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The gene encoding cellular retinol (ROL, vitA)-binding
protein type | (CRBPI) has been inactivated. Mutant
mice fed a vitA-enriched diet are healthy and fertile.
They do not present any of the congenital abnormalities
related to retinoic acid (RA) deficiency, indicating that
CRBPI is not indispensable for RA synthesis. However,
CRBPI deficiency results in an ~50% reduction of
retinyl ester (RE) accumulation in hepatic stellate cells.
This reduction is due to a decreased synthesis and a
6-fold faster turnover, which are not related to changes
in the levels of RE metabolizing enzymes, but probably
reflect an impaired delivery of ROL to lecithin:retinol
acyltransferase. CRBPI-null mice fed a vitA-deficient
diet for 5 months fully exhaust their RE stores. Thus,
CRBPI is indispensable for efficient RE synthesis and
storage, and its absence results in a waste of ROL that
is asymptomatic in vitA-sufficient animals, but leads
to a severe syndrome of vitA deficiency in animals fed
a vitA-deficient diet.

Keywords binding protein/knock-out/post-natal vitamin
A deficiency syndromel/retinol/stellate cell

Introduction

Retinol (ROL), or vitamin A (vitA), is indispensable for

embryonic development, growth, vision and survival of
vertebrates (Blomhofét al, 1991). With the exception of

vision, retinoic acid (RA) has been shown to be the active
VitA derivative, whose pleiotropic effects are transduced
by two families of nuclear receptors, the RARs and the
RXRs (Chambon, 1996). In the cytoplasm, ROL and RA

© European Molecular Biology Organization

are bound to cellular retinol-binding proteins (CRBP type |
and IlI) and to cellular retinoic acid-binding proteins
(CRABP type | and Il), that are highly conserved in
mammals (Ong, 1994) and belong to a family of cytosolic
proteins binding small hydrophobic ligands (Newcomer,
1995). During development, CRBPI is specifically
expressed in several tissues including motor neurons,
spinal cord, lung, liver (Dolleet al,, 1990; Maderet al,
1990; Ruberteet al, 1991; Gustafsoret al, 1993) and
placenta (Johanssaet al., 1997; Sapinet al, 1997). In
adults, CRBPI is highly expressed in liver, kidney, lung
(Erikssonet al, 1984), brain (Zetterstro et al, 1994),
retinal pigment epithelium (de Leeuet al, 1990) and
genital tract (Kateet al,, 1985; Porteet al,, 1985; Wardlaw

et al, 1997). In contrast, CRBPII expression is restricted
to the yolk sac between embryonic day post-coitum
(E)10.5 and E15.5 (Sapiat al, 1997; our unpublished
data), the liver at the end of gestation and the small
intestine throughout life (Leviret al, 1987; Schaefer
et al, 1989).

Numerous studies vitro using purified proteins and/
or cell extracts have suggested that CRBPI and CRBPII
could play important roles in ROL metabolism, being
involved in esterification of ROL with long-chain fatty
acids (Onget al, 1988; Yostet al, 1988; Herr and Ong,
1992), oxidation of ROL to retinaldehyde (RAL; Ottonello
et al, 1993; Boerman and Napoli, 1996) and hydrolysis
of retinyl esters (RE) into ROL (Boerman and Napoli,
1991). However, the physiological functions of CRBPs
are unclear (Troeet al, 1996). To investigate the actual
role of CRBPI during mammalian development and post-
natal life, we have knocked out the CRBPI gene. Mutant
mice are healthy and fertile when fed a vitA-enriched
diet. However, CRBPI deficiency results in a marked
reduction of liver retinyl palmitate (RP, the main ester of
VitA) levels, due to a decreased synthesis from ROL and
a faster turnover rate. Accordingly, CRBPI-null mice
reared on a vitA-deficient (VAD) diet fully exhaust their
RE stores within 5 months, and develop abnormalities
characteristic of post-natal hypovitaminosis A (HVA).

Results

Disruption of the CRBPI gene

Mapping and sequencing of genomic clones revealed that
the mouse CRBPI gene organization is very similar to
that of its human homologue (data not shown; Nilsson
et al, 1988). The structure of the targeting vector in which
a neomycin (NEO) cassette was inserted into exon E2 is
depicted in Figure 1A. One out of 157 G418-resistant
clones (QK10) was shown to exhibit the Southern blot
pattern expected for a single homologous recombination
event (Figure 1B). It was injected into C57BL/6 blastocysts
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Fig. 1. Disruption of the CRBPI geneA( Schematic representation of the mouse CRBPI locus. Exons are represented as solid boxes and the
promoter as a broken arrow. Structures of the targeting vector and recombinant allele are shown. Primers for PCR genotyping are indicated by
arrowheads. Genomic fragments obtained ait@nH| digest are indicated for WT and recombinant (HR) alleles. Restriction siteBaBH];

C, Clal; E, EcaRl; X, Xbd; Xh, Xhd. (B) Genomic DNA from D3 and targeted ES cells (QK10) were analyzed witkex&rnal and neomycin

probes SA). Size is indicated in kbC} Southern blot BanHI digest, upper panel) and PCR analyses (lower panel) of DNA from offspring of a
CRBPI''~ intercross. D) Western blot analysis of 4Qg of cytosolic extracts from E13.5 WT+H/+), heterozygous+/-) and homozygous (—/-)

fetuses using a CRBPI-specific antiserum. Note the absence of CRBPI in mutant embryos. After stripping, the blot was reprobed with CRABPI and
CRABPII antisera.

to create chimeric mice, of which two males transmitted  From E8.5 to E18.5, the expression pattern of CRBPII
the mutation to their offspring (see Figure 1C). transcripts analyzed using situ hybridization was ident-
To check that CRBPI gene disruption was efficient, ical in WT and CRBPI-null embryos, fetuses and placentas
mRNA (data not shown) and protein expression were (data not shown; see Dollet al, 1990; Ruberteet al,
analyzed. Antibodies directed against CRBPI detected the1991; Sapiret al, 1997). At E18.5 and at birth, CRBPII
protein (~16 kDa) in extracts from E13.5 wild-type (WT) MRNA was co-expressed with CRBPI in liver (Figure 2D),
and heterozygous fetuses, but not in homozygous mutantsn Which the CRBPII protein was confined to hepatocytes
(Figure 1D), whereas CRABPI and CRABPII expression (Figure 2C), while the CRBPI protein was detected mainly
were not modified. We conclude that the present CRBPI in cells lining liver blood vessels (Figure 2A). The level

gene disruption is a null mutation. of CRBPII mRNA was 2-fold hlgher in CRBPI-null liver
than in WT liver (Figure 2D). The reason for this increase
CRBPI-null mice appear essentially normal is unclear. It might be due to a higher local production of

Heterozygous matings (= 35) yielded 24.8%r( = 72) RA, as (i) CRBPII expression is known to be inducible
of WT, 50% @ = 145) of heterozygous and 25.2% by RA _(NakShat“ and Chamb_on, 1994), and (II) the
(n = 73) of homozygous mice, which corresponds to the €XPression level of the RA-inducible RAR gene (Sucov
Mendelian ratio. Male and female mutant mice fed a vitA- ©t 3"’2 1990& V‘I’gsCaFLS;P'InC"?IaSQd mFt_he IlvezrDof rg:eF\{IVBch))IT
enriched diet grew normally, were fertile, healthy up to and 2-week-o -null mice (Figure 2D).
20 months of age and indistinguishable from WT litter- mlfl\llAtwas ?Igt detegtg)d in liver at an%/hothte_zrfetalkor pos:-
. , natal stage (Figure , nor in any other tissue known to
frgﬁ;[g(seé zej%!)sgfat\f;rigr(i“é?é%i\lguingye%q?f E?)wtame>_<press CRBPI (see Introduction; data not shown). Thus,
did not reveal any histological abnormality, and whole- with the possible exceptions of the yolk sac between

; E10.5 and E15.5 and of the liver during the neonatal
mount skeletal analysis of CRBPI-null newborns{ 20)  qring it is unlikely that the apparent dispensability
did not reveal any malformation. Thus, despite the specific o+ ~rgp| during development could correspond to a
expression pattern of CRBPI in embryonic and adult §,ntional redundancy with CRBPII.
tissues (see Introduction), mutant mice fed a vitA-enriched
diet did not show any abnormality, either during develop- Retinyl ester stores are decreased in liver of
ment or after birth. As this lack of obvious defects might CRBPI-null mice
reflect a functional compensation of CRBPI by CRBPIl, We analyzed ROL homeostasis in liver, which expresses
the expression of the latter was investigated. high levels of CRBPI and metabolizes and stores ROL.
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Fig. 2. CRBPII may compensate for the lack of CRBPI in the liver during the neonatal period. (A—C) Immunohistochemical localization of CRBPI
and CRBPII in WT (+/+) and CRBPI-null (—/-) liver at 1 day of ageAY CRBPI is expressed in sinusoid lining cells (arrowheads) and
hepatocytes, albeit at very different levelB) (Lack of immunostaining with anti-CRBPI antibody in the CRBPI-null liveZ) (CRBPII expression is
restricted to hepatocytes. The immunostaining pattern is identical in WT liver (not illustrated). C, capillaries (liver sinusoids); H, hepatocyte

HE, hematopoietic cells; V, venules. Arrowheads point to endothelial cells. Magnificatidf6. O) RNase protection assays using j&@ of total

RNA extracted from livers. A tRNA sample was used as background control. Note that signals obtained with the CRBPI probe in CRBPI-null
samples corresponded to backgrourig). Example of an HPLC analysis of retinoids extracted from adult mouse liver. Peaks 1-5 have retention
times corresponding to ROL (1), RAL (2), retinyl acetate (3, internal standard), retinyl palmitateH{R&nyl oleate (4) and retinyl stearate (RS;

5), respectively. Note that RP and retinyl oleate have identical retention times, but the latter is a minor RE component in liver. RP and RS
represented 90 and 10% of mouse liver RE, respectively. The RP/RS ratio was always the same in CRBPI-null and WH) IRBrsofcentrations

in livers of +/+ (white bars) and —/— (black bars) E16.5 and E18.5 fetuses, newborn (NB) and 2-week-old mice. An asterisk indicates a significant

difference with WT valuesR <0.05). NS, not statistically significant.

Table I. Accumulation of retinaldehydeuf/g of tissue) in liver,
kidney and lung of WT /+) and CRBPI-null (-/-) mice

CRBPI genotype

Tissue Age (weeks)  +/+ -

Liver 6 0.24+ 0.05 0.19+ 0.04

Lung 2 1.44+ 0.15 1.08+ 0.25
6 142+ 0.21 1.07= 0.2¢%

Kidney 2 0.98+ 0.13 0.71+ 0.07
6 0.46+ 0.04 0.26+ 0.02

Data {1g/g of tissue) shown represent meanSEM values for 10-15
samples per data point.
aSignificantly different from the WT valueP(<0.05).

Endogenous retinoids were quantified by HPLC
(Figure 2E). Oxidation of ROL did not appear to be
modified in adult CRBPI-null mice, as their hepatic RAL
concentration was not significantly different from that
of WT mice (Table 1). Retinyl palmitate (RP), which

found in the liver of CRBPI-null fetuses (E16.5 and
E18.5), indicating that mutants can take up and store VvitA.
However, RP levels were 3-fold lower than in WT fetuses
(P <0.05; Figure 2F). In contrast, at post-natal day 1 and
at 2 weeks of age, the content of RE in liver of suckling
mutants was not different from that of their WT littermates.
At these stages, similarly low levels of ROL were detected
in liver of WT and CRBPI-null mutants (data not shown).
From 4 weeks of age, the amount of liver RP (Figure 3A)
and ROL (not shown) were ~50% lower in CRBPI-null
mice than in WT animals. After weaning, a slight decrease
of RP accumulation was observed (Figure 3A, inset).
This probably reflects the nutritional modification from
maternal milk to diet pellets.

In mammals, ROL is stored as large cytoplasmic lipid
droplets composed of RE in hepatic stellate cells (HSC)
located within the interstitial space between hepatocytes
and endothelial cells (Wake, 1980; Blomheffal.,, 1991).
HSC contain high levels of CRBPI and enzymes esterifying
ROL (Blaneret al, 1985; Blomhoffet al, 1985). Light

represented 90% of RE (Figure 2E), was detected in liver microscopy showed that HSC of CRBPI-null mice con-
of E16.5 WT fetuses and its level increased in E18.5 tained less abundant and smaller lipid droplets than their
fetuses and suckling newborns (Figure 2F). RP was alsoWT counterparts (Figure 3B). However, the CRBPI-
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Fig. 3. Hepatic accumulation of retinyl palmitate and histology of stellate cei¥.Mean RP concentrations in liver of WH-(+, filled squares)

and CRBPI-null (—/-, open circles) mice from 2 to 30 weeks of age. Each point represent an average of 8-20 determinations, and vertical bars
indicate SEM. Asterisks indicate significant differences fremt values P <0.01). The inset represents an enlargement of the early post-natal

period. Note that RP and RS amounts were always 1.5-fold higher in females than in males (not SBp®ajnitthin sections of 8-week-old male

livers stained with toluidine blue. Arrows indicate lipid droplets which are more abundant and bigger in WT than in CRBPI-null hepatic stellate cells
(HSC). The bar represents 10n. (C) Electron microscopy showing that CRBPI-null HSC contained only one or a few small lipid droplets in their
cytoplasm. The bar representsqufn. D, Disse’s space; E, endothelium; L, lipid droplet; N, nucleus of the stellate cell; P, parenchymal cell; RC, red
blood cell.

.nu” HSC V\(e_re U|tras.trUCtu.ra|.|y r.]ormal (Figure 3C), and Table Il. Comparison of enzymatic activities in WH(+) and
immunostaining for vimentin indicated that HSC were as crgpi-null (--) adult livers
numerous in mutant as in WT liver (data not shown).

CRBPI genotype

Retinol homeostasis in liver of adult CRBPI-null

mice Enzyme activity (pmol/min/mg) +/+ —I—
Retinoid homeostasis in liver results from a dynamic
bal betw ¢ terification of ROL originat- “RAT 23+ 2 25+ 2
balance between storage (re-esterification of originat- Agat 11+01 12+ 01
ing from blood chylomicrons) and mobilization of stores areH 276= 20 255+ 15
(hydrolysis of RE in HSC). Esterification of ROL is nREH 121+ 6 105+ 6al
catalyzed by two enzymes, lecithin:retinol acyltransferase EROD 90+ 2 114> 8
PROD 65+ 3 71+ 3R

(LRAT) and acyl-CoA:retinol acyltransferase (ARAT).
Mobilization of ROL requires retinyl ester hydrolase gach value (pmolimin/mg) is the averageSEM of at least eight
(REH) activities classified into two classes, according to individual liver homogenates. Note that ARAT and LRAT activities
their dependency upon bile salts: (i) bile-salt-dependent Were 1.5-fold higher in females than in males (not shown).
neutral REH (NREH; Cooper and Olson, 1986; Harrison, “Significantly different from the WT value”(<0.05).
1993); and (ii) bile-salt-independent acidic activity (aREH,;
Mercier et al, 1994). LRAT, ARAT, nREH and aREH  20% co-eluted with ROL (HPLC data not shown). In
whole-liver activities were similar in WT and CRBPI-null  contrast in CRBPI-null liver, only 5% of the dose was
mutants (Table Il and data not shown). taken up after 6 h, of which 65 and 35% co-eluted with
We next analyzed vitA turnover. A single dose of RP and ROL, respectively. Two days later, tREJROL
tritiated ROL was given orally to WT and CRBPI-null present in the liver no longer reflects uptake and ester-
mice. Passage ofH]JROL through the gastrointestinal ification of ROL, but rather the turnover of RE stores
tract seemed normal in mutants, as the recovery of (Blomhoff et al, 1991). Their estimated half-lifet(,)
radioactivity in small intestine 6 h after dosing was similar was 60 days for WT and 10 days for CRBPI-null mice
in WT and CRBPI-null mice (data not shown). The amount (Figure 4A), thus indicating a 6-fold shorter turnover time
of tritium present in liver afte6 h reflects the uptake of of RE in mutant liver.
radiolabeled chylomicron remnants from blood, but also, We also investigated whether ROL might be degraded
and principally the esterification ofHi]ROL originating faster in the liver of CRBPI-null mutants. Enzymes of the
from them (Blomhoffet al, 1991). In WT liver, 10% of cytochrome P450 (CYP) system play an active role in the
the radioactive dose was taken up afieh (Figure 4A), oxidative degradation of retinoids (reviewed in Duester,
out of which 80% co-eluted with RP, while the remaining 1996). The mRNA level for CYP26 (Abu-Abedt al,
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Fig. 4. Turnover of PH]retinol. WT (+/+) and CRBPI-null (-/-) mice
are represented by filled squares and open circles, respectively. Each
point represents an average of eight observations, and vertical bars
indicate SEM. Asterisks indicate a significant difference fréih-

values P <0.01). A) The amount of tritium (d.p.m.) in whole liver is
plotted on a logarithmic scale against time. Regression lines,
calculated between days 2 and 20 afé]fetinol administration,

gave estimated tritium half-lifed,(,) of 60 days in+/+ and 10 days

in —/—. B) The amounts of tritium in blood and in whole kidney

(inset) are plotted on a logarithmic scale against time.

1998) was identical in liver of CRBPI-null and WT
mice (data not shown). However, CYP1A- and CYP2B-
mediated catabolism (estimated by analyzing EROD
and PROD activities in whole-liver homogenates) were
slightly, but significantly, increased in the liver of CRBPI-
null mutants (Table II). We therefore conclude that in the
liver of CRBPI-null mice (i) a lower amount of dietary
ROL could be taken up, (ii) a lower proportion of newly
incoming ROL is esterified as RP, (iii) RE stores have a
faster turnover time, and (iv) the degradation of ROL may
be slightly increased.

Retinol homeostasis in lung and kidney of

CRBPI-null mice

Although 90% of total body VitA is stored in liver, lungs,
which express high levels of CRBPI, also store VitA
(Shenai and Chytil, 1990). At E16.5, the lung RP content
was significantly lowerR <0.05) in CRBPI-null fetuses
(14.3 = 0.7 pg/g of tissue) than in WT (27.6 1.4 ug/g

Vitamin A homeostasis in CRBPI-null mice

CRBPI-null lungs (data not shown), whereas the RAL
level was significantly P <0.05) decreased by ~25% in
adult mutants (Table 1).

The kidney is also rich in CRBPI (Erikss@t al,, 1984)
and is known to play a role in ROL homeostasis (Peterson
et al, 1973). At all stages after birth, ROL and RP
contents were decreased by ~30% in kidney of CRBPI-
null mutants (data not shown). However, whole-kidney
esterifying activities were similar (LRAT: 2.8% 0.41
versus 2.13*+ 0.53 pmol/min/mg; ARAT: 1.02+ 0.83
versus 1.88* 0.82 pmol/min/mg) in WT and CRBPI-
null mutant mice, respectively. The level of RAL was
significantly @ <0.05) decreased by ~25% in adult
mutants compared with WT (Table I). Finally, both plasma
(0.35ug/ml) and urinary (0.Jug/ml) ROL concentrations
were normal.

We also measured ROL turnover in blood and kidney
(Figure 4B). In both cases, following a rapid decrease of
[BH]ROL during the first 24 h, a more gradual decline
was observed over a period of 20 days. The decay curves
for CRBPI-null mutants were similar to those of WT. The
observation that3H]JROL was more abundant in blood
and kidney of mutants might reflect a higher rate of
depletion from liver stores (see above). It therefore appears
that blood clearance and turnover of ROL in kidney are
similar in WT and CRBPI-null mice.

Dietary hypovitaminosis A results in a vitA

deficiency syndrome in CRBPI-null mice

As the turnover of ROL was faster in mutants, CRBPI
deficiency may result in a depletion of ROL stores under
conditions of dietary HVA. To investigate this possibility,
CRBPI-null and WT mice initially weighing ~16 g were
reared from weaning under a VAD diet. Food consumption
was not different between WT and mutants (data not
shown), and growth was initially used to monitor their
retinoid status. WT mice grew steadily during 23 weeks
on VAD diet, while CRBPI-null mice grew at a slower
rate from the 5th to the 12th week, and then stopped
growing during the next 11 weeks (Figure 5A). Every
3 weeks, three to five mice were killed and their liver RP
and serum ROL levels were determined. RP levels rapidly
decreased in CRBPI-null mutants during the first 14 weeks
to become undetectable (Figure 5B, open red circles). In
contrast, WT mice still had important RP liver stores,
even at 23 weeks (~120g/g of liver; Figure 5B, filled
red squares). RP half-life was estimated to be 14 days in
CRBPI-null mutants versus 84 days in WT. Thus in
agreement with RE turnover (Figure 4A), mutant mice
exhausted their liver RP stores six times faster than WT
littermates. For all mice, ROL serum levels remained
stable for 12 weeks (~0.35/ml of serum). When CRBPI-
null mutant RP stores dropped below [&/g of liver

(14 weeks), ROL serum levels decreased to reach
~0.05pug/ml at 23 weeks (Figure 5B, open blue circles).
In contrast, WT mice maintained a normal serum ROL

of tissue), but the RP/RS ratio was unchanged (75% RPlevel during the same period (Figure 5B, filled blue

and 25% RS, see legend to Figure 2E). Only low levels
of ROL were detected in fetal lungs, with a ~35%
decrease in CRBPI-null mutants when compared with
WT (9.4 = 0.9 pg/g of tissue in mutants versus
14.6 = 1.4 pg/g of tissue in WT;P <0.05). At later
stages, ROL and RP contents were similar in WT and

squares). Thus, CRBPI appears to be indispensable for
maintaining homeostasis of ROL under conditions of
dietary VitA deprivation.

These results prompted us to look for abnormalities
characteristic of HVA. The initial change observed in
VAD rats is a decline of the electroretinogram (ERG)
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Fig. 5. CRBPI-null mice fed a VAD diet exhaust their RP stores and present symptoms of AYAdhematic representation of the nutritional

protocol. Mice were fed a vitA-enriched diet from birth to 4 weeks (w), and then a VAD diet for 23 weeks. The weight of CRBPI-null mice (—/—;
open circles) was significantly below that of WT mice/(+; filled squares) from VAD week 5 onwardP (<0.05). 8) Liver RP (red lines) and

blood ROL (blue lines) concentrations in WT(+; filled squares) and mutant (—/—; open circles) mice, as a function of time. Each point represents
the average of three to five observations, and vertical bars indicate SEM. Regression lines calculated between VAD weeks 1 and 14 gave estimated
half-lifes (1) of 84 days in WT and 14 days in CRBPI-null mutants. ND, not detectaleTypical example of dark-adaptated ERG responses

from WT (+/+; black line) and mutant (—/—; green line) mice fed the vitA-enriched diet (left panel) or fed the VAD diet for 23 weeks (right panel).

a and b denote a- and b-waves, respectively. (D—K) Histological sections through E2sB3s ¢ranial prostateH and!) and urinary bladderJ(and

K) of WT (+/+; D, E, J and H) and CRBPI-null (-/—; F, G, K and I) males maintained on a VAD diet during 23 weeks. All WT tissues were
unaffected. In contrast, testes of VAD mutants were degenerated; the glandular epithelium (G) of the cranial prostate, which normally sesfretes part
the seminal fluid (F), was completely keratinized and the lumen of the gland was filled with both desquamated keratinized cells (K) and

leucocytes (LE); the bladder showed foci of squamous metaplasia (SQ) which were often adjacent to hyperplastic areas of the urinary epithelium
(HY). BM, basement membrane of the seminiferous tubules; E, elongated spermatids; F, seminal fluid; G, normal (pseudostratified, columnar)
prostate glandular epithelium; HY, hyperplastic urinary epithelium; K, desquamated keratinocytes; L, Leydig cells; LE, leucocytes; LP, lamina
propria of the urinary bladder; LU, lumen of the bladder; M, smooth muscle cell layers of the bladder; R, round spermatids; S, nuclei of Sertoli
cells; SP, spermatocytes; SQ, stratified squamous epithelium; T, seminiferous tubules; U, normal (transitional) epithelium of the bladder.
Magnifications:x100 (D, F, H and 1),x500 (E and G),<200 (J and K).
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Table lll. ERG responses of dark-adapted WAF/{-) and CRBPI-null (—/=) mice bred on a vitamin A-enriched (normal) or on a vitamin A-deficient
(VAD) diet

a-wave b-wave
Diet CRBPI genotype Amplitudeuy = SD) Latency (ms+ SD) Amplitude (1V = SD) Latency (ms+ SD)
Normal +/+ 220 = 46 333 764+ 81 72+ 9
—I- 236+ 30 33+ 2 623+ 109 90+ 12
VAD +/+ 171+ 15 34+ 1 488 + 81 95+ 8
—I- 35+ 17 49 + 52 240+ 72 170+ 47

Amplitudes (1V) and implicit times (latency; ms) are expressed as meg8D of three to five animals.
aSignificantly different from the WT valueP(<0.01).

amplitudes (Dowling and Wald, 1958). ERG recordings prostate (compare Figure 5H and I, and data not shown)
were normal in both WT and CRBPI-null mutants fed the and the seminal vesicle (not shown); and (ii) the stratified
vitA-enriched diet (Figure 5C and Table 1ll). The VAD transitional epithelium in the urinary bladder (compare
diet slightly affected ERG recordings in WT animals Figure 5J and K) and the penile urethra (not shown). In
(Figure 5C, black recording). In contrast, ERG was dramat- addition, four mutants displayed keratinization of the
ically affected in CRBPI-null mutants fed the VAD diet cuboidal epithelium lining the small collecting tubes in
for 23 weeks. Not only were the a- and b-wave amplitudes the salivary gland (not shown), whereas vas deferens as
dramatically decreased (Figure 5C, green recording), butwell as epididymis were occasionally keratinized (one out
their latency (implicit) times were also increased of six; not shown). Other epithelia known to be highly
(Table 1ll). The decrease observed on the first ERG was susceptible to squamous keratinizing metaplasia in VAD
even more marked upon subsequent ERGs recorded atats (e.g. trachea, bronchi) were not affected. Taken
3 min intervals (data not shown). Electron microscopic collectively, these results indicate that a VAD diet results
analysis of the eyes showed that the intimate contact madein a syndrome of post-natal HVA much more readily in
through microvilli between the retinal pigment epithelium CRBPI-null mutants than in WT.
(RPE) cells and the outer segment photoreceptors (OS),
was disrupted in the CRBPI-null mice fed the VAD diet
(compare Figure 6A with B). Furthermore, some of the
OS photoreceptors lost their normal shape (asterisks) dueSince the discovery of CRBPI 25 years ago (Bastal,,
to swelling of their lamellar disks that form large vesicles. 1973), its three-dimensional structure, binding properties,
The highly distorted OS (arrowhead) were mis-oriented, tissue localization, regulation of expression and involve-
filled with amorphous material and sometimes replaced mentin vitro in ROL metabolism have been extensively
by lamellar bodies (LB) displaying myelin-like figures. In  studied (reviewed in Blomhofét al, 1991; Ross, 1993;
this context, the transfer of retinoids between RPE and Ong, 1994; Napoli, 1997). While it was assumed that
photoreceptors might be less efficient in CRBPI-null CRBPI could play a major role in vitA homeostasis, its
mutants than in WT. Similar modifications, which could actual physiological role remained unknown. To investi-
induce ERG alterations, have been described previouslygate CRBPI functionin vivo, we have created a null
in retinas of VAD rats (Carter-Dawsoet al, 1979). mutation in the mouse.

In rat, post-natal HVA affects several tissues including
salivary gland, trachea, lung, genital tract and gonads Apparent dispensability of CRBPI during
(Wolbach and Howe, 1925; Beaver, 1961). All of these development
tissues, when collected from WT mice fed the VAD diet The conservation of CRBPI in vertebrates and its specific
for 23 weeks, were histologically normal (Figure 5D, E, pattern of expression in embryos and fetuses have sug-
H, J, and data not shown). Tissues collected from CRBPI- gested that it could play important roles in retinoid
null mice appeared normal up to the 12th week. At signaling during development (Dolkt al., 1990; Ruberte
14 weeks, a testicular degeneration, manifested by theet al, 1991). However, no embryonic, fetal or placental
sloughing of immature germ cells (i.e. spermatocytes and alteration could be detected in CRBPI-null mutants, indic-
round spermatids) in the lumen of seminiferous tubules ating the dispensability of this protein during intra-utero
and the appearance of irregular vacuoles in the epitheliumdevelopment. However, liver RP stores are lower in
lining the degenerating tubules, was observed in CRBPI- CRBPI-null fetuses (E16.5 and E18.5) than in WT lit-
null mutants fed the VAD diet. The lesions were patchy termates. This suggests that CRBPI is required for efficient
throughout the organ, in which histologically normal formation and storage of RE in fetal liver. Alternatively,
seminiferous tubules coexisted with adjacent tubules that this may also suggest that transfer of ROL through CRBPI-
had a reduced diameter and/or were mostly devoid of null placenta may be less efficient than through WT
germ cells (not shown). At 23 weeks, the seminiferous placenta. This possibility is supported by the observation
tubules of all six mutants analyzed were markedly reduced that the uptake of ROL by placental membraneitro is
in size (compare Figure 5D and F), and displayed Sertoli enhanced in the presence of CRBPI (Sundaetnal,
cells only (compare Figure 5E and G). All six mutants 1998). In any event, our results indicate that CRBPI is
also exhibited foci of squamous keratinizing metaplasia dispensable in embryos and fetuses, at least under condi-
of: (i) the pseudostratified columnar epithelia in the tions of maternal vitA dietary excess. Further studies are

Discussion
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Fig. 6. Electron micrographs of longitudinal sections through retinas of WT and CRBPI-null mice fed a VAD diet for 23 weeks WT, the OS
consisted of stacks of transverse disks, enclosed within the cell membrane. Note that some of them were artefactually distorted by clefts produced
during fixation. Numerous microvilli (arrows) are present between the OS which are in close contact with the RPB)dell€RBPI-null eyes, the
intimate contact between the RPE and the OS was lost. It was replaced by a large space (brackets) in which some microvilli were lying (arrows).
Numerous OS photoreceptors had an abnormal shape (asterisks). The highly distorted OS (arrowhead) were mis-oriented, filled with amorphous
material and were sometimes replaced by lamellar bodies displaying myelin-like figures. LB, lamellar bodies; OS, outer segment photoreceptors;
RPE, retinal pigment epithelium. Bars represent ins

needed to investigate whether CRBPI is required in fetuses CRBPI is important for retinol homeostasis

under conditons of maternal vitA deficiency. After birth, The capacity to store incoming ROL and to maintain RP
ROL is provided by milk. As liver RP contents are storesisimpaired in liver of CRBPI-null mice. This cannot
identical in mutant and WT newborns, CRBPI appears to be accounted for by a lower intestinal absorption of vitA,
be dispensable for ROL hepatic uptake and esterificationas incorporation of 3HJROL in mutant small intestine
during the neonatal period. The presence of CRBPII does not differ from that in WT. Furthermore, blood RP
in liver around birth may account for this apparent content (indicative of the presence of chylomicrons) is
dispensability of CRBPI, as CRBPII may facilitate RE identical in WT and CRBPI-null mice, suggesting that
synthesis (Onget al, 1988). ROL incorporation into chylomicrons (which is dependent
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s‘e'('fltsecje"s Hepatocytes of mechanisms have been proposed to account for this

RALDH transfer, several of which involve CRBPI (Ottonedibal.,
RAL—> RA 1987; Noy and Blaner, 1991; Sundaraeh al, 1998).
i/T ROLDH Furthermore, overexpression of CRBPI enhances uptake

of ROL in transfected HL60 cells and HSC (Nilsseial,
REH 1997). Decreased RP levels in CRBPI-null liver may also

ROL €<——— RE

(59 <

reflect an imbalance between accumulation and mobiliza-

REP tion of RE in HSC (Troeret al,, 1994). Our data indicate

4 a net hydrolysis of hepatic stores in CRBPI-null mice, as
assessed by a decrease of RE half-life and higher amounts

| of [3H]ROL in blood. This hydrolysis cannot be attributed

Blood to modified levels of enzymes synthesizing and hydro-
i lyzing RE, but may reflect an impaired delivery of ROL
distribution  Chylomicrons to esterifying enzymes. Indeed LRAT (B in Figure 7), but

i ) . not ARAT, requires CRBPI-bound ROL as a substrate for
Fig. 7. Hepatic metabolism of ROL. Hepatocytes take up

chylomicrons whose RE are hydrolyzed to ROL by REH. Some of the opt|mal activityin vitro (YOSt et al, 1988; Herr and Ong, .
incoming ROL is secreted into the bloodstream, bound to the retinol-  1992). The present study strongly suggests that CRBPI is

binding protein (RBP) for peripheral distribution. The remainder is also requiredin vivo, for RE synthesis by LRAT in HSC.
(i) oxidized by ROLDH, a reaction described as facilitated by CRBPI  The RE content in CRBPI-null liver would then correspond
(C, see text for references), and RAL is next oxidized into RA by to RE synthesis catalyzed by ARAT (and possibly LRAT)

RALDH; (ii) degraded through the cytochrome P450 enzymes; . . .

(iii) transf(leedgto HSC by u%knowny%echanisms, severa)ll of which are USINg free ROL as substrate. Inter(_estlngly, itwas SqueSted
described as CRBPI dependent (A, see text for references). Once takenthat ARAT and LRAT may contribute equally to ROL

up by HSC, ROL is re-esterified as RE via ARAT which uses free esterification when the concentration of the substrate is
ROL as substrate, and via LRAT which uses CRBPI-bound ROL as higher than that of CRBPI, i.e. when most of the ROL is

substrate (B, see text for references). Mobilization of RE stores from
HSC requires hydrolysis by REH. The release of RE-derived ROL into not bound to CRBPI (Randolpét al, 1991). In any event,

the bloodstream is still unclear: ROL might be secreted from HSC our results clearly indicate that CRBPI is requiiad/ivo

bound to RBP, or might be first transferred back to hepatocytes for efficient ROL esterification.

(Blaner and Olson, 1994). Abbreviations: ARAT, acyl-CoA:retinol In spite of the defect in ROL esterification, the ROL
acyltransferase; LRAT, lecithin:retinol acyltransferase; P450, ; ; ; ; _
cytochrome P450; RA, retinoic acid; RAL, retinaldehyde; RALDH, serum level is maln_talned_ at ”Or.ma' values in CRBPI-null
retinaldehyde dehydrogenase; RBP, retinol-binding protein; RE, mUtant_S' How thIS_IS achieved '_S u_nkn(_)w_n. V_Ve have not
Retinyl esters; REH, retinyl ester hydrolase; ROL, retinol; ROLDH, determined the dally rates of retinoid elimination in feces
retinol dehydrogenase. Question marks indicate still controversial and urine. However, ROL catabolism is probably enhanced

hypotheses. Crosses indicate the pathways that might be impaired in  j the mutants, because CYP1A- and CYP2B-mediated
CRBPI-null mice. activities are significantly increased.

upon CRBPII; Onget al, 1988), as well as liver blood = CRBPI and retinoic acid homeostasis
clearance are normal in our mutants. In vitro studies (Ottonell@t al., 1993; reviewed in Napoli,
Liver plays a pivotal role in maintaining ROL blood 1997) and patterns of expression (Baeikal., 1997; Zhai
levels within a narrow range, by storing VvitA in the case et al, 1997) have suggested that CRBPI could be essential
of dietary excess, and discharging vitA when dietary for RA synthesis through ROLDH (see Figure 7). Accord-
intake decreases. A model of ROL metabolism integrating ingly, CRBPI deficiency should result in a decreased
the putative functions for CRBPI is depicted in Figure 7 synthesis of RA. Our data rather suggest that the RA
(adapted from Napoli, 1993). Briefly, hepatocytes take up level could be increased, at least in liver of CRBPI-null
the chylomicrons, whose RE are hydrolyzed to ROL by newborns, as the expression of the RA-responsive BRAR
REH. Some of the incoming ROL is transferred to HSC, geneisincreased (see Figure 2D). Moreover, as (i) CRBPI-
in which it is esterified as RE via ARAT and LRAT. null mutant embryos and fetuses do not exhibit any
Mobilization of RE stores requires hydrolysis through abnormality characteristic of retinoic acid deficiency
REH activities, and its rate might be determined by the (reviewed in Kastneet al, 1995) and (ii) mutant mice
apo-/holo-CRBPI ratio. Free ROL should never accumu- fed a VAD diet grow at a normal rate during 5 weeks
late inside cells, as the concentration of CRBPI always [weight loss is an early symptom of RA deprivation
exceeds that of ROL (reviewed in Ross, 1993; Napoli, (Anzanoet al, 1979)], it appears that RA homeostasis is
1997). not perturbed in CRBPI-null mice, at least during this
The decreased capacity to store incoming ROL and to period. Thus, CRBPI does not appear to be critically
maintain RP stores in CRBP-I-null liver cannot be attrib- involved in ROL oxidation (C in Figure 7).
uted to a loss or an aberrant differentiation of HSC, as  Once the VitA liver stores are exhausted, the CRBPI-
shown in rats treated with xenobiotics (AgdBraesco null males exhibit the classical stigmas of the post-natal
et al, 1997). Indeed, mutant HSC appear to be morpholo- HVA syndrome described in rats, namely vision defects
gically normal and are capable of storing vitA, as evid- (Dowling and Wald, 1958), testicular degeneration and
enced by the presence of large lipid droplets in their squamous keratinizing metaplasia (Wolbach and Howe,
cytoplasm upon oral administration of large doses of ROL 1925; Beaver, 1961; Howebt al, 1963). To date, this
(our unpublished data). The decreased level of RP in state of HVA has not been achieved with WT mouse
CRBPI-null liver may result from a reduced transfer of strains. The morphological appearence of CRBPI-null
ROL from hepatocytes to HSC (A in Figure 7). A number testes after 14 weeks under the VAD diet represents a
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clear phenocopy of the RARnull phenotype (Lufkin Cesarean section and the yolk sacs were taken for genotyping. For
et al, 1993), indicating that the RA®Rnull mutation retinoid analyses tissues were weighed and immediately frozen at —80°C.
indeed reproduqe_s a state of Io_cal VitA dep_rivation. The pna analysis

squamous Keratinizing metaplasia observed in CRBPI-null Transcript levels were analyzed by RNase protection assay using a
mice fed the VAD diet (e.g. salivary glands, seminal standard protocol. Template for CRBPI riboprobe was obtained by
vesicle, prostate, urethra and urinary bladder) are similar ;LékjscécmngTﬁ:gﬂé Sl;ﬂe;rt(')%i'fxgs—?rgwséfr?gg‘jefcé r?]fatga ﬁ'ﬁg‘;iz'gzo

to those ob'served In Ol(;i adult mice Iacklng RNROh.neS plasmid (pBSKIHK) containing a 450 nucleotide PCR-amplified cDNA
et al, 1993; our unpublished results) or described in VAD  fragment which protected a fragment of 190 nucleotides. The histone
rats (Wolbach and Howe, 1925; Beaver, 1961). These dataH4 riboprobe, used as internal control, protected a 130 nucleotide
indicate that RA is necessary for the maintenance of thesefragment. Transcript levels were quantified using a BAS 2000 bioimaging
epithelia its action being mediated by RARt should analyzer (Fuji). The tRNA signal was used as the background value and
be noteél that keratinizing metaplasia of the respiratory data were normalized against the histone H values.

tract, which represents a precocious feature of HVA in protein analysis

rat (Wolbach and Howe, 1925; Beaver, 1961), is never Cytoplasmic proteins were analyzed according to Gatfal. (1998).
observed in CRBPI-null mice maintained on a VAD diet 28" Immicca i terereto, B e eered. against CREPI
for a'long t.lme’ nor in RAR-nuII mUtamS (LOhn@ al, (Macbonaldet al, 1990; Gustafsort al, 1993) or CRBPII (Schaefer
1993; Lufkin et al, 1993; Ghyselincket al, 1997; our et al, 1989), and monoclonal antibodies specific for CRABPI and
unpublished results). This might reflect species-specific CRABPII (Gaubet al, 1998). Immunodetections were visualized using

dependency on vitA for the maintenance of these epithelia. protein A or anti-mouse immunoglobulins coupled to horseradish peroxi-
dase, followed by chemiluminescence or DAB staining.

Concluding remarks Histological and in situ hybridization analyses

i~ Serial histological sections were stained with Groat's hematoxylin and
The present report demonstrates that CRBPI defICIenCyMaIIory’s trichrome (Market al, 1993). Liver samples were fixed in

has no, appare_nt consequgncg on d?Ve|9pmem and pOStS% glutaraldehyde (0.1 M sodium phosphate, pH 7.43 &arh in 1%
natal life, provided that vitA intake is high enough to phosphate buffered osmium tetroxide, dehydrated and embedded in
compensate for the waste resulting from the decreasedaraldite-epon. Semithin sections (Bn thick) were stained with 1%
ROL storage and the increased RE store turnover. Thetoluidine blue in 5% sodium borate. Thin sections (65 nm) were

et - : contrasted with uranyl acetate and lead citrate, and examined using a
World Health Organization listed more than 70 countries Phillips EM208 electron microscopén situ hybridizations were per-

in which HVA could be considered as a problem of public  tormed as described (Sapét al, 1997).
health (MacLaren, 1986). All over the world, an estimated
124 million children are suffering from HVA, and therefore ¢nalysis ofﬂrﬁnO(iggO b ed i 1 ml ethanol
i ; ; issue samples mg) homogenized in ml ethanol/water

Ergegszeml hl?hherU”SSkS ?jf .dlsé ase and deatht (.Humeaer\a_j/., t 50:50 (v/v) were extracted with hexane containing 0.1 mg/ml of butylated

)' ntne ana in urOpean COL_m r_|es, IS nF’ hydroxytoluene. Dried hexane phases were dissolved in ethanol. To
often encountered. However, dietary vitA intake may still monitor extraction yields, retinyl acetate was added to each sample.
be below the recommended allowance in a number of Analytical HPLC was carried out on a 3X800-mm C18 Novapack
eIderIy people, premature newborns, some infected reverse phase column (Waters). Elution was for 45 min with a buffer

: . containing 57.5% acetonitrile, 17.5% methanol, 0.5% acetic acid and
patients and pregnant women (Underwcmdal., 1970; 24.5% water, followed by a linear gradient to 100% methanol at 50 min

Black et al, 1988). These ObserV?t|0nS combined with and continuing with 100% methanol until completion of the run (constant
the present results raise the question of the occurrence offlow rate, 1 mi/min). Absorbance was monitored at 325 nm. Compound
mutations at the CRBPI locus in human beings, and of identity and quantifications were deduced from retention times (as
their consequences on health: absence of CRBPI mightdetermined from pure retinoids, Sigma) and integrated peak areas,

b ithout clinical effects i I ished |ati respectively. All values were normalized to 100% recovery, based on
€ without clinical ertects In well-nourished populations, retinyl acetate recovery. Results are expressed as mear8EM.

but might be highly deleterious in cases of dietary HVA. significance of differences was calculated by Studenésts.

ROL turnover determination

Six-week-old mice, weaned at 4 weeks of age and averaging ~20 g,
were randomly divided into six groups of eight each (four males and
four females). Each mouse received orally 212 d.p.m. (10uCi,
specific activity 30 Ci/mmol) of [11,13H(N)]retinol (NEN, Boston,
MA) dissolved in 0.3 ml corn oil. Animals were killed at 6 h, 1, 2, 5,
10 and 20 days after dosing. Blood, liver, small intestine and kidney
were collected. About 100 mg of tissue samples were incubated in 1 ml
of BTS-450 tissue solubilizer (Beckman, Irvine, CA) fé h at50°C.
Samples were mixed with 9 ml of Ready Organic (Beckman) and
radioactivity counted for 10 min in a Beckman LS6500 liquid scintillator.

Materials and methods

Homologous recombination

Genomic clones for the CRBPI locus were from a 129/Sv mouse DNA
library. A 5.5 kb Xba—Xhd fragment containing exons E1 and E2 was
subcloned into pPBSKH- (Stratagene). A stop codon and Amd site
were introduced into E2 at position 63 (Smihal, 1991), in which a
NEO cassette was cloned. A TK cassette was insertéa the genomic
DNA. If synthesized, the resulting protein would be truncated in the
ligand-binding cavity, and therefore not be functional (Newcomer, 1995).
The resulting plasmid was electroporated into D3 embryonic stem (ES)
cells as described (Lufkiet al,, 1993). DNA from each G418 resistant
clone was analyzed by Southern blotting. Once the mutant line had been
established, genotyping was done by PCR. Amplification conditions and
primer sequences are available upon request.

Enzymatic activities

ARAT and LRAT activities were assayed on liver homogenates as
described (Randolpét al,, 1991; Hanbergt al,, 1998). Phenylmethylsul-
fonyl fluoride (1.6 mM) was used as LRAT inhibitor. aREH activity was
measured in sodium citrate buffer (pH 5) using RP (M) incorporated

into unilamellar liposomes as substrate (Meraogtral, 1994). nREH
Mice and diets was assayed in the presence of 150 mM 3-(3-cholamidopropy! dimethyl-
Mice were on a mixed 129/Sv-C57BL/6 genetic background. The vitA- ammonio)-1 propanesulfonate dissolved in a Tris—maleate buffer (pH 7.2)
enriched diet contained 25000 IU of RP/kg (UAR; Villemoisson sur using RP (1.5 mM) solubilized in Triton X-100 (0.2%) as substrate
Orge, France). The VAD diet was from UFAC (Vigny, France). Matings (Cooper and Olson, 1986). For CYP1A and 2B analysis, hepatic ethoxy-
of mice were performed overnight. Noon of the day of a vaginal plug and pentoxy-resorufi®-deethylase (EROD and PROD) activities were
was taken as 0.5 day post-coitum (E0.5). Embryos were collected by measured fluorimetrically in liver homogenates as described (Lubet
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et al, 1985). Results are expressed as meanSEM. Significance of
differences was calculated by Studeritiests.

Electroretinography

Vitamin A homeostasis in CRBPI-null mice

Chambon,P. (1996) A decade of molecular biology of retinoic acid
receptorsFASEB J. 10, 940-954.

Cooper,D.A. and Olson,J.A. (1986) Properties of liver retinyl ester
hydrolase in young pigBiochim. Biophys. Acte884, 251-258.

Following a 24 h dark adaptation, animals were prepared under dim red de Leeuw.A.M., Gaur,V.P., Saari,J.C. and Milam,A.H. (1990) Immuno-

illumination and anesthetized using ketamine (200 mg/kg) and xylazine
(30 mg/kg). Pupils were dilated with a drop of 0.25% tropicamide.

Electroretinogram (ERG) was recorded from the apex of the cornea

localization of cellular retinol-, retinaldehyde-, and retinoic acid-
binding proteins in rat retina during pre-, and postnatal development.
J. Neurocytol. 19, 253-264.

using a cotton-wick connected to an Ag:AgCl electrode, and a stainless POllé,P., Ruberte,E., Leroy,P., Morriss-Kay,G. and Chambon,P. (1990)
steel reference electrode placed subcutaneously on top of the head. ERG Retinoic acid receptors, and cellular retinoid binding proteins. I. A

were elicited from one eye of each animal with a 50 ms bright white
light flash (2.9 log cd/ff) from a 150 W xenon lamp. Responses were
amplified and filtered (low pass filter 0.1 Hz, high pass filter 1000 Hz)
with a Universal Gould amplifier (Gould, Ballainvilliers, France).
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