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ABSTRACT. We reported previously that mice lacking plasma retinol-binding protein (RBP) are phenotypi-
cally normal except that they display impaired vision at the time of weaning. This visual defect is associated
with greatly diminished eyecup levels of retinaldehyde and is reversible if the mutants are maintained for
several months on a vitamin A-sufficient diet. Here we provide a biochemical basis for the visual phenotype
of RBP-deficient mice. This phenotype does not result from inadequate milk total retinol levels since
these are not different for RBP-deficient and wild-type mice. The eye, unlike all other tissues that have
been examined, takes up dietary retinol very poorly. Moreover, compared to other tissues, the eye displays
a strong preference for retinol uptake when retinol is delivered bound to RBP. The poor uptake of dietary
retinol by the eye coupled with its marked ability to take up retinol from RBP, we propose, provides a
basis for the impaired vision observed in weanling RBP-deficient mice. Further study of the mutants
suggests that the impaired vision is reversible because the eyes of mutant mice slowly acquire sufficient
retinol from the low levels of retinol present in their circulation either bound to albumin or present in
lipoprotein fractions. Thus, the eye is unlike other tissues in the body in that it shows a very marked
preference for acquiring retinol needed to support vision from the retiRBIP complex and is unable to

meet adequately its retinol need through uptake of recently absorbed dietary retinol. This provides an
explanation for the impaired vision phenotype of RBP-deficient mice.

Higher organisms need retinoids (vitamin A and its dehyde serves as the chromophore for the visual pigment
analogues) to maintain many essential physiologic processesthodopsin 2).
including normal reproduction, normal immunity, normal All retinoids present within the body must be acquired
growth and cellular differentiation, and normal vision from the diet ¢, 8). Following consumption of a vitamin
(1—4). With the exception of vision, the actions of retinoids A-rich meal, along with other dietary lipids, dietary retinoids
are mediated by the alfans and 9<¢is isomers of retinoic ~ (as retinyl esters) are packaged in chylomicrons. The
acid 3—5). These two retinoic acid isomers serve as ligands chylomicrons undergo metabolism within the circulation and
for the retinoic acid receptor (RAR)and the retinoid X are converted to relatively triglyceride-poor chylomicron
receptor (RXR) families of nuclear receptors, respectively remnants through the action of lipoprotein lipase (LPR)) (
(3—5). The three distinct RARs and three distinct RXRs are The majority of chylomicron remnant retinyl ester is cleared
members of the steroid/thyroid/retinoid superfamily of by the liver where the preponderance of the body’s retinoid

ligand-dependent transcription factoi®—6). Through in- is stored in hepatic stellate cellg ). However, it has long
teractions with RARs and RXRs, dlans and 9e¢is-reti- been established that approximately-33% of postprandial
noic acid have been proposed to influence expression ofretinoid is normally taken up by extrahepatic tissu8).(
hundreds of distinct gene8-6). In vision, 11l¢is-retinal- To meet the body’s need for retinoids, the liver secretes

retinol bound to plasma retinol-binding protein (RBRL(
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when RBP’~ mice are maintained from the time of weaning scintillation vials and evaporated in a fume hood. The
on a control chow diet, they acquire normal vision by the retinoid-containing lipid film remaining after evaporation of
time they reach 45 months of agel6). However, if these  the chloroform was dissolved in 20 mL of Hydroflor liquid
mice are maintained on a vitamin A-deficient diet from the scintillation counting solution. ThéH counts per minute
time of weaning, they fail to acquire normal vision. On the present in plasma and tissues samples was measured in a
basis of these data, we proposed that the essential physiologi@eckman LS 1800 liquid scintillation counter. In a separate
function of RBP is to allow for the mobilization of retinol  experiment, the contributions ofH]retinol and fH]retinyl

from hepatic stores, thus rendering the organism free of theesters to the total amount ¢H]retinol present in the plasma
obligate need to acquire vitamin A regularly from the diet were determined. For this purpose, plasma samples were
(16). We further proposed that RBf mice are phenotypi-  extracted as previously described8). Briefly, internal
cally normal because their tissues are able to meet thestandard altrans9-(4-methoxy-2,3,6-trimethylphenyl)-3,7-
essential need for retinoids from recently ingested dietary dimethyl-2,4,6,8-nonatetraen-1-ol (TMMP-ROH) (obtained
vitamin A present in chylomicrons or chylomicron remnants as a gift from C. Eckhoff, Hofmann-LaRoche, Inc., Nutley,
(16). However, this explanation for why the RBP mice NJ) was added to each of the plasma samples. An equal
are phenotypically normal does not provide a basis for volume of ethanol was added to the plasma to precipitate
understanding the impaired vision phenotype of the RBP  proteins, and the retinoids present in the mixture were
mice at the time of weaning or why this phenotype is subsequently extracted with 3 volumes of hexane. The
reversible. The studies presented here provide a biochemicahexane extracts were back-washed in 0.5 mL of water once
basis for understanding the impaired vision phenotype of and subsequently evaporated under a gentle stream of

RBP-deficient mice. nitrogen. The lipid film was reconstituted in 110 of
hexane and injected onto a normal phase high-performance
EXPERIMENTAL PROCEDURES liquid chromatography (HPLC) column connected in-line to

both a Waters 996 photodiode array UV absorbance detector
(PDA) and an in-line Berthold 506 radiation detector (EG&G
Berthold, North Potomac, MD) for simultaneous analysis of
retinoid mass anéH counts per minutel@). After analyses

of the eluting retinoids by the PDA, samples were automati-
cally mixed with scintillation fluid and assayed by the in-
line radiation detector. Radiation profiles detected by the in-

Materials. [11,12°H]Retinol (49.3 Ci/mmol) was pur-
chased from Perkin-Elmer Life Sciences (Boston, MA). Rat
albumin (fatty acid-free) and bovine serum albumin were
obtained from Sigma Chemical Co. (St. Louis, MO). HPLC
grade hexane, chloroform, methanol, methylene chloride, and
benzene were purchased from Fisher Scientific Co. Hydroflor

quuid sci_ntillation cocktail was purchased from National line radiation detector were superimposed with profiles

D'a‘%'”os“cs (Atlanta_, GA). _ i generated by the PDA to allow for estimation éfiJretinyl
Mice. For our studies, we used mice lacking plasma RBP ester and 3H]retinol concentrations in plasma from the

(RBP) and wild-type mice (RBP™") from the same mixed ifferent strains of mice.

genetic background (C57BL/6X 129 mice) (Jackson Lipoprotein Isolation and Determination of the Retinyl

Laboratories, Bar Harbor, ME). The generation and charac- ggier Concentration in the Different Lipoprotein Fractions

teristics of the RBP™ mice have been described by Quadro pregent in Mouse Plasmao assess the concentrations of

etal. (6 17). All mice used in our studies were maintained  etingjds in plasma lipoprotein fractions, male RBPand

in a specific virus- and pathogen-free “barrier” facility prior - Rpp-- mice received an oral bolus oH]retinol (3 x 10°

to use in the studies. The animals were allowed ad libitum cpm/100uL) in peanut oil and were than fasted overnight.
access to water and a standard rodent chow diet (Purinap|gsma samples from RBP and RBP’~ mice were

Products, Richmond, VA) except where indicated. The room ¢qiected 20 h after administration of theH[retinol dose

housing the mice was maintained on a standard 12 h light 5, subsequently pooled. Lipoprotein fractions (VLDL, LDL,
and dark cycle. HDL, and 1.21 bottom fraction) were obtained by sequential
Plasma Clearance and Uptake ofH]Retinoid into  centrifugation of the plasma pools following addition of solid

Tissues.Three-month-old male RBP" and RBP'~ mice  KBr in a TL-100 centrifuge (Beckman) according to a
received an oral bolus offff]retinol (10> cpm/100uL) in literature procedure20). An aliquot of each lipoprotein
peanut oil via gavage. Animals were sacrificed 1, 2, 4, and fraction was analyzed directly for tot#H counts per minute
10 h after the gavage and blood and tissues collected. Plasmé&evels using a Beckman LS 1800 LSC counter. The remain-
samples were obtained after spinning the blood that had beenjer of each fraction was extracted into hexane, as described
collected into a tube containing EDTA, at 14@0@issected  above, for determination of retinol and retinyl ester concen-
tissues were immediately placed in liquid nitrogen and stored trations, using retinyl acetate as the internal standatjl (
at —70 °C until they were analyzed. After reconstitution in benzene, samples were analyzed by
[3H]Retinoid Lesels in Plasma and Tissuebo assess’H]- reverse phase HPLC. The HPLC mobile phase consisted of
retinoid concentrations in total plasma, 0 of each plasma  acetonitrile, methylene chloride, and methanol (70:15:15,
sample was transferred to a scintillation vial and dissolved v/v). The instruments used for the HPLC analysis consisted
in 10 mL of Hydroflor liquid scintillation counting solution.  of a Waters 510 HPLC pump (Waters Associates, Milford,
To analyze tissue levels ofH]retinoids, tissues were MA) operating at a flow rate of 1.8 mL/min, an Ultrasphere
weighed, homogenized in 3 volumes of phosphate-buffered C18 column (5um, 4.6 mmx 25 cm) (Beckman Instru-
saline (PBS) using a Polytron homogenizer (Brinkman ments), and a Waters 996 photodiode array detector. Retinol
Instruments, Westbury, NY), and extracted with a chloroform/ and retinyl esters were monitored at 325 nm and quantified
methanol mixture (2:1, v/v). After centrifugation at Spfr using standard curves relating known mass ratios of retinol
10 min, the lower chloroform phase was transferred to or retinyl esters to that of internal standard retinyl acetate.
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Expression and Purification of Recombinant Mouse RBP. injected into the right jugular vein of RBP and RBP/~
To obtain recombinant mouse RBP protein, a cDNA encod- mice (1¢ cpm/50uL). Retro-orbital blood samples were
ing mature mouse RBP (lacking the RBP signal peptide) was taken 90 s after the injection, anH]retinoid concentrations
expressed ifcscherichia colusing the PetVector expression present in plasma at this time point were taken to represent
system (Novagen, Madison, WI). A mouse RBP cDNA for each mouse its total dose. To follow the turnover of the
containing the RBP precursor sequence was obtained from[*H]retinol—albumin complex, additional blood samples were
Research Genetics (Huntsville, AL) and amplified by PCR obtained 1, 3, ath 5 h after injection. The mice were
to obtain a cDNA lacking the 17 amino acids of the RBP sacrificad 5 h after injection, and tissues were dissected and
signal peptide. This product was subcloned into the pET13A immediately placed in liquid nitrogen. Plasma and tissue
vector (Novagen) at theicd andBglll restriction sites. The  levels of PH]retinoids were measured as described above.
expression plasmid was sequenced in both directions by the Adenairus Transfections with Receptor-Related Protein
Columbia University Comprehensive Cancer Center Core (RAP). Recombinant adenovirus RAP was provided as a
DNA Sequencing Facility to ensure that no mutations were generous gift from J. Herz (University of Texas, Dallas, TX)
present. BI21(23) competent cells containing the mRBP plas- (25, 26). The recombinant adenovirus was propagated and
mid were grown to an OD of approximately 0.6, and protein titrated on an Ad5 E1-transformed human embryonic kidney
expression was induced with IPTG (final concentration of cell line as described previousl®?). For the large-scale
0.4 mM) for 3 h at 30°C. TheE. coli cells expressing the  production of recombinant adenovirus stocks, 10 flasks (175
mature mouse RBP were harvested, and the recombinantn?) of nearly confluent 911 monolayers were infected with
RBP was purified using a procedure similar to that described adenovirus at a multiplicity of infection of-510 per cell.
previously for recombinant human RBP frai coli (22). After 48—60 h, the nearly completely detached cells were
Briefly, recombinant mouse RBP was solubilized frd&n harvested and collected in 1 mL of a PBS/1% horse serum
coli inclusion bodies of aggregated RBP using 5.0 M guani- mixture. Virus was released from the producer cells by three
dinium chloride containing 10 mM dithiothreitol. Refolding  rounds of freezing and thawing and centrifugation. The CsCI
of the RBP was carried out in the presence of 1 mM all- was removed from the isolated virus by extensive dialysis
transretinol by diluting the denatured and reduced RBP into against 25 mM Tris, 137 mM NaCl, 5 mM KCI, 0.73 mM
a redox refolding buffer consisting of 3 mM cysteine and NaPQ,, 0.9 mM CaCJ, and 0.5 mM Mgd{ (pH 7.45). Virus
0.3 mM cystine at #C. The solubilized and refolded RBP  stocks were routinely stored in 0.2% mouse serum albumin
was purified to homogeneity by ion exchange chromatog- and 10% glycerol, flash-frozen in aliquots in liquic,Nind
raphy on a 2.5 cmx 40 cm DEAE-cellulose column and  stored at—80 °C. The titers of the stocks varied from 1 to
gel filtration throudn a 1 cmx 40 cm Bio-Gel P-100 column. 5 x 10% plaque forming units/mL. For in vivo adenovirus

The recombinant mouse RBP was incubated with]{ transfection, on day zeros 10° plaque forming units diluted
retinol overnight at 4°C to obtain the JH]retinol-RBP in PBS to 20QuL was injected into the tail veins of the mice.
complex. Unbound®H]retinol was removed with dextran-  Blood samples were drawn from the tails of fasted mice 2,
activated charcoal2@). On the basis of the absorbance 3, and 5 days after virus infection to assess for RAP
spectrum and the ratio of absorbance at 280 to 325 nm, weproduction and plasma triglyceride levels.
estimate that the recombinant RBP protein was approximately Protocol for Dam Milk Collection and Milk Total Retinol

80% saturated with3H]retinol with a specific activity of
6.67 x 10* 3H cpmj«g of protein.

Clearance and Tissue Uptake of the Circulating Recom-
binant Mouse {H]Retinol-RBP Complex-or these turnover
studies, 7.54g of recombinant mouse RBP (an amount of

Analysis. Female RBP'~ and RBP’* mice were mated
housing two females with one male. Mice were provided a
commercial breeder chow diet containing 28 1U of retinol/g
of diet prior to and during pregnancy and lactation. For milk
collection, a dam was separated from her pups approximately

RBP that would be expected to be present in the circulations 1 h before milk collection commenced but during this period

of wild-type mice) binding fH]retinol (0.5 x 10f *H cpm/
7.5ug of RBP in 50uL of PBS) was injected into the right
jugular vein of 3-month-old male RBP and RBP'~ mice.

Retro-orbital blood samples were taken 90 s after injection,

and PH]retinoid levels in plasma at this time point were taken

was allowed free access to the breeder chow and water ad
libitum. The pups were kept warm either by placing them
under a lamp or with another nursing female in the same
cage.

To collect milk, each mouse was weighed and then

to represent for each mouse the total injected dose. To followanesthetized via ip injection with a cocktail (1:1, v/v) of

the turnover of the recombinarit{Jretinol—RBP complex,
blood samples were subsequently obtained 1, @ 5amafter

xylazine (100 mg/mL) and ketamine HCI (100 mg/mL) given
at a dose of 10@L/30 g of body weight. Approximately 10

injection. Five hours after injection, the mice were sacrificed, min after the anesthetic was administered, a dose of oxytocin
blood was collected, and tissues were excised and im-(10 units/mL; Pitocin, Parkedale Pharmaceuticals Inc.,
mediately placed in liquid nitrogen. An aliquot of the plasma Rochester, Ml) diluted 1:4 in PBS was injected into the tail
was measured for totatHi]retinoid levels by liquid scintil- vein (0.25 unit of oxytocin/mouse). Milk was collected using
lation counting as described above. Tissues were extractedmild suction generated by a small pump approximately 5
and analyzed for totaPH]retinoid as described above. A min after the oxytocin injection. For this purpose, a standard
sensitive and specific radioimmunoassay was used to deter200uL pipet tip was placed over the nipple and the tip was
mine the recombinant RBP concentration present at each timeconnected by a small tube to two inverted 1Qd0 pipet
point in the serum of RBP~ mice (24). tips which had holes drilled into them to allow us to control
Clearance of the JH]Retinol-Albumin Complex[3H]- the intensity of suction from the vacuum pump. The collected
Retinol (49.3 Ci/mmol) was bound to essentially fatty acid milk was then rinsed from the tip into 1.5 mL microcentri-
free rat serum albumin [0.1% (w/v) in PBS] (Sigma) and fuge tubes containing 184 of 0.005 M EDTA. On average,
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Table 1: Total Retinol Levels in Milk from Lactating Wild-Type differences exist in how the eye takes up postprandial retinol
and RBP-Deficient Mice versus other tissues and whether this might provide a basis
for explaining the vision phenotype of weanling RBP

-~
(iys post partum T00% EiiM @ GSiF;B;M 3 mice. To addre'ss this question, we follqwed the plasma
510 15‘_]#M' 16.2121.7;4M ®) clearance and tissue _uptake of tﬁbl][etlr_mld 1, 2,4, and
11-15 9.7uM 14.3+ 0.3uM (3) 10 h after administration of the dose. Figure 1 sho%4-
>15 12.5+ 4.4uM (3) 9.9+ 5.2uM (5) retinoid levels in plasma, liver, eyecups, and skeletal muscle
mean 11.6E5.1uM 11.0+6.4uM for the two mouse strains at the four different times after

aMice were maintained ad libitum on a standard chow diet gavage. As seen in Figure 1A, the plasma clearance curves
throughout the course of the study. Only retinyl esters (retinyl plamitate, for the PH]retinol dose for the two mouse strains are identical
stearate, oleate, linoleate, and myristate) were detected for all of the ¢ and 2 h after administration of the dose, but the plasma
milk samples that were examined. Milk total retinol levels are given . e
as individual values for milk samples collected during the indicated C!€arance curves diverge markedly after this time. Although
post partum period. The values in parentheses are the number ofplasma®H counts per minute levels for RBP mice remain
independent measures of milk total retinol levels carried out for each fairly constant after 1 h, in RBP" mice they continue to
mouse strain during the different post partum periods. rise for 4 h. We suspected that this difference might reflect
) ) the uptake of chylomicron®H]retinoid by the livers of
approximately 1520 4L of milk was collected over a 5 RBp*+ mice followed by resecretion of some of the retinoid
min period. Milk was immediately placed on ice and covered zg BH]retinol bound to RBP. Consequently, we analyZét|{
with foil to protect it from exposure to light. Subsequently, retinol levels by HPLC in the circulations of RBP and
the milk sample was stored at80 °C until it could be  RBp*+ mice at three different times after dose administra-
assayed for total retinol and triglyceride contents. For retinol tjon. As can be seen in Table 2 h after dose administration
and retinyl ester analysis, total lipids were extracted by the yery Jittle [*H]retinol is present in the circulations of either
method of Folch et al AB). After the lipid-containing CHG RBP"+ or RBP”~ mice. However, &4 h approximately 23%
phase was evaporated to dryness undgrtie lipids were  of the 3H counts per minute present in the circulations of
redissolved in hexane and backwashed against 1.5 mL ofRgp++ mice is present asHi]retinol, but only PH]retinyl
H20. The hexane phase was then evaporated to dryness, andster is found in the circulations of RBP mice. Thus, these
the resulting lipid extract was taken for analysis by reverse gata provide strong support for the suggestion that the
phase HPLC according to the procedures described abovergp++ mice are secreting newly absorbédJretinol bound
for determining the total retinol contents of lipoprotein o RBP back into the circulation.
fractions. A 1uL aliquot of the milk was mixed with 1@L The liver uptake curves for the treated mice (Figure 1B)
of PBS and stored at-80 °C for triglyceride analysis.  giso provide support for this same conclusion. Uptakeétf [
Triglycerides were analyzed using a kit (Sigma catalog retinoid is identical for the two mouse strairl h after
number 344, Sigma Chemical Co.) according to the manu- ggministration of the dose. For RBP mice, hepaticH
facturer’s instructions. counts per minute levels reach a petik & and then decline.
However, for RBP/~ mice that lack hepatic RBP, livéH
RESULTS : ) ;
counts per minute levels continue to rise through 2, 4, and
RBP~ mice display impaired vision at the time of 10 h. This difference in the hepatic accumulatiostétounts
weaning (at 19-21 days of age) but acquire normal vision per minute can be most easily explainedfi]retinol is being
within several months if they are maintained on a vitamin secreted bound to RBP from the livers of RBPbut not
A-sufficient chow diet 16). In characterizing the impaired RBP~/~ mice.
vision phenotype of RBP~ mice, we reported that the Strikingly, the PH]retinoid uptake curves for eyecups of
phenotype is associated with eyecup retinal levels that areRBP~~ mice are very different from those of RBP mice
significantly lower in weanling RBP~ mice than in wean-  (Figure 1C). One and two hours after administration of the
ling RBP™* mice [10.74+ 6.4 vs 57.3+ 9.9 ng/pair eyecups  bolus dose of 3H]retinol, very few3H counts per minute
(mean+ standard deviation)]16). Consequently, we first ~ are taken up by eyecups for either of the two strains.
asked whether this difference and the visual phenotype mightHowever, starting at 2 h, corresponding to when the livers
arise because the levels of total retinol present in milk of of RBP** mice begin to secretéHl]retinol bound to RBP,
RBP~'~ dams are significantly lower than those in milk from these uptake curves begin to markedly differ. Rates of uptake
RBP™* dams. Milk total retinol levels for lactating RBP of [®H]retinoid by the eyecups of RBP" mice remain very
and RBP’* mice are given in Table 1. Although there is low 4 and 10 h after dose administration, whereas rates of
some variability in total retinol concentrations in milk, the uptake of®H counts per minute by eyecups from RBP
levels present in milk from RBP~ and RBP’* mice are mice markedly increase between 2lahh and again between
not significantly different throughout the entire weaning 4 and 10 h. These data support the hypothesis that eyecups
period. No difference in the triglyceride content of the milk of RBP™* mice are avidly taking up®H]retinol from RBP
was observed for RBP" and RBP/~ mice. Thus, these data  present in the circulation. For all other tissues that have been
provide no evidence that differences in milk total retinol examined, including lung, skeletal muscle, heart, spleen,
concentrations account for the more than 5-fold difference testis, and brain, the tissug]retinoid uptake curves were
in eyecup retinal concentrations observed for RBRand essentially identical for each of the two strains of mice. This
RBP™* mice and for the associated impaired vision pheno- is evidenced for skeletal muscle in Figure 1D.
type of the mutant mice at the time of weaning. Since our data indicated that the eye takes up very little
Since low milk total retinol levels for RBP-deficient mice  postprandial or chylomicron3H]retinoid, we wondered
do not account for this phenotype, we asked whether whether uptake by the eye could be influenced by increasing
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FicUrRE 1: Comparison of plasma (A), liver (B), eye (C), and skeletal muscle B)rétinoid levels 1, 2, 4, and 10 h after administration

of a bolus dose of3H]retinol given by gavage in 0.1 mL of peanut oil to RBP (®) and RBP/~ (O) mice. At each time, the values for

each strain represent the mearstandard deviation obtained for six mice. The data reported here reflect one representative experiment that
was repeated three independent times giving the same results. Asterisks dgnote<d®.05; levels in RBP'* mice are significantly
different from those of RBP~ mice.

Table 2: Relative Distribution of Retinol and Retinyl Ester in circulation (Figure 2_A)' RA'_D e.XpreSSion did n.OI alter the
Plasma at Different Times after Administration of an Oral Dose of ~ Uptake of postprandiaPifi]retinoid by the eye (Figure 2B).

[*H]Retinol to Wild-Type and RBP-Deficient Mice The studies reported in Figure 1 strongly suggest that the
time (h) n RBP** RBP/~ eye has a marked preference for acquiring retinol from RBP.
2 4 98.7+ 2.8% 100% Consequently, we directly investigated this possibility. For
4 4 76.9+ 19% 100% this purpose, homogeneously purified mouse holo-RBP
10 4 0% 0% labeled with fH]retinol (Figure 3) was injected intravenously
aValues represent the percentage of the tétaJrgtinol (retinol and into RBP~ and RBP’* mice and the uptake ofHi]retinol
retinyl ester) present in the circulation dslJretinyl ester and are given by tissues was followed ove 5 htime interval. Figure 4
as meanst standard deviation. shows the plasma clearance curves for injectefrgtinol

bound to RBP for RBP~ and RBP’" mice. As seen in
the half-life of chylomicron JH]retinoid in the circulation Figure 4A, there are no differences in the rates’dfetinol
through overexpression of receptor-related protein (RAP) in clearance from the circulations of the two strains. One hour
the liver. RAP expression interferes with chylomicron uptake after the injection, 50% of the initial dose has been eliminated
by tissues §, 25—27). To establish if we could increase the from the plasma of both RBP- and RBP'* mice. This rate
rate of eye uptake of chylomicron retinoid by increasing the of clearance is very similar to that we observed when we
half-life of chylomicrons in the circulation, we infected intravenously injected a dose of purified human RBP that
RBP~~ and RBP’" mice with an adenovirus construct that had been purified from serum into wild-type and transthyre-
brings about overexpession of RAP in mouse liveé tin-deficient mice 29). Since RBP/~ mice lack any endog-
28). Since RAP is a protein that binds to members of the enous RBP, it was possible with a radioimmunoassay to
LDL receptor superfamily, including the LDL receptor- measure the rate of plasma clearance of RBP from the
related protein (LRP) and the VLDL receptor, it blocks circulations of the RBP~ mice. As seen in Figure 4B, the
receptor-mediated uptake of chylomicron remnants by the plasma clearance curves foiH|retinol and recombinant
liver and other tissue26—27). Although RAP expression  mouse RBP are fully overlapping in RBP mice. This may
slowed the clearance of chylomicrofH]retinoid from the suggest that retinol and RBP are being cleared from the
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FiIGURE 2: Effect of RAP expression on the clearance #f]f
retinoid given as an oral dose ofH]retinol in peanut oil. (A)
Plasma clearance curves féH]|retinoid from mice infected with
an adenovirus construct bringing about RAP expres®#9mof with
an empty adenovirus constru@); (B) Uptake of PH]retinoid by
RBP'* mice expressing®) or not expressingd®) RAP and by
RBP~/~ mice expressingX) or not expressing¥) RAP. The error
bars indicate one standard deviation.

Ficure 3: Coomassie-stained SB®AGE of purified recombinant
mouse RBP. Lanes 1 and 2 were loaded withu@bof purified
recombinant mouse RBP. The lane marked MW shows the
migration of molecular weight standards whose mass is given in
kilodaltons by the numbers on the right of the lane.

circulation as the retinetRBP complex. The tissue distribu-
tion of [*H]retind 5 h after its intravenous injection as the

Biochemistry, Vol. 41, No. 51, 20025365

retino—RBP complex into RBP~ and RBP’T mice is
shown in Figure 5. When these data are normalized for tissue
weight, aside from the kidneys, the eye takes up the largest
amount of fH]retinol of any tissue that has been examined,
exceeding some tissues by 9-fold (heart) to 26-fold (skeletal
muscle) (Figure 5). Interestingly, we observed a small but
statistically significant differencep(< 0.05) between the two
strains with regard to the total amount #fi counts per
minute taken up by the liver and eyecups. On average, the
livers and eyecups of RBP" mice took up more of théH
counts per minute than these tissues from RBRice. One
explanation for these small but real differences may be that
the lower rate of uptake ofifi]retinol by these two tissues

in RBP~~ mice could arise through competition between
the liver and eye and other tissues that have never previously
seen the JH]retinol-RBP complex. The amount ofH]-
retinol taken up by other tissues was not statistically different
for RBP~~ and RBP/* mice.

Since RBP/~ mice do eventually acquire normal vision
when maintained on a chow diet and since this is ac-
companied by increases in eyecup retinaldehyde and retinol
levels (16), we wondered how, aside from some postprandial
uptake, the eye acquires retinol in the absence of RBP. We
previously reported that the low concentrations of retinol
present in the circulations of RBP mice are associated
with a protein with a weight of approximately 70 000, a
weight similar to that of albumin, a protein that binds retinol
in vitro (16). Hence, we explored whethéH]retinol bound
to albumin might specifically be directed to or taken up by
the eyes of RBP~ mice. However, as seen in Figure 6, the
eyes of both RBP~ and RBP’" mice accumulate’fH]retinol
poorly from intravenously injectedti]retinol bound to fatty
acid free rat serum albumin. Thus, relative to other tissues,
retinol bound to albumin is not selectively taken up by the
eye.

In earlier studies of transthyretin-deficient mi@9), we
demonstrated that retinyl esters are present in VLDL, LDL,
and HDL in the fasting circulations of both wild-type and
transthyretin-deficient mice. Although the levels of retinyl
esters present in VLDL, LDL, and HDL are relatively low
compared to the amount of the retindBP complex present
in the circulations of wild-type mice, such retinyl ester con-
centrations could be significant and physiologically important
to RBP7~ mice. Thus, we measured retinyl ester levels for
pools of plasma collected from fasting RBPand RBP'*
mice (Table 3). The levels given in Table 3 are very similar
to those reported for other fasting mic29)(. On the basis
of these and previous measures, there appears to be no
upregulation in the retinyl ester content of lipoproteins
present in the circulations of RBP mice.

DISCUSSION

One possible explanation that could explain the vision
phenotype observed in RBP deficiency is that milk total
retinol levels may be greatly diminished in RBPmice. If
this were the case, RBP mice would acquire very little
retinol during the weaning period, and this could account
for the low retinal and retinol levels observed in eyecups of
weanling RBP/~ mice and for the impaired vision of the
mutants. Our data, however, indicate that this is not the case.
Mean milk total retinol levels were not different for RBP
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FicuRe 4: Clearance of the¥H]retinol—-RBP complex from the circulation. (A) Plasma clearanceéldiietinol in RBP"* (@) and RBP/~

(©) mice. Circulating levels measured 90 s after dose injection into the jugular vein were taken to be the initial plasma levels. (B) Comparison
of the rate of plasma clearance 8Hjretinol (®) and recombinant mouse RBR)Yin RBP~/~ mice. The error bars indicate one standard
deviation.
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FiGurRe 5: Bar graph of the levels oPffijretinoid in tissues in  Postprandial retinol, compared to that in other tissues, that

RBPH+ (black bars) and RBP~ (gray bars) mie 5 h after injection is the biochemical lesion that underlies the impaired vision

of the recombinantH]retinol—RBP complex into the jugular vein  phenotype of these mutant mice.
of RBP** and RBP’/~ mice. Tissue levels are expressed both as | RBP~/~ mice are maintained on a vitamin A-sufficient

3H counts per minute per total tissue (A) and 3k counts per : : .
minute per gram of tissue (B). Measis standard deviations for chow diet, the eyes and other peripheral tissues have several

four mice from each strain are shown (asterisks denopecd potential RBP-independent sources for acquiring retinol:
<0.05). postprandially as retinyl ester bound to chylomicrons or their

remnants, as retinyl ester bound to VLDL, LDL, and/or HDL,
and RBP'™ mice (see Table 1). Our data rather indicate that or as retinol bound to albuminl6). Surprisingly, the
the eye, unlike other tissues in the body, takes up postprandialiterature regarding how the retinal pigment epithelium (RPE)
retinol very poorly. Because of this, the eye must rely and retina acquire lipids from VLDL, LDL, and HDL
primarily on retinol bound to RBP as its primary means for particles is relatively spars&@—32). It is not fully estab-
acquiring the retinoid needed for normal visual pigment lished how much of the cholesterol and triglyceride that is
formation. Our investigations support this conclusion and present in the RPE and retina is derived from lipoprotein
demonstrate that the eye avidly takes up retinol when it is sources. Our data suggest that the RPE and the retina take
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Table 3: Retinyl Ester Concentrations in Lipoprotein Fractions for
Fasted Wild-Type and RBP-Deficient Mite

[retinyl ester] M)

fraction RBP/* RBP /- RBP /-
VLDL 0.059 0.053 0.099
LDL 0.026 0.038 0.036
HDL 0.015 0.023 0.016
d > 1.21 bottom nél ncP nc

a Concentrations of retinyl esters were determined for pooled plasma
samples constructed by taking equal volumes of plasma from 10
3-month-old male mice of each strain. Retinol was present only in the
d = 1.21 g/mL fraction and not in the VLDL, LDL, and HDL fractions.
Two separate pools were prepared for RBP-deficient mice (from a total
of 20 mice). For routine measurement of retinyl ester concentrations
using this HPLC protocol, the within assay coefficient of variation is
5% and the between assay coefficient of variation is 78t detected.

up little if any chylomicron or chylomicron remnant lipid.
In addition, the low levels of retinol bound to albumin that
are present in the circulations of RBP mice receiving a
vitamin A-sufficient diet (6) do not seem to be specifically

Biochemistry, Vol. 41, No. 51, 20025367

contrast to those we made regarding the eye and vision.
Retinoid needs for maintaining normal vision are met
primarily through the delivery of retinol bound to RBP,
whereas retinoid needs for maintaining normal lactation are
met substantially and directly through recent dietary intake.
The significance of why two essential physiologic processes,
vision and lactation, should rely to such different degrees
on alternative pathways for retinol delivery is not obvious
at present.

In summary, we have demonstrated that the eye takes up
postprandial retinol very poorly compared to other tissues
in the body. Because tissues other than the eye are able to
obtain sufficient vitamin A to meet their needs from recently
ingested postprandial retinol, RBP mice maintained on a
vitamin A-sufficient diet are phenotypically normal except
for their vision. Because the eye takes up postprandial retinol
very poorly, RBP’~ mice show an impaired vision pheno-
type that normalizes as the eye slowly accumulates sufficient
retinoid to allow normal vision. This distinction between the

eye and the remainder of the tissues in the body, we suggest,

targeted to the eye. On the basis of these considerations, weaccounts for why RBP~ mice are phenotypically normal

believe that all three retinol sources probably play a
physiologically significant role in allowing the eye to slowly
accumulate sufficient retinoid to allow for normal vision, if
the mutants are maintained on a vitamin A-sufficient diet,
by 4—5 months of age.
The ability of the eyes of both RBP" and RBP’* mice

to take up fH]retinol from the circulation when it is present
as the fH]retinol-RBP complex is very striking. The rate
of uptake of fH]retinol by the eye, when normalized per
gram of tissue, markedly exceeds that of all of the other

tissues we examined except for the kidney. This raises the

question of what is special about the eye that provides it
with such great avidity for retinol delivered bound to RBP.

Cell surface receptors for RBP are reported to be present on

the basal surfaces of human and bovine RPE c8|I47%,
13, 33, 34). However, cell surface receptors for RBP have

been described for many cells and tissues throughout the

body @, 12, 13). There also is no agreement in the literature

regarding the existence of such RBP receptors since no
credible reports of the cloning of such a receptor have been

published 8, 13). Nevertheless, the simplest interpretation
of our observations would be to invoke the hypothesis that

RPE cells possess a specific mechanism that allows them to

recognize and take up retinol when it arrives bound to RBP.
It is interesting that milk total retinol levels for RBP

mice are essentially the same as those measured fot’'RBP
mice. The literature indicates that postprandial vitamin A is
an important source of the total retinol content of rat milk
(35—37) and that the amount of total retinol present in rat
milk can vary in response to the content of vitamin A in the
diet (35—37). Kinetic modeling studies of the incorporation
of retinyl ester into rat milk predicted, for a healthy rat
receiving a control vitamin A-sufficient, that approximately
50% of the total retinol present in the milk is derived from
the retino-RBP complex and the remainder is derived from
postprandial retinol35—37). It is clear from our studies in
RBP’~ mice that RBP is not required for incorporating
retinol (as retinyl ester) into milk. This suggests that the total
retinol present in RBP~ milk is derived directly from
recently ingested retinol. Viewed more globally, these
observations regarding milk retinol content are in sharp

except for impaired vision that is observed at the time of
weaning.
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