dark conditions.'*™5!833
The constitutive activity of apoprotein opsin in photo-
receptors is considered equivalent to background light
and can result in a reduction in phototransduction
gain.'”'®*? Thus, long-term loss of RBPR2 might con-
tribute to delayed rod and cone opsin kinetics, which
were tested below.

3.7 | Delayed rhodopsin regeneration in
eyes of RbprZ'/ ~ mice

Since WT mice can maintain whole-body and ocular
retinoid homeostasis under variable conditions of di-
etary vitamin A intake, we next focused on defining
the consequences of decreased ocular retinoid pool
on rhodopsin and cone opsin regeneration in 6-month
RbprZ'/ ~ mice. Kinetic measurement of rod opsin re-
covery was found to be slower in VAD Rbpr2~/~ mice
compared with VAS Rbpr2~~ mice, likely resulting
from the decreased ocular retinoid (11-cis-retinal) pool,
which in turn resulted in delayed rhodopsin recovery
after light exposure (Figure S1). We next determined
ERG responses in light-adapted RbprZ'/' mice fed ei-
ther the VAS or VAD diets under different light source
color (green, red, white, and UV/blue). Under photopic
light conditions, ERG responses of Rbpr2~~ mice under
green, white, and UV color sources were significantly
diminished at the 3-month timepoint, while red light
source ERG responses were not changed, when com-
pared with WT mice on VAS diets (Figure S2A-D).
Light-adapted ERG responses for green and white light



RADHAKRISHNAN ET AL.

MWEA\SEBJournGI

(A) (B)

ns
65

®
o
=]

55

Syn 11-cis-Retinal Oxime

[}
=3
S
&

Total retinoids
pmole/eye)
S
o
o

(i
N
=3
S

b

==~ Syn 13-cis-Retinal Oxime
=~ Ani 13-cis-Retinal Oxime

< Anti 11-cis-Retinal Oxime

o

- ==~ Syn All-rans-Retinal Oxime

-~ Anti All-trans-Retinal Oxime

(©)

syn 11-cis-RAL Oxime
6

z5\/\
s :

s

20

%0 30 %0
Wavelength (nm)

anti 11-cis-RAL Oxime syn 13-cis-RAL Oxime
30 354

Absorbance mAU
Absorbance mAU
§ >

Absorbance mAU

0

a0 E)
Wavelength (nm) Wavelength (nm)

anti 13-cis-RAL Oxime

o
"_\/J\
3

B3 5
Wavelength (nm)

Syn atRAL Oxime anti atRAL Oxime

Absorbance mAU
Absorbance mAU

Absorbance mAU
H B

*~ All-trans-Retinol

%0 350 300 30
Wavelength (nm) Wavelength (nm)

25

Retention Time (min)

(2] o (2] a
£ £ £ £ ‘ L
Wildtype RBPR2 KO —J
5 0 5 10 15
(D) (E)

Scotopic ERG 1cds/m? 3months Diet

200 200

100 100

100 150 200 250
Time (ms)

Microvolt (pv)
o

Microvolt (uv)
o

100 100 Time (ms)

-200 — WTVAS — RBPR2KO VAS -200

FIGURE 6 Quantification of total retinoids in eyes and tests for visual function of WT and Rbpr2

Scotopic ERG 1cds/m? 3months Diet

— WTVAD — RBPR2KO VAD

Scotopic ERG1cds/m? 3months Scotopic ERG1cds/m? 3months
300 ** 800 *
g ns ’i ns
o ns g 6004 ——
€ 200 ]k ok K ]
§ = ns % % %k ¥
g g 400
< @
50 ° 100 3
] S 200
= =
© o
0 0
VAS VAD _VAS VAD VAS VAD _ _VAS VAD
Wild Type  RBPR2 KO Wild Type  RBPR2 KO
_/_

mice post 3-months dietary vitamin

A feeding regime. High performance liquid chromatography (HPLC) analysis and quantification of total retinoid content in eyes isolated
from VAS and VAD WT and RbprZ_/ ~ mice post-3-months of feeding. (A) Total retinoids, (B) HPLC chromatograms, and (C) absorbance
spectra of individual retinoids in mice eyes. (D) Scotopic ERG responses of WT and Rbpr2~/~ mice fed either a VAS diet or (E) VAD diet,
showing the dark-adapted ERG responses of rod photoreceptor cell function by a-wave amplitudes (F), and inner neuronal bipolar cell
function by b-wave amplitude (G). Values are presented as +SD. Two-way ANOVA, *p <.05; **p <.01; ***p <.005; ****p <.001; ns, not
significant. VAD, vitamin A-deficient diet; VAS, vitamin A sufficient diet; WT, wild-type mice. n=8-10 animals per group and dietary

condition.

intensity improved in Rbpr2_/ ~ mice under VAS diets at
the 6-month timepoint but remained significantly dimin-
ished under blue/ UV-light exposure (Figure S2A’-D’).
IHC for red-green opsins (Opnlmw) in photoreceptors
showed that in VAS and VAD WT mice, cone opsins
were properly localized to the photoreceptor outer seg-
ments (Figure S2E). Conversely, in RbprZ_/ ~ mice fed
either a VAS or VAD diet, the presence of mislocalized
cone opsins were evident in the photoreceptor inner
segments, where VAD Rbpr2~~ mice showed not only
more severe cone opsin mislocalization but also shorter
cone OS length (Figure S2E,F). Kinetic measurement
of cone opsin recovery under photopic blue light were
slower in VAD RbprZ_/ ~ mice, when compared with
VAS RbprZ_/ ~ mice (Figure S3). Thus, the VAD status in
Rbpr2~~ mice made them more susceptible to delayed
rod and cone opsin regeneration and OS phenotypes.

4 | DISCUSSION

In this study, we investigated the whole-body and ocular
consequences resulting from loss of the vitamin A recep-
tor, RBPR2, on a longitudinal timescale. Previously, we

have established a global Rbpr2-knockout (Rbpr2_/ D)
mouse and have demonstrated that these mice are suscep-
tible to visual deficiencies.'® Here, we sought to expand
upon that study in several critical ways. First, through a
normal phase HPLC, we can resolve retinol, retinyl esters,
and retinaldehyde individually, rather than simply quan-
tify total retinoid content. This is especially important for
retinoid analysis in peripheral and ocular tissues and al-
lows us to directly detect and quantify critical retinoids
such as retinyl esters (the major storage form of dietary
ROL) and 11-cis-retinaldehyde, the visual chromophore
responsible for generation of the retinylidene protein that
is critical for phototransduction.*® Second, we have per-
formed this analysis on multiple systemic tissues across
multiple organs systems, rather than only in ocular tissue.
Given that RBPR2 is hypothesized to regulate systemic vi-
tamin A homeostasis, we aimed to examine the changes
to whole-body retinoid content in Rbpr2~~ mice. Third,
to investigate the underlying causes for reduced ERG re-
sponses in RbprZ_/ ~ mice, we utilized UV-Vis spectropho-
tometry to determine whether the ocular levels of vitamin
A affect the stoichiometric balance between GPCR protein
opsin and the visual chromophore, 11-cis-retinal, in the
photoreceptors.
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To investigate if loss of RBPR2 affected serum and
whole-body retinoid concentration, we performed HPLC
analysis for retinoids in various peripheral tissues, in-
cluding the liver, eye, spleen, kidney, and lungs, obtained
from wild-type (WT) and Rbpr2~'~ mice, fed varying con-
centrations of dietary vitamin A. In all analyzed tissues,
all-trans-retinol (ROL) and its storage form, retinyl esters
(RE), were the predominant retinoid found in all analyzed
systemic tissue, apart from retinaldehydes in ocular tissue.
Hence, quantification of ROL and RE will serve as a vi-
able metric for determination of retinoid levels in these
tissues. HPLC analysis showed that wild-type (WT) mice
at both 3- and 6-month timepoints can regulate ROL and
RE (total retinoids) levels in the liver, even when subjected
to variable vitamin A diets (Figures 2 and 3). However,
while VAS RbprZ_/ ~ mice at the 3-month timepoint can
maintain similar levels of total retinoids in the liver com-
pared with WT mice, the retinoid quantity in liver of VAS
and VAD Rbpr2_/ ~ mice at the 6-month significantly de-
creases (Figure 3D). Retinoid metabolism, like many other
biochemical pathways, contains redundant pathways

(Figure 9). In particular, circulatory RE within chylomi-
crons originating from the VAS diet provides the most
likely explanation for the maintenance of RE levels com-
parable to WT in VAS Rbpr2_/ ~ mice at the 3-month time-
point, since this pathway can bypass the loss of RBPR2.
Similar observations were obtained in Stra6~/~ mice fed
a high vitamin A diet.?>® However, for the Rbpr2_/ ~ mice
fed a VAD diet, this supplementary pathway does not exist.
Once residual retinoid/RE stores from gestation run out
at the 6-month timepoint, VAS, and VAD RbprZ_/ ~ mice
exhibit decreased ROL and RE levels, which become se-
verely depleted under the VAD diets.

We next examined if serum retinoid homeostasis was
affected in Rbpr2~~ mice. While VAS and VAD WT mice
were able to maintain serum ROL and RBP4 protein ho-
meostasis even under variable conditions of dietary vita-
min A intake, both VAS and VAD RbprZ_/ ~ mice at the
6-month timepoint, showed higher RBP4 protein and
decreased ROL concentrations (Figure 4A-C). Further
analysis showed that WT mice displayed relatively equal
RBP4 to ROL molar ratios, while Rbpr2_/ ~ mice showed
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dysfunctional RBP4 to ROL molar ratios, which indicate
the presence of apo-protein RBP4 (Figure 4D,E). Thus,
while WT mice were able to maintain serum RBP4: ROL
complex homeostasis, loss of RBPR2 affected serum ROL
and RBP4 protein complex homeostasis. To determine if
dysfunctional serum RBP4:ROL complex in Rbpr2_/ ~ mice
affected peripheral retinoid homeostasis, we performed
HPLC for total retinoids in key vitamin A storage organs
(lung, kidney, and spleen), which are known to express
RBPR2. This analysis showed that while VAS and VAD
WT mice were able to maintain retinoid homeostasis, in
contrast, age-matched RbprZ_/ ~ mice at the 6-month time-
point showed decreased total retinoids in these organs.
Thus, loss of RBPR2 affected not only the liver and serum
retinoid homeostasis but also negatively affected periph-
eral tissue retinoid concentrations.

We next examined the retinoid supply and consump-
tion axis in the support of visual function by examining
retinoid pool in the eye of RbprZ'/ ~ mice. This overall
pattern of depressed levels of retinoids for Rbpr2~~ mice
in both serum and hepatic tissue is thus reflected in ocu-
lar tissue where the total retinoid content (ROL, RE, and
11-cis-retinal) was found to be significantly lower in VAD

Rbpr2'/ ~ mice at the 3-month timepoint, which became
severely depleted in both VAS and VAD Rbpr2~~ mice at
the 6-month timepoint (Figure 6A vs. Figure 7A). More
critically, these depressed serum, liver, and ocular reti-
noid levels coexist with changes on the phenotypic level,
with Rbpr2_/ ~ mice at the 6-month timepoint exhibiting
decreased rod ERG responses (Figure 7), mislocalized
opsins within photoreceptor inner segments (Figure 8A),
and increased ratios of unliganded/apoprotein opsin
(Figure 8B-F). Previous investigations into mice exhib-
iting disruptions in the generation of 11-cis-retinal have
displayed phenotypes such as elevated levels of apopro-
tein opsins and subsequent retinal degeneration, such
as in mice with disrupted Stra6 and Rpe65.'*'>'"** In
particular, Rpe65_/ ~ mice, a mouse model for the retinal
degenerative disease Leber Congenital Amaurosis, has
been shown to exhibit an elevated concentration of apo-
protein opsin. RPE65 is an isomerohydrolase responsible
for the conversion of retinyl esters to 11-cis-retinol within
the visual cycle, which is in turn necessary for the gen-
eration of 11-cis-retinal chromophore in photoreceptors.
The authors of that study have attributed the cause of
retinal degeneration in Rpe65~'~ mice to elevated levels



RADHAKRISHNAN ET AL. e 13 0f 16
R
rASEBJournol
Liver Re-absorption
@ ;
RBP4 bound Retinol — @ *~ RBP4 bound Retinol
RBPR2

Apo-RBP4 0 “

’ $4 sth0 Retinyl Ester R
we g

Chyiomncto’ . 1}‘ '‘® l REH %‘[

bound Retinol ;X‘ atROL@ 0

1 atROL RBP4 bound

hED p' ' Retinol o
ol A W el CREBP1
Retinyl Ester 4
i e
etinyl palmitate > P yr E‘l
Retin: er
Hepatocyte R
f Oty storage Sstery S
®
RBP4 bound Stellate cell
Retinol

Retinyl Ester

Spleen | wse:nouapeno Kidney

Retinyl Storage

f Mobilization

Eye

Choroidal circulation

@ | RBP4 bound Retinol o Apo RBRA
- @ 0 ®

Retinyl Ester —»11-cis-ROL

LraT}  RPEGS \GFOHS
. ’11-0i.s-RAL
: RDHs'h\ l

Rhodopsin
tinal Pigment
Photoreceptor . Epithelium
lngs D S

FIGURE 9 Schematic representation outlining the proposed role of the vitamin A receptor RBPR2 in maintaining whole-body retinoid

homeostasis. The vitamin A receptor RBPR2 that is expressed in the liver and multiple non-ocular tissues is proposed to be involved in the

re-absorption of circulatory ROL from RBP4 protein. This function of RBPR2 is important in maintaining a sufficient retinoid/retinyl ester
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phototransduction.

of apoprotein opsin, which constitutively stimulates the
phototransduction cascade though stimulation of trans-
ducin signaling, where disruption of transducin signaling
partially rescues the retinal degenerative phenotype.'> In
a study investigating the phenotypic effects of Stra6~/~
mice, which disrupts not only the intake of ROL from cir-
culatory RBP4-ROL into the RPE but also the subsequent
generation of the 11-cis-retinal chromophore, these mice
exhibited elevated concentrations of apoprotein opsin and
retinal degeneration much like Rpe65_/ ~ mice, but ad-
ditionally mislocalization of rod and cone opsins within
the photoreceptors.>* These observations in Stra6~/~ and
Rpe65~~ mice were also reflected in Rbpr2~/~ mice,
where significant rhodopsin mislocalization was observed
in these mice fed VAS or VAD diets but not in WT mice
even on the VAD diet (Figure 8A,G). Moreover, studies ex-
amining the phenotypic effects of Stra6™'~ mice addition-
ally studied the effects of applying pharmacological doses
of vitamin A as a means of rescuing the ocular phenotypes

in these mice. These studies show that interventions with
high doses of ROL increase the total retinoid content
found within ocular tissues, despite lacking a vitamin A
membrane receptor to access circulatory RBP4-ROL due
to its lack of functional STRAG6. This is a result that was
also reflected in Rbpr2~~ mice where a VAS diet is able to
supplement systemic retinol/RE levels despite the disrup-
tion of vitamin A homeostasis through loss of RBPR2.%%
As mentioned above, the retinoid delivery system in mam-
malian organisms exhibits plasticity in redundancy, where
chylomicron transport of RE originating from the diet can
act as a possible alternate pathway for delivering retinoids
to systemic tissues (Figure 9)."

Our study has certain limitations, which could be ad-
dressed in the future by generating novel mouse models
and subjecting them to variable dietary vitamin A supple-
mentation. Our observation of higher apo-RBP4 protein
in the serum of Rbpr2~~ mice was an unexpected ob-
servation, which could be indicative of either enhanced
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Rbp4 transcription or reduced serum apo-RBP4 clearance.
Although published studies indicate that circulatory RBP4
is predominantly expressed in and secreted from the liver in
the physiological state, RBP4 is also expressed in significant
quantities in adipose tissue in mammals.*® Through gen-
eration of novel liver and adipose-specific Rbpr2 knockout
mice, we would be able to investigate the yet unanswered
questions implicated by this study. For example, the mech-
anism(s) behind the regulation of RBP4-ROL complex in
physiological conditions, the tissue-specific origins (liver,
adipose, or otherwise) of higher serum apo-RBP4 protein in
pathological conditions,****** and the tissue re-distribution
of unabsorbed ROL. We believe that these unanswered
questions necessitate the need for tissue-specific knockout
mouse models for RBPR2 and the need for further investi-
gations of the pathologies observed in this study. Therefore,
we are currently generating liver- and adipose-conditional
Rbpr2_/ ~ mice. Second, ocular VA-deficiency (VAD) is a
known cause of reversible night blindness in humans, and
is attributed to decreased chromophore concentrations af-
fecting rod and cone photoreceptor cell function, 345464748
However, solely, chromophore-deficient mouse mutants do
not necessarily exhibit the photoreceptor OS degenerative
phenotype of VAD eyes.***” Conversely, prolonged nutri-
tional VAD is associated with irreversible photoreceptor
cell degeneration, the mechanisms of which remain un-
known.**® Seminal work by Dowling and Wald showed
that long-term VAD in rats affect rhodopsin concentrations
and eventually results in a 50% reduction in size of pho-
toreceptor outer segment length.”>* These ocular defects,
which eventually progress to photoreceptor OS degenera-
tion, can be rescued by the injection of all-trans-retinol.™
Surprisingly, how the eyes adapt to changes in dietary vita-
min A status and the molecular events associated with pho-
toreceptor OS degeneration in severe dietary VA-deficiency
conditions are still unknown. Thus, the Rbpr2_/ ~ mouse
model could likely serve in the future to answer these out-
standing questions.

Given that RBPR2 is hypothesized to function as a
regulator of whole-body vitamin A homeostasis and that
RbprZ_/ ~ mice display similar ocular phenotypes as other
mouse models with disrupted chromophore generation,
our study indicates that the vitamin A receptor, RBPR2, is
an important facilitator of whole-body retinoid homeosta-
sis in the support of visual function, under variable condi-
tions of dietary vitamin A intake.
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