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ABSTRACT

Tuvendal, P. 2000. Short-Chain Retinol Dehydrogenases/Reductases. Involvement in Retinoid 

Metabolism and Expression in Embryonic and Adult Mouse. Acta Universitatis Upsaliensis. 

Comprehensive Summaries of Uppsala Dissertations from the Faculty of Pharmacy 239. 65 pp. 

Uppsala. ISBN 91-554-4862-3.

Retinoids are needed in the embryo to ensure proper development and in the adult for vision, 

maintenance of epithelia and sperm production. Retinol is oxidised within the cell generating 

retinal and, irreversibly, retinoic acid. In the eye, the biologically active retinoid is 11-cis-retinal, 

whereas all-trans-retinoic and 9-cis-retinoic acid are active in extra-ocular tissues. The retinoic acid 

receptor (RAR) and the retinoid X receptor (RXR) act as ligand-dependent transcription factors 

by binding to retinoic acid responsive elements (RAREs), regulating the transcription of target 

genes. 

Some microsomal members of the short-chain dehydrogenase/reductase family (SDR) are  

thought to be responsible for the in vivo oxidation of retinol to retinal. This work describes the 

cloning and characterisation of a 32 kDa membrane-bound SDR, designated RDH4. RDH4 oxi-

dises both 9-cis-retinol and 11-cis-retinol in vitro, suggesting that RDH4 has a dual role in retinoid 

metabolism; as an 11-cis-retinol dehydrogenase in the eye, and as a 9-cis-retinol dehydrogenase in 

extra-ocular tissues.

The expression pattern of RDH4 in the embryonic and adult mouse was investigated using 

in situ hybridisation and immunohistochemistry. RDH4 was first detected at 8.5 dpc, in the heart 

and in anterior mesenchyme. Later, RDH4 was detected in the myotome of the somites, in the 

notochord, in endothelial cells, in the retinal pigment epithelium and in the bronchi. RDH4 was 

expressed in the CNS; in the roof plate of the hindbrain, and in the floor plate of the hindbrain 

and caudal midbrain. In the adult, RDH4 was expressed in the liver, kidney, lung and epidermis. 

In conclusion, RDH4 was expressed during embryogenesis in several tissues known to synthe-

sise, or to depend on, regulated amounts of retinoic acid for normal development. Another SDR, 

CRAD1, co-localised with RDH4 in the embryo, with the exception of the adrenal glands and 

cells in the rhombomeres, suggesting functional redundancy. When studying the co-localisation 

of RDH4 and retinal dehydrogenases, few sites of co-localisation were found, indicating that 

other, yet to be identified, aldehyde dehydrogenases exist in the embryo.
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Er konst, at öfver hårstrån kifva,
och skrifva, skrifva, skrifva,

i kors och tvärs och med och mot:
at känna noga jordens klot,

och vilken väg dess rullning tager,
men ej den kraft som hjertat drager,

ej des brist, och ej des bot.

Hvad mera löjligt, än er möda

at här ert lif i brist föröda
för ärans lif i Minnets sal.

Johan Henric Kellgren 1751–1795
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ABBREVIATIONS

ADH  alcohol dehydrogenase
AHD  aldehyde dehydrogenase
ALDH  aldehyde dehydrogenase
AR   androgen receptor
CRABP I/II cellular retinoic acid-binding protein type I/II
CRAD  cis-retinol/androgen dehydrogenase
CRALBP  cellular retinaldehyde-binding protein
CRBP I/II   cellular retinol-binding protein type I/II
dpc   days post coitum
ER   endoplasmic reticulum
HPLC  high performance liquid chromatography
IMH  isomerohydrolase
IRBP  interphotoreceptor retinoid-binding protein
LRAT  lecithin:retinol acyltransferase
MDR  medium-chain dehydrogenase
NAD  nicotinamide adenine dinucleotide
NADP   nicotinamide adenine dinucleotide phosphate 
PPAR  peroxisome proliferator-activated receptor
RALDH   retinaldehyde dehydrogenase
RAR  retinoic acid receptor
RARE   retinoic acid responsive element
RBP  retinol-binding protein
RDH  retinol dehydrogenase
ROS  photoreceptor outer segment
RPE  retinal pigment epithelium
RXR  retinoid X receptor
RXRE  retinoid X responsive element
SDR  short-chain dehydrogenase/reductase
TR   thyroid hormone receptor
TTR  transthyretin  
VAD  vitamin A deficiency
VDR  vitamin D receptor

The abbreviations of the names of the alcohol- and aldehyde dehydrogenases used in 
this thesis are presented in Table 1.
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INTRODUCTION

Hippocrates (460–327 BC) wrote about night blindness, one of the symptoms of vita-
min A deficiency, however, without knowing what factors contributed to this condition 
(Littré, 1861). At the beginning of the 20th century, several experiments were carried out 
to determine which constituents in the food are necessary for normal growth and devel-
opment. In particular, interest was focused on the etiology of beriberi and scurvy, when 
it became clear that sufficient protein and energy supply alone could not secure normal 
growth and development. In 1881, the first report describing the effect of vitamin A defi-
ciency on growth in mice was published (Lunin, 1881), and in 1912 Hopkins similarly 
observed that rats fed a synthetic diet (that is a diet only consisting of pure proteins, 
fats, carbohydrates and salts), failed to grow normally and finally died. If, however, a 
small amount of milk was added in the diet, the rats displayed normal growth. Hopkins 
concluded that food contains accessory factors which are needed in small amounts, and 
which the body probably cannot produce itself (Hopkins, 1912). The term “vitamine” 
was proposed by Funk in 1912 (Funk, 1912), who reasoned that “vitamine”, from “vita” 
and “amines”, would be an accurate designation, since these factors1 “are of the nature of 
organic bases”. However, it was obvious that there were more than one accessory factor, 
and all might not be amines. McCollum, therefore argued against the term “vitamine”2 and 
suggested the terms “fat-soluble A” and “water-soluble B” for the two classes of accessory 
factors (McCollum and Davis, 1913; McCollum and Kennedy, 1916). Drummond sug-
gested in 1920 that “fat-soluble A” should be designated vitamin A, and that other acces-
sory food factors should be designated vitamin B, C and so on (Drummond, 1920). The 
connection between β-carotene and vitamin A was resolved in 1930, when Moore con-
cluded that yellow carotene is the provitamin of vitamin A (which is colourless) (Moore, 
1930); and in 1931 Karrer and coworkers deduced the correct chemical structures of vita-
min A and β-carotene (Karrer et al., 1931).

Today, the term “retinoids” is used to describe vitamin A (or retinol) and structurally 
and functionally related molecules, both natural and synthetic, which all have in common 
that they can elicit a biological response by binding to retinoid receptors in the cell 
nucleus. Retinol is oxidised within the cell in two steps, generating retinal and, irrevers-
ibly, retinoic acid. In mammals, two isomers of retinoic acid, all-trans-retinoic acid and 
9-cis-retinoic acid, are the biologically active endogenous retinoids in tissues outside the 
eye, binding to retinoic acid receptors and retinoid X receptors.

In the eye, the use of 11-cis-retinal (and derivatives thereof) as the chromophore in the 
visual pigments follows the same basic principle in vertebrates and invertebrates; linked 
to a membrane protein as the prosthetic group, 11-cis-retinal is subjected to a cis-trans 
isomerisation.
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METABOLISM OF RETINOIDS

Absorption and storage of retinoids

Vitamin A cannot be synthesised by mammals and other vertebrates, and must therefore 

be provided in the diet. Retinoids are found in vegetables (for example in carrots and 
tomatoes) as provitamin A carotenoids, for example β-carotene3  , and in animal tissues 
(for example in vertebrate liver and fish liver oils) as preformed vitamin A, as retinyl 
esters. The structures of some important natural retinoids are shown in Figure 1.

Following intake of β-carotene or retinyl esters, the first steps in the metabolism of 
retinoids take place in the small intestine. The retinyl esters are probably hydrolysed in the 
brush border of the enterocyte by a brush border retinyl ester hydrolase (Rigtrup et al., 
1994), and possibly also by pancreatic lipases (Erlanson and Borgström, 1968). Follow-
ing hydrolysis, retinol is taken up by the enterocytes. This process may involve a specific 
retinol transport protein, which transports all-trans-retinol over the enterocyte membrane 
(Dew and Ong, 1994), but the process may also be non-specific. β-carotene, emulsified 
with bile salts and fatty acids, is taken up unchanged from the lumen (Olson, 1989; van 
Vliet, 1996). Within the enterocyte, β-carotene is cleaved by 15,15´-dioxygenase (Good-
man and Huang, 1965; Olson and Hayaishi, 1965) to retinal4. The retinal formed is 
reduced to retinol by a microsomal enzyme, retinal reductase. 

In the enterocyte, retinol (regardless of its origin) is esterified by lecithin:retinol acyl-
transferase (LRAT) to long-chain fatty acids (palmitic, stearic, oleic and linoleic acid) 
(Ong et al., 1988; Herr and Ong, 1992), and subsequently stuffed together with other 
dietary lipids into chylomicrons5 which are exocytosed into the intestinal lymph. In the 
lymph, chylomicrons interact with lipoprotein lipases on the surface of the endothelium, 
resulting in chylomicron remnants. Safely arriving to the liver, the chylomicrons are taken 
up by the hepatocytes by a process which remains unclear, but which may involve a 
receptor-mediated process (reviewed by Cooper, 1997). In the hepatocytes, retinyl esters 
are again hydrolysed to retinol (Harrison et al., 1995) by a retinyl ester hydrolase at the 
plasma membrane (Sun et al., 1997). The newly formed retinol can be transferred to the 
endoplasmic reticulum (ER) for complex formation with retinol-binding protein (RBP), 
and subsequent secretion to the circulation. Alternatively, in vitamin A sufficient animals, 
retinol can be transferred from the hepatocytes to stellate cells6 for retinyl ester storage in 
form of cytoplasmic lipid droplets (Blaner et al., 1985; Blomhoff et al., 1985; Hendriks et 
al., 1985; Ong et al., 1988).

Transport and cellular uptake of retinol

The most abundant retinoid in the blood is retinol bound to RBP (Kanai et al., 1968) in 
a 1:1 molar ratio complex with transthyretin (TTR) (Monaco et al., 1995). RBP belongs 
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FIGURE 1
Structures of the most central retinoids in mammals.
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M E TA B O L I S M  O F  R E T I N O I D S

to the lipocalin family, members of which bind small hydrophobic molecules in order to 
solubilise them in an aqueous environment. RBP binds one single molecule of retinol7, 
and is mainly synthesised in the hepatocytes (Vogel et al., 1999). The complex formation 
with TTR occurs in the ER (Bellovino et al., 1996), and is thought to reduce the glomeru-
lar filtration and renal catabolism of retinol.

The mechanisms regulating the release of RBP-retinol from the liver are not fully 
understood. The amount of secreted RBP is lower in vitamin A deficient rats than it is 
in vitamin A sufficient rats, without any difference in RBP mRNA levels (Soprano et al., 
1982). In addition, the transport of RBP from ER to the Golgi complex and secretory vesi-
cles is halted in the ER in vitamin A deficient rats (Suhara et al., 1990). This suggests that 
retinol is of critical importance for the secretion of RBP from the liver cells. Furthermore, 
in TTR knockout mice (Episkopou et al., 1993; Wei et al., 1995), the levels of plasma RBP 
and retinol are 5% and 6%, respectively of wild-type concentrations. On the other hand, 
the hepatic levels of retinol are normal, but the hepatic RBP levels are 60% higher than in 
wild-type mice. This suggests that TTR is yet another factor of importance for RBP secre-
tion from the liver.

RBP is, as far as we know, the only specific carrier of retinol in the adult circulation, 
and is also critically involved in the transport of retinol to the embryo (Soprano and 
Blaner, 1994; Båvik et al., 1996; Johansson et al., 1997; Sapin et al., 1997). Nevertheless, 
RBP knockout mice are viable and fertile (Quadro et al., 1999). However, in these mice 
the blood level of retinol is reduced (12.5% of wild-type levels), and the mice suffer from 
impaired vision in early postnatal life (which is not due to a congenital defect). When 
given a vitamin A deficient diet, the vision remains abnormal, and blood retinol becomes 
undetectable. When given a vitamin A sufficient diet, the mutant mice regain normal 
vision at the age of 5 months, while the blood levels of retinol remain low. This shows 
that RBP knockout mice seem to depend on a regular vitamin A intake, being unable to 
utilise liver retinol. Normal fertility, embryonic development, and in particular, gain of the 
normal vision when fed sufficient amounts of vitamin A, lead the authors to suggest an 
alternative pathway for the uptake of newly absorbed retinol, efficient enough to maintain 
normal vision in the laboratory situation (Quadro et al., 1999).

In the retinoid target tissue, the cell must somehow take up the retinol it needs. The 
process, by which RBP-retinol is transferred inside the cell is far from settled. It is pos-
sible that retinol can enter the cell independent of RBP, since the dissociation from the 
RBP/TTR complex is rapid and not rate-limiting (Noy and Xu, 1990), and since retinol 
has been reported to “flip-flop” through the phospholipid bilayer without the assistance 
of other proteins (Fex and Johannesson, 1987; Ho et al., 1989; Noy and Blaner, 1991). 

The hypothesis that a plasma membrane surface receptor is involved was first pre-
sented by Heller in 1975 (Heller, 1975; Heller and Bok, 1976) and subsequently by 
Rask and Peterson (Rask and Peterson, 1976). Since then, RBP binding sites have been 
described in several different tissues, for example, in human placental brush border mem-
brane, liver, retinal pigment epithelium (RPE), testis, bone marrow and kidney, and yolk 
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sac endoderm (for a review and references see Vogel et al., 1999). Only one RBP-recep-
tor, p63 (or RPE65), has been cloned and characterised (Båvik et al., 1991; 1992; 1993). 
However, recent data question the role of p63 as a RBP receptor, at least in the eye, see 
“Retinoids and the visual process”. 
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RETINOIC ACID SYNTHESIS AND METABOLISM

The cellular retinoid-binding proteins

Retinol, retinal and retinoic acid are hydrophobic molecules, and so they need to be 
bound to carrier proteins in an aqueous environment. Retinol in the blood is mainly 
bound to RBP, while retinol, retinal and retinoic acid in the cell are bound to cellular bind-
ing-proteins. Four such proteins have been well characterised: cellular retinol-binding 
protein type I and II (CRBPI and CRBPII) and cellular retinoic acid-binding protein type 
I and II (CRABPI and CRABPII). These all belong to a family of cellular lipid binding-
proteins (Newcomer, 1995). The facts that these proteins are highly conserved in mam-
mals and are widely expressed in the adult and the embryo indicate an important role for 
CRBPI/II and CRABPI/II in regulating retinoid action.

Cellular retinol-binding protein type I and II

Almost all retinol in the cell is bound to CRBP (Napoli, 1999). The amino acid sequence 
identity between rat CRBPI and II proteins is 56%. Both CRBPI and II bind all-trans-
retinol and 13-cis-retinol, and both reject 9-cis-retinol, 11-cis-retinol, and retinoic acid (Ong 
et al., 1994). CRBPII also binds all-trans-retinal (MacDonald and Ong, 1987).

CRBPI is widely distributed in several vitamin A-dependent tissues, for example in, 

rat liver, kidney, proximal epididymis, lung, testis, and RPE (for a review see Ong et al., 
1994). CRBPII is predominantly expressed in the adult rat, in the enterocytes of the small 
intestine (Crow and Ong, 1985). Both CRBPs are expressed during mammalian embryo-
genesis (Napoli, 2000).

The functions in vivo of CRBPI and II are not known. However, the binding of retinol 
or retinal to CRBPI/II may facilitate the oxidation of retinol and the reduction of retinal 
by some of the short-chain dehydrogenases/reductases (SDRs) (Posch et al., 1991; Napoli 
et al., 1992; Ottonello et al., 1993; Boerman and Napoli, 1995; Napoli, 2000) and retinal 
reductase in the enterocyte (Kakkad and Ong, 1988). Furthermore, holo-CRBP promotes 
retinyl ester formation by LRAT, whereas apo-CRBP inhibits this reaction (Herr and 
Ong, 1992). In contrast, apo-CRBP induces ester hydrolysis (Boerman and Napoli, 1991). 
CRBP would thus function as a regulator of the concentration of retinol, and thereby 
retinoic acid, within the cell.

In mice carrying a targeted disruption of the CRBPI gene, the storage of retinyl esters 

in the stellate cells is halved. The reduction is due to a decreased synthesis, which may 

be due to impaired delivery of the retinol to LRAT. When fed a vitamin A deficient diet, 

CRBPI-deficient mice rapidly empty their retinol storage and develop vitamin A defi-

ciency (VAD) symptoms (Ghyselinck et al., 1999). This suggests that CRBPI is essential 
for normal retinol storage.
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Cellular retinoic acid-binding protein type I and II
The amino acid sequence identity between mammalian CRABPI and II is 74%, and the 
interspecies homology is striking; the murine and bovine CRABPIs are identical, and the 
human sequence differs by only one substitution in 136 amino acids (Donovan et al., 
1995). The CRABPs bind all-trans-retinoic acid and some of its metabolites in vitro, but 
do not bind retinol or retinal. Only CRABPI has been shown to bind all-trans-retinoic acid 
in vivo (Saari et al., 1982). 

CRABPI is expressed in the adult rat in male and female urogenital tract organs, 
brain and spinal cord, whereas CRABPII is more restrictedly expressed in the skin. 
Both CRABPI and CRABPII are expressed early in mouse embryogenesis; CRABPI is 
expressed in, for example, neural crest cells and hindbrain, and CRABPII transcripts are 
found in, for example, limbs and viscera (Dolle et al., 1990; Ruberte et al., 1991; 1992; 
1993; Ong et al., 1994). Interestingly, CRBPI, CRABPII and retinoic acid receptor β 
(RARβ), all contain a retinoic acid responsive element (RARE) (Giguere et al., 1990; de 
The et al., 1990; Smith et al., 1991; Macgregor et al., 1992). In addition, the CRBPII gene 
contains a retiniod X responsive element (RXRE), which is up-regulated by retinoid X 
receptors (RXRs) but not by RAR (Mangelsdorf et al., 1991).

The roles in vivo of CRABPI and II in retinoid metabolism remain unclear. Over-
expression of CRABPI in F9 cells leads to decreased sensitivity towards retinoic acid 
(Boylan and Gudas, 1991), suggesting that the CRABPs protect the cells against excess 
retinoic acid. This is supported by the observation that the metabolism of retinoic acid 
is increased when retinoic acid is bound to CRABPI (Napoli, 1993). Other experimental 
data suggest that CRABPs have a function in transporting retinoic acid into the nucleus 
(Gustafson et al., 1996). It has also been proposed that the CRABPs “trap” retinoic acid in 
the cytoplasm of cells that do not produce it themselves, thereby halting passive diffusion, 
and perhaps facilitating short-term storage of retinoic acid as protection against low levels 
of vitamin A in the diet. CRABP may also be involved in transporting retinoic acid within 
the cell before exocytosis (Napoli, 1999). It is possible that CRABPs have multiple func-
tions in different tissues, depending on the specific need of the tissue for retinoic acid.

Judging from experiments with single and double CRABPI and II knockout mice 
neither of these proteins is needed for normal embryogenesis. Both single- and double 
knockout mice (CRABPI and II) appear to develop normally, pre- and postnatally, with 
the minor exception of an extra postaxial digit on one or both forelimbs in the single 
CRABPII knockout and in the double knockout (Gorry et al., 1994; Fawcett et al., 1995; 
Lampron et al., 1995). Intriguingly, none of the mutant mice strains are more sensitive to 
retinoic acid than wild-type mice (Lampron et al., 1995), which would be expected if the 

CRABPs have a role in protecting the cell from excess retinoic acid. 
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R E T I N O I C  A C I D  S Y N T H E S I S  A N D  M E TA B O L I S M

Retinol dehydrogenases

Extensive work has been carried out, in particular during the last decade, to identify the 

enzymes involved in the in vivo oxidation retinol. The first step, the oxidation of retinol 
to retinal, involves the alcohol group at the end of the aliphatic carbon chain. The second 
step is the irreversible oxidation of retinal, yielding retinoic acid. This section will discuss 
the enzymes that have been proposed to be involved in retinoid oxidation. The nomen-
clature in this field has been, and still is, confusing. There is no general agreement about 
how to name old and new members of the enzyme families involved (see Duester, 1999; 
2000 and Napoli, 2000 for two different nomenclatures). In addition, laboratories over 
the years have accidentally given genes different names, genes that later turned out to be 
species homologues. I contribute to the naming disorder in Table 1, which presents the 
names of the various dehydrogenases used in this thesis. It has been proposed that three 
families of enzymes participate in oxidising various isomers of retinol and retinal to vari-
ous isomers of retinoic acid. These families are the alcohol dehydrogenase (ADH) family 
(which belong to the medium-chain dehydrogenase/reductase family, MDR), the micro-
somal members of the short-chain dehydrogenase/reductase (SDR) family and the alde-
hyde dehydrogenase family (ALDH) (for a review see Duester, 1996; Napoli, 2000). The 
SDR and MDR families are large, complex and have an ancient origin (Jörnvall et al., 
1995a; 1999).

TABLE 1
The nomenclature of retinoid dehydrogenases occuring in this thesis. The bovine and human homologue of 
RDH4 will be referred to in the text as p32 and RDH5, respectively. 

Name in thesis Other names Homologues identified in various species

Alcohol dehydrogenase (ADH) family
ADH1 Class I ADH, ADHI, mouse, rat, human, chick, frog, fish
ADH4 Class IV ADH, ADHIV mouse, rat, human, frog 

Short-chain dehydrogenase/reductase (SDR) family
RoDH1 RoDH(I), RDH1 rat, mouse
RoDH2 RoDH(II), RDH2 rat, mouse
RoDH3 RoDH(III), RDH3 rat
CRAD1 RDH6 mouse
CRAD2 RDH7 mouse
RoDH4 hRDH-E human
RDH4 p32, 11-cis-RDH, 9cRDH, RDH5 mouse, human, bovine
RetSDR1 - mouse, human, bovine

Aldehyde dehydrogenase (ALDH) family
AHD2 ALDHI, RALDH1, RalDH(I) mouse, rat, human, chick, frog
RALDH2 RalDH(II), V2 activity mouse, rat, human, chick
RALDH3 ALDH3, ALDH6, V1 activity mouse, human, chick
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Alcohol dehydrogenase (ADH) family
ADHs typically consist of subunits of about 350 amino acids, are zinc-dependent, 
cytosolic, use NAD as cofactor when engaged in oxidation reactions, and have a wide 
substrate specificity, metabolising physiologically important alcohols (for example etha-
nol), aldehydes and retinoids (Persson et al., 1994; Duester, 2000). Eight distinct classes 
of vertebrate ADH have been described, of which four have been identified in mouse; 
ADH1, ADH28, ADH39 and ADH4 (Zgombic-Knight et al., 1995 and references therein; 
Duester, 2000). Only ADH1 and ADH4 oxidise all-trans-retinol and reduce all-trans- and 
9-cis-retinal in vitro (Conner and Smit, 1987; Boleda et al., 1993; Yang et al., 1994). Recent 
in vitro data suggest that ADH4 participates in the oxidation of 9-cis-retinol (Allali-Has-
sani et al., 1998), and, furthermore, both human and rat ADH4 have a higher catalytic 
efficiency for 9-cis-retinol than for all-trans-retinol (Crosas et al., 2000).

It has been proposed that the ratio of holo-CRBP/apo-CRBP may influence the sub-
strate availability for retinol dehydrogenases (Posch et al., 1991; Napoli et al., 1992; 
Ottonello et al., 1993; Boerman and Napoli, 1995; Napoli, 2000). In this context it is 
interesting to note that, in contrast to, for example, RoDH1 and RoDH2, neither ADH1 
nor ADH4 recognise holo-CRBP as a substrate (Boerman and Napoli, 1996; Napoli, 
2000). In addition, CRBP protects retinol from metabolism by recombinant ADH4 
(Kedishvili et al., 1998), suggesting that the contribution of ADH isozymes to retinoic 
acid biosynthesis depends on the amount of free retinol10 in each cell. The latter data 
could also be explained by CRBP serving as a protector, saving retinol from wasteful usage 
or break-down, permitting oxidation of free retinol only (Duester, 2000). However, most 
retinol in the cell is bound to CRBP and the low amounts of free retinol are not likely to 
be localised uniformly in the hydrophilic cytoplasm, but associated with membranes and 
bound non-specifically to proteins (Napoli, 2000). Taken together, if CRBP is important 
for allowing retinol oxidation in the cell, ADHs seem not to be the key enzymes involved 
in retinoid metabolism. One should remember though, that since CRBPI only binds to all-
trans-retinol, CRBPI cannot be involved in the possible oxidation of 9-cis-retinol generat-
ing 9-cis-retinoic acid.

Ethanol and 4-methylpyrazole are potent inhibitors of rat ADH1 and ADH4, but 
there is little evidence that these compounds inhibit retinol oxidation in vivo (Napoli, 
2000). Liver and kidney cytosols from wild-type deer mice (do not express ADH2) and 
mutant deer mice (lacking both ADH2 and ADH1), showed no difference in retinoic 
acid formation, when treated with ethanol or 4-methylpyrazole, compared to non-treated 
cytosols (Posch and Napoli, 1992). The apparent generation of retinoic acid in cells where 
ADH 1 and ADH4 are inhibited, suggests that these dehydrogenases do not take part in 
retinol oxidation in vivo. A study from Deltour and coworkers reports the inhibition of 
retinoic acid formation in cultured embryos at 7.5 dpc, when co-cultured with ethanol. 
However, no inhibition of retinoic acid synthesis is observed at 8.5 dpc (Deltour et al., 
1996). 
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ADH1 and ADH4 are not abundantly expressed in the developing mouse embryo. 
Expression data shows that neither ADH1 nor ADH4 are expressed in significant 
amounts in regions where synthesis of retinoic acid is thought to take place. Using in situ 
hybridisation, transcripts for ADH4 have been detected in mouse, in the primitive streak 
mesoderm, cranial mesenchyme, somites and paraxial mesoderm at 7.5–8.5 dpc (Ang 
and Duester, 1997). This expression in gastrulating embryos is in accordance with the 
expression of RALDH2 in posterior mesoderm (Niederreither et al., 1997). Neverthe-
less, between 10.5–14.5 dpc, no transcripts of AHD4 are found (with the exception of the 
adrenal gland at 14.5 dpc) and ADH1 is detected only in the mesonephros, mesonephric 
duct and lung during this period. Expression of ADH1 is detected in lung, kidney, liver 
and the adrenal gland at 16.5 dpc, whereas ADH4 is still present only in the adrenal 
gland (Ang et al., 1996b). Moreover, mice carrying targeted disruptions of the ADH1, 
ADH3 and ADH4 genes, develop and reproduce normally. However, the ADH1 and 
ADH4 mutants show reduced retinoic acid synthesis and ethanol clearance (Deltour et 
al., 1999).

Taken together, the restricted expression patterns, inhibition studies, knockout exper-
iments, and the inability to recognise holo-CRBP as substrate, suggest that ADHs are not 
the key enzymes involved in in vivo retinoid metabolism in normal metabolic status and 
embryogenesis.

Short-chain dehydrogenase/reductase (SDR) family

The SDR family consists of about 100 members, which are found in plants, bacteria, and 

animals. SDRs are active in the metabolism of steroids, prostaglandins, and retinoids, but 

not ethanol (Jörnvall et al., 1995b; Baker, 1996). Most members of this family consist 
of subunits of about 250 amino acids, and have no metal requirements. In addition, 
they share conserved sequences of amino acids including the cofactor binding motif 
G-X-X-X-G-X-G, and the active site Y-X-X-X-K (Jörnvall et al., 1995b). 

Both NAD and NADP are cofactors in different SDR reactions. This has lead to a dis-
cussion whether the NADP-dependent SDRs are oxidative enzymes in retinoid metabo-
lism, or whether they are more likely to take part in the reduction of retinal11. For exam-
ple, RoDH1 prefers NADP in all-trans-retinol in vitro oxidation (Chai et al., 1995a) but it 
prefers NAD when oxidising 3α-adiol to dihydrotestosterone (Biswas and Russell, 1997). 
However, conclusions regarding in vivo cofactor preferences based on in vitro enzymes 
assays, cannot be drawn without also considering the availability and concentration in vivo 
of cofactors substrates, and the special circumstances in different tissues and different 
subcellular compartments (for a review on the discussion regarding cofactors see Napoli, 
2000). 

Here follows a brief summary of the main features of the SDRs that may take part in 
retinoid metabolism. The implications of retinol metabolising SDRs in retinoid metabo-
lism are discussed in “Results and Discussion”.
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RoDH1, 2, and 3 from the rat have been cloned and characterised (Chai et al., 1995a; 
1995b; 1996). RoDH1 (Chai et al., 1995a), cloned from rat liver microsomes, oxidises all-
trans-retinol bound to CRBP using NADP as the preferred cofactor, whereas 9-cis-retinol 
is not a substrate. RoDH1 is expressed mainly in adult rat liver (Chai et al., 1995a; Su 
et al., 1998). RoDH1 also metabolises 3α-adiol to androsterone, and it does so 25 times 
more efficiently than it oxidises retinol (Biswas and Russell, 1997). RoDH2 (Chai et al., 
1995b), cloned from rat liver microsomes, shares 82% amino acid identity with RoDH1, 
and is expressed in rat liver, kidney, lung, brain, testis, and in the mouse (Su et al., 1998). 
It oxidises all-trans-retinol, using NADP as cofactor, but does not accept 9-cis-retinol as 
substrate. A third RoDH, RoDH3, known only from rat liver, shares 98% amino acid 
sequence identity with RoDH1, and 82% with RoDH2 (Chai et al., 1996). This enzyme 
has not been further characterised.

RoDH4, cloned from human liver microsomes (Gough et al., 1998), has been detected 
in fetal liver and lung and, independently, in epidermis (Jurukovski et al., 1999). It oxi-
dises all-trans-retinol and 13-cis-retinol, and in addition, 3α-adiol and androsterone, using 
NAD as the preferred cofactor.

CRAD 1 and CRAD2 are two distinct SDRs that have only been described in the 
mouse (Chai et al., 1997; Su et al., 1998). CRAD1 (Chai et al., 1997) has 80% and 
85% amino acid identity with RoDH1 and RoDH2, respectively. It recognises several 
substrates, 9-cis- and 11-cis-retinol, 3α-adiol and androsterone, using NAD as cofactor. 
CRAD1 mRNA is widespread, and detected in, for example, kidney, liver, small intes-
tine, heart, RPE and brain. CRAD2 (Su et al., 1998), having 83%, 79% and 82% amino 
acid identity with RoDH1, RoDH2 and CRAD1, respectively, shares substrate specificity 
and cofactor preferences with CRAD1. It has, however, also activity with all-trans-retinol. 
CRAD2 mRNA is not so widely expressed, being found in liver, lung, eye, kidney and 
brain. Interestingly, CRAD2 has a higher activity for 11-cis-retinol than for all-trans- and 
9-cis-retinol.

p32, a membrane-bound 11-cis-retinol dehydrogenase has been isolated from bovine 
RPE (Simon et al., 1995). The fact that p32 was identified through its association with the 
putative RBP receptor, p63, and also considering its substrate preferences and a predomi-
nant expression in the RPE, led to the suggestion that this enzyme was an eye-specific 
11-cis-dehydrogenase (Simon et al., 1995). However, it has been shown that p32 also oxi-
dises 9-cis-retinol (Driessen et al., 1998; Gamble et al., 2000) and that it is expressed out-
side the RPE, in the smooth muscle cells of small arteries (Driessen et al., 1998). In addi-
tion, the human homologue of this enzyme, RDH5, (Simon et al., 1996; Mertz et al., 
1997) can use steroids as substrates in vitro (Mertz et al., 1997; Wang et al., 1999; Gamble 
et al., 1999; 2000). Its expression has been reported in several human adult tissues, such 
as liver, mammary gland, kidney and testis (Mertz et al., 1997; Wang et al. 1999; Gamble 
et al., 1999), and also in human fetal tissues (Gamble et al., 1999; Wang et al. 1999).

In 1998, we reported the cloning of a mouse 9-cis-retinol dehydrogenase, designated 
RDH4 (Paper I). RDH4 was later shown to be the mouse homologue of p32 (Driessen 
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et al., 1998; Gamble et al., 2000; Paper II). In vitro RDH4 can use both 11-cis- and 9-cis-
retinol as substrate, using NAD as preferred cofactor. RDH4 can also reduce 9-cis-, 11-cis- 
and 13-cis-retinal into the corresponding alcohols. On the other hand, neither all-trans-
retinol nor all-trans-retinal are substrates for RDH4 (Paper I). The expression of RDH4 
in developing and adult retina and in the RPE, in addition to its ability to oxidise 11-cis-
retinol, implicates a crucial role for this enzyme in the visual process (Paper II). RDH4 is 
also expressed in adult liver, kidney, lung and epidermis, and in a restricted manner in the 
embryo (Paper I, Paper II, Paper III), suggesting additional functions for RDH4. Mice car-
rying a targeted disruption of RDH4 have been generated (Driessen et al., 2000). These 
mice develop normally, and no abnomalities develop in their retinas. However, a delayed 
dark adaptation is observed when the mice are exposed to high bleaching levels, and also 
an impaired 11-cis-retinol oxidation capacity that results in the accumulation of 11-cis- and 
13-cis-retinol and 11-cis- and 13-cis-retinyl esters (Driessen et al., 2000). The absence of 
a more severe eye-phenotype in the RDH4 knockout mice is particularly intriguing, con-
sidering the human phenotype of mutations in the RDH5 gene, causing fundus albipunc-

tatus and delayed dark adaptation (Yamamoto et al., 1999). 

Retinal dehydrogenases

Aldehyde dehydrogenase (ALDH) family consists of a large family of enzymes, some of 

which are capable of oxidising retinal to retinoic acid (Yoshida et al., 1998). Three alde-
hyde dehydrogenases have been identified as candidates for this oxidation.

AHD2, the original cytosolic class 1 aldehyde dehydrogenase, metabolises both all-
trans- and 9-cis-retinal to the respective isomers of retinoic acid, in an NAD-dependent 
reaction (Lee et al., 1991; Labrecque et al., 1995). The expression of AHD2 during mouse 
development is restricted to the dorsal retina, and the thymic promordia, mesonephros, 
and the mesencephalic flexure (Lee et al., 1991; McCaffery et al., 1991; 1992; Haselbeck 
et al., 1999; paper III).

RALDH2 oxidises all-trans-retinal and 9-cis-retinal into retinoic acid in vitro using 
NAD as cofactor, with a higher catalytic activity than AHD2 (McCaffery and Dräger, 
1993; 1995; McCaffrery et al., 1993; Wang et al., 1996; Zhao et al., 1996; Penzes et al., 
1997; Romert, 2000). Rat RALDH2 shows 72% amino acid identity with rat AHD2 
(Wang et al., 1996). The expression of RALDH2 in the mouse embryo has been thor-
oughly described; RALDH2 is expressed early during embryogenesis, on 7.0 dpc, in the 
mesoderm in the posterior part of the embryo, and continues to be expressed in many 
locations throughout development. However, no expression is detected in the anterior 
part of the embryo, in the midline, or in the node (Niederreither et al., 1997; 1999; 
Moss et al., 1998; Haselbeck et al., 1999; paper III). Additionally, no expression is seen 
in the CNS, where retinoic acid synthesis has been detected (Horton and Maden, 1995). 
The RALDH2 knockout mouse embryos display a phenotype that includes a dilated 
heart tube, lack of the associated extraembryonic blood vessels, shortened antero-poste-
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rior axis, shortened or reduced limbs, missing posterior branchial arches and truncated 
fronto-nasal region. These mice die at midgestation, but the phenotype can be partly res-
cued by giving retinoic acid to the pregnant dams (Niederreither et al., 1999).

A third aldehyde dehydrogenase, the mouse homologue of human aldehyde dehy-
drogenase ALDH6, was independently cloned, designated RALDH3 (Huanchen et al., 
2000) and ALDH6 (Felix Grün, personal communication). Like RALDH2 and AHD2, 
this enzyme also metabolises retinal, and is expressed mainly in the ventral part of the 
retina, dorsal pigment epithelium, olfactory placodes and in the telencephalon in the 
embryo (Huanchen et al., 2000; Felix Grün, personal communication; Paper III). 

Recently, human ALDH12 was cloned and characterised, and its rat homologue iso-
lated (Lin and Napoli, 2000). Interestingly, ALDH12 has a higher activity with 9-cis-ret-
inal than with all-trans-retinal. It is expressed in adult and fetal kidney and liver, organs 
known to contain 9-cis-retinoids (Heyman et al., 1992; Labrecque et al., 1995; Gamble et 

al., 1999). 

Retinoic acid-metabolising enzymes

Exogenous retinoic acid given to rats has a short elimination time and circulates via 
the enterohepatic circulation partly as a glucuronide (Zachman et al., 1966; Lippel and 
Olson, 1968). In addition to the glucuronidation pathway involving the liver and intes-
tine, several other tissues and cell types metabolise retinoic acid through 4-hydroxylation 
and 18-hydroxylation, depending on tissue and vitamin A status of the animal (Napoli 
and McCormick, 1981). To what extent these pathways contribute to total retinoic acid 
metabolism remains unclear. Retinoic acid is metabolised by cytochrome(s) P450, such 
as CYP2B4 and CYP1A1. These cytochromes also oxidise retinol to retinal, and retinal to 
retinoic acid, but they do so with non-physiological K

M
 values (for a review see Napoli, 

2000).
A novel cytochrome P450 subfamily, CYP26, was recently cloned from mouse (Fujii 

et al., 1997; Ray et al., 1997), human (White et al., 1997), and zebrafish (White et al., 
1996) (this enzyme has also been referred to as P450RA and P450RAI). In the mouse, 
CYP26 converts all-trans-retinoic acid to 5,8-epoxy all-trans-retinoic acid, but is also active 
with 9-cis- and 13-cis-retinoic acid (Fujii et al., 1997). CYP26 contains an RARE, and 
CYP26 mRNA is induced in vitro in mouse embryonic stem cells during the retinoic acid-
induced neural differentiation. Furthermore, the level of CYP26 transcripts in the mouse 
liver is increased by acute administration of all-trans-retinoic acid (Ray et al., 1997). 
These results have lead to the proposal that CYP26 is a specific retinoic acid-metabolising 
enzyme in vivo (Fujii et al., 1997).  CYP26 is  expressed in adult mouse and human brain 
and liver, and placenta (Fujii et al., 1997; Ray et al., 1997). 

In the mouse embryo, CYP26 is expressed from 8.5 dpc in the posterior neural plate, 
and neural crest cells-derived cranial ganglia. The expression of CYP26 is widespread later 
in development (de Roos et al., 1999). In addition, CYP26 is expressed in the mouse 
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retina, in a stripe between the dorsal expression of AHD2 and ventral RALDH3, creating 
territories of retinoic acid synthesis and metabolism in the early eye vesicle of the embryo 
(McCaffery et al., 1999). Similar retinoic acid gradients are seen in the myocardium and 
endocardium of mouse embryos, and in the embryonic trunk, which expresses RALDH2, 
except at its posterior tip (the caudal neuropore), where CYP26 is expressed (Moss et al., 
1998). 
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RETINOID SIGNALLING

Retinoid nuclear receptors

With the exception of vision, all known physiological functions of retinoids are regulated 
at the gene level. The nuclear retinoid receptors comprise two distinct subfamilies of the 
nuclear receptor superfamily, the retinoic acid receptor (RAR) and the retinoid X recep-
tor (RXR) (Giguere et al., 1987; Petkovich et al., 1987; Mangelsdorf et al., 1990; 1992). 
Both all-trans-retinoic acid and 9-cis-retinoic acid bind to RARs with high affinity, while 
RXRs are activated by 9-cis-retinoic acid only (Heyman et al., 1992; Levin et al., 1992). 
The thyroid hormone receptors (TRs), the vitamin D receptor (VDR), peroxisome pro-
liferator-activated receptors (PPARs) and several orphan receptors are all included in the 
same family of nuclear receptors. In the mouse, both RAR and RXR have three subtypes, 
designated RARα, RARβ, and RARγ, and RXRα, RXRβ, and RXRγ, respectively. Each 
subtype is encoded by a distinct gene. Furthermore, several receptor isoforms  have been 
reported, formed by differential promotor usage.12 There is a high degree of homolgy 
within each subfamily, but RXR and RAR do not share more homology than other mem-
bers of the family (reviewed by Mangelsdorf et al., 1995; Sucov and Evans, 1995). 

RAR and RXR act as ligand-activated transcription factors, binding as homo- or het-
erodimers to RAREs and RXREs in the nucleotide sequences of various genes, and in 
this way regulating the expression of these genes. The RAREs consists of a minimal half-
site consensus sequence configured into a variety of motifs, including direct repeats and 
palindromes (Umesono et al., 1988; Naar et al., 1991; Umesono et al., 1991). Examples 
of proteins regulated by RAREs are transcription factors and cofactors (Hoxb1, Hoxd4), 
enzymes (cholesteryl ester transfer, 17-β-hydroxysteroid dehydrogenase type 1), neuro-
transmitter receptors (dopamine D2 receptor), hormones and signalling factors (oxy-
tocin, sonic hedgehog) and adhesion proteins (laminin B1) (for a review see McCaffery 
and Dräger, 2000). 

RXR heterodimerisation with other members of the receptor family such as the TRs, 
the VDR, and the PPARs, is required to allow binding of these receptors to DNA (Yu 
et al., 1991; Kliewer et al., 1992; Leid et al., 1992). Thus, the RXR is critically involved 
in several other signalling pathways. RXR does not require ligand binding in order to 
form heterodimers with the TRs, the VDR or the PPARs; hence RXR has two functions 
—one in which liganded RXR mediates activation of transcription and one in which unli-
ganded RXR modulates the action of other nuclear receptors (including RARs) (Sucov 
and Evans, 1995). In addition, RXR can form homodimers in the presence of 9-cis-retin-
oic acid, a complex that is transcriptionally active (Zhang et al., 1992). 

The distribution of RARs and RXRs during mouse development has been thoroughly 
studied using in situ hybridisation (Dolle et al., 1990; Mangelsdorf et al., 1992; Ruberte et 
al., 1990; 1991; 1993). RARα is expressed ubiquitously, for example in the neural tube, 
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neural crest cells and in the branchial arches; whereas RARβ is expressed in the facial mes-
enchyme, mesonephros, and in the branchial and digestive tract epithelium. RARγ, on the 
other hand, is expressed in precartilaginous mesenchymal condensations. All three RARs 
are expressed in the CNS (Dolle et al., 1990; Ruberte et al., 1991; 1993). The expression 
of RXRβ is ubiquitous in the developing embryo, as is the expression of RXRα at early 
stages. However, the latter becomes more restricted later in gestation, being present in the 
epidermis and squamous epithelia. RXRγ is expressed in the myogenic lineage, develop-
ing ear, retina, pituitary and thyroid glands, and in regions of the CNS (Dolle et al., 1994; 
Mangelsdorf et al., 1992).

Aiming for a better understanding of retinoid signalling, RAR and RXR knockout 
mice have been generated. Surprisingly, RARα1 (Li et al., 1993; Lufkin et al., 1993), 
RARβ2 (Mendelsohn et al., 1994), RARβ (Luo et al., 1995) and RARγ2 (Lohnes et al., 
1993) knockout mice appear normal. However, targeted disruption of the whole RARα 
gene results in postnatal lethality and testis degeneration (Lufkin et al., 1993). In addition, 
mice carrying a targeted disruption of the whole RARγ gene display growth deficiency, 
early lethality, malformed vertebrae and male sterility due to squamous metaplasia of the 
seminal vesicles and prostate (Lohnes et al., 1993). When generating double knockout 
mice, combining RARα or RARα1 with RARβ2 or RARγ mutant mice, almost all malfor-
mations described for the fetal VAD syndrome are recapitulated, including myocardial 
effects, diaphragmatic hernia, genital tract malformations and ocular abnormalities.

RXRα mutants display growth deficiency, ocular and cardiac malformations and die 
from circulation failure between 10.5 and 17.5 dpc (Kastner et al., 1994), whereas RXRβ 
knockout mice are developmentally normal, although the males grow up to be sterile 
(Kastner et al., 1996). 

RAR-RXR compound mutant experiments have shown the importance of the in vivo 
RAR-RXR heterodimersation. By successive removal of the two alleles of either RARβ2 
or RARγ, the severity of the RXRα mutant eye phenotype advances (Kastner et al., 1994). 
Analysing the variation of phenotypes of different compound mutants shows that dis-
tinct combinations of RAR/RXR pairs can mediate retinoic acid signalling in different tis-
sues, for example in the morphogenetic processes of the neural crest cells (Kastner et al., 
1995). 

The only individual receptor mutant that generates a lethal and VAD-related pheno-
type is the RXRα gene knockout (Kastner et al., 1994), suggesting that RXRα is the main 
RXR receptor needed for proper in vivo RAR-RXR signalling. Analysis of mice carrying a 
mutation in a region of the RXRα gene that is thought to be crucial in mediating ligand-
dependent transactivation by RXRα suggests that RXR ligand-dependent transactivation 
assists in retinoid signalling during development. The mice homozygous for the muta-
tion die during the late fetal period or at birth, and exhibit abnormalities similar to those 
observed in RXRα deficient mice. When combining these mutant mice with mice carry-
ing targeted disruptions of RXRα, RXRβ and RXRγ, most of the malformations seen in 
VAD syndrome are recapitulated. Furthermore, similar malformations are seen in mice 
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carrying both the RXRα mutation and an RARα, β, or γ gene disruption, as in the cor-
responding RXR-RAR compound mutants (Mascrez et al., 1998). In addition, Roy et al. 
reported that when combining limiting concentrations of RAR- and RXR-specific ago-
nists, they act synergistically to activate endogenous retinoic acid target genes in cultured 
P19 and F9 cells (Roy et al., 1995), further supporting the role of RXR ligand-dependent 
transactivation. 

Receptor redundancy might explain some of the apparently normal phenotypes, for 
example, in single RARα1 and RARγ2 and double RXRβ mutant mice. However, these 
genes are well-conserved in vertebrates, implying an individual role for each receptor.

In summary, targeted disruption experiments of RAR and RXR genes have shown that 
retinoid signalling in the vertebrate embryo is transduced by RAR/RXR heterodimers. 
Furthermore, the genetic studies with RXRα ligand mutants suggest that both receptors 
in the heterodimer require ligand binding for optimal signalling.

Vitamin A deficiency

In 1933, Hale was the first to report on the effect of vitamin A deficiency on gestation 
outcome. They had noticed that vitamin A deficient sows give birth to anophthalmic pig-
lets (Hale, 1933). Further studies on vitamin A deficiency showed the importance of this 
vitamin during embryogenesis and fetal development. Warkany and coworkers described 
in 1948 the effects of vitamin A deficiency in rat as a syndrome, later to be referred to 
as the VAD syndrome (Warkany et al., 1948). VAD includes malformations in the cen-
tral nervous system (spina bifida and hydrocephalus), eye (anophthalmia and microph-
thalmia), genito-urinary tract (such as not descended testes, renal defects), diaphragmatic 
hernia, malformations of the heart (such as incomplete ventricular septation, spongy 
myocardium and aortic arch defects), lung (hypoplasia), face (cleft palate), limb defects 
and accessory ears. In general, dosing the pregnant dams with vitamin A could prevent 
essentially all of these malformations (Wilson et al., 1953).

Vitamin A deficiency in the child and in the adult primarily affects the eye and the 

mucous epithelia (Wolbach and Howe, 1925). The first manifestation of vitamin A defi-
ciency in humans is usually dry and itchy skin, followed by cutaneous lesions (Frazier and 
Hu, 1931; Goodwin, 1934). If vitamin A deficiency persists, several organs and organ sys-
tems become involved, the specific pathology being widespread keratinisation, that affects 
several organs including trachea, trahcea, bronchi and urogenital tract. The thymus is 
reduced in size due to the total loss of small thymic cells, and the spleen becomes depleted 
of lymphoid and erythrocyte-forming cells, possibly leading to impaired immune func-
tion (Wolbach and Howe, 1925). In the eye, the first sign of vitamin A deficiency is faulty 
dark adaptation (night-blindness). The connection between night blindness and vitamin 
A was first described by Friderica and Holm, who found that vitamin A deficient rats had 
a slower formation of visual purple than normal rats had (Friderica and Holm, 1925). In 
prolonged vitamin A deficiency, the more severe and irreversible condition of xeropthal-
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mia arises, which includes degeneration of the cornea due to keratinisation of the epithe-
lium of the cornea and conjunctiva (Wolbach and Howe, 1925; Moore, 1957; Dowling 
and Wald, 1960). 

Dietary retinol can relieve most symptoms of vitamin A deficiency, whereas retinoic 
acid cannot restore normal eye function (Dowling and Wald, 1960), testicular function 
(Pelt and Rooij, 1991) or relieve immunological symptoms (Davis and Sell, 1983). The 
reason for this is that the visual process needs 11-cis-retinal, which cannot be generated 
from retinoic acid. Further, it has been suggested that retinoic acid cannot cross the blood-
testis border, and so normal spermatogenesis requires the production of retinoic acid to 
be produced in situ (Pelt and Rooij, 1991). B-lymphocytes of the immune system metabo-
lise retinol to 14-hydroxy-4,14-retro-retinol13, and use this retro-retinoid in mediating cell 
growth (Buck et al., 1991a; Buck et al., 1991b).

Vitamin A deficient dams, mostly rats14 have been the major way of studying VAD-
related malformations. One of the major obstacles when using this approach is that not all 
of the severely affected dams carry their pregnancies to term. In addition, in these stud-
ies, as in the RAR/RXR gene knockout experiments, the deficient state persists during 
both embryonic and fetal stages, and malformations secondary to vitamin A deficiency 
may develop. These obstacles can be overcome by using in vitro embryo-culturing experi-
ments. It is possible in these systems to time-selectively induce vitamin A deficiency in the 
mouse embryo, by injecting antisense RBP mRNA into the exocoelomic cavities, thus pre-
venting the transport of retinol to the embryo. Båvik and coworkers reported the failure 
of the rostral neural tube to close (resulting in exencephaly), abnormal eye development 
and malformed vitelline vessels in such a model. This phenotype was rescued by adding 
retinoic acid to the embryo-culture (Båvik et al., 1996). In addition, new rat-deprivation 
models have been developed, in which retinoid-dependent events are documented during 
distinct targeted windows of embryogenesis. Vitamin A-depleted female rats are kept on 
an vitamin A sufficient diet by adding retinoic acid in the diet, and after conception the 
embryos can be deprived at chosen stages by withdrawal of dietary retinoic acid (Antipa-
tis et al., 1998; Dickman et al., 1997; White et al., 1998).

Today vitamin A deficiency is a source of major suffering in developing countries, 
where more than 250 million pre-school age children are at risk of visual impairment, 
blindness and serious infections and death due to vitamin A deficiency (for a review in the 
field of vitamin A deficiency, see Keith and West, 1994).

Retinoid excess and teratogenicity

A young woman needs approximately 800 µg retinol equivalents of vitamin A per day 
(Nordic Committee on food, 1989). Retinoid toxicity in humans is rare and usually seen 
only in connection with treatment of various skin diseases and cancers using retinoids. 
Common side-effects of retinoid treatment are skin and mucous membrane effects, such 
as dry and itchy skin, and elevation of liver enzymes (hypertriglyceridemia and hypercho-
lesterolemia). Following long-term treatment with retinoic acid in acute promyelocytic 
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leukemia, some patients have experienced the “retinoic acid syndrome”, which is charac-
terised by high fever, thrombosis and respiratory distress (for a review on retinoid toxicity 
see Hong and Itri, 1994).

It has long been known that excess retinoids during pregnancy leads to serious mal-
formations in the offspring (Cohlan, 1953; Shenefelt, 1972). Cohlan and coworkers 
reported in 1953 the effects of vitamin A excess on gestation outcome in rats. They noted 
a decrease in litter rate, high incidence of fetal resorption in utero, malformations of the 
eye and exencephaly. Cleft palate and harelip were also observed. The malformations gen-
erated reflect the stage of administration of excess all-trans-retinoic acid; administration of 
all-trans-retinoic acid during gastrulation leads to defects of the hindbrain and neural crest 
derivatives (Morris-Kay et al., 1991), while administration of excess all-trans-retinoic acid 
at later stages results in spina bifida, exencephaly, tail and genital defects and limb defects 
(Kochar, 1973; Shenefelt, 1972). 

In humans, the CNS and organs derived from CRABP-expressing cells, such as neural 
crest cells migrating from the hindbrain, are prime targets for 13-cis-retinoic acid tera-
togenicity, thus limb defects are not common defects in exposed babies (Lammer et al., 
1985). Unintentional human exposure occurred during the early 1980s when 13-cis-
retinoic acid, isotretinoin, was introduced onto the market under the brand names Roac-
cutane® and Accutane®. The drug was intended for the treatment of cystic acne, but 
caused malformations in the face and cranial region (microtia/anotia, micrognathia), 
central nervous system, heart (conotruncal heart defects and aortic-arch abnormalities), 
retina, optic nerve and thymus of babies exposed (Lammer et al., 1985). 

It is still unclear why certain tissues are more vulnerable than others to retinoic acid 
excess (hypotheses involving CRABPI have been put forward, see the section “Retinoic 
acid synthesis and metabolism”). Considering the strict window within which appropri-
ate retinoid concentrations must be kept during pregnancy to avoid serious retinoid-
induced malformations, it is reasonable to assume that there must be regulatory mecha-
nisms by which the cells maintain a healthy concentration of retinoids during embryonic 
and fetal development. In the case of human exposure, every measure must be taken to 
prevent unintentional intake of retinoid drugs during pregnancy.

Retinoids in vertebrate embryogenesis

From where does the embryo get its retinol? In rodents, the embryo depends heavily 
on the yolk sac, which is the main route of nutrition, especially in early stages. RBP-
retinol from the mother is accumulated on the maternal side of the mouse yolk sac, 
which is composed of visceral endoderm. Studies have described the expression of RBP, 
CRBPI, CRBPII and p63-like proteins, in the endodermal cells of the yolk sac. In addi-
tion, the uptake of retinol to the endodermal cells shows receptor-mediated character-
istics (Johansson et al., 1997; Sapin et al., 1997; Ward et al., 1997). However, whether 
or not p63 is an RPB-receptor has been the object of some controversy (see “Retinoids 
and visual cycle”), and furthermore, p63 or p63-like proteins have not been isolated and 
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cloned from any other tissue than RPE. After uptake in the endodermal cells, retinol 
must be transferred to the yolk sac vasculature for transport to the embryo. This is prob-
ably facilitated by the binding of retinol to the RBP synthesised in the endodermal cells 
(Johansson et al., 1997; Sapin et al., 1997). These cells continue to synthesise RBP and 
p63-related proteins on 17.0 dpc (Johansson et al., 1997). It seems likely that, in rodents, 
the yolk sac remains an important site of retinol transfer to the embryo throughout the 
pregnancy. 

Where in the mouse embryo is retinoic acid produced and which isomers are present? 
These fundamental questions are not easy to answer. All the methods used in the quest of 
endogenous retinoic acid have their drawbacks, and the main difficulty has been the small 
size of the embryos and, hence, the large number of embryos needed for analysis. 

The literature on the presence of different isomers of retinoic acid in the developing 
mouse embryo is vast and the data are somewhat conflicting. Several reports using HPLC 
have been published. All-trans-retinol and all-trans-retinoic acid have been detected in 
mouse embryos from 9.0 dpc, in the neural tube, and low levels have been detected in 
somites, the tail bud, eye, limb buds, fronto-nasal mass, branchial arches and heart. Within 
the neural tube, the highest levels of all-trans-retinoic acid are found in the prospective 
spinal cord, intermediate levels in the hindbrain, whereas no all-trans-retinoic acid is 
found in the forebrain and midbrain (Horton and Maden, 1995). Ulven and coworkers 
reported the presence of all-trans-retinoic acid as early as 7.5 dpc in mouse embryos, and 
all-trans-retinol and all-trans-retinal on 7.5 and 6.5 dpc respectively (Ulven et al., 2000). 
Neither 3,4-didehydroretinol, 3,4-didehydro-retinoic acid nor 4-oxo-retinoic acid (during 
normal vitamin A status) has been detected in the mouse embryo (Napoli, 1999).

Mice carrying the RARβ RARE linked to a promotor and the lacZ gene are known 
as RARβ-lacZ transgenic mice. Expression of the lacZ gene, indicating retinoic acid syn-
thesis, is detected in the posterior part of the embryo, in all three germ layers. As devel-
opment proceeds, the expression closely resembles that of RARβ (Rossant et al., 1991). 
Another attempt of detecting local synthesis of endogenous retinoic acid is the use of 
embryonic carcinoma cells transfected with the same RARβ-lacZ-construct. If retinoic 
acid is generated in the embryos placed on a monolayer of the transfected cells, the cells 
turn blue when developed with X-Gal. Retinoic acid has been detected in these assays in 
the spinal cord, limb bud, posterior floor plate, trunk region and in the optic eminence 
(Ang et al., 1996a; Maden et al., 1998; Wagner et al., 1992). However, this method does 
not allow different retinoids to be distinguished, and the cells may harbour an intrinsic 
capacity to metabolise, for example, retinol to ligands that will bind RARs and RXRs and 
activate RAREs. 

There are few reports of the presence of 9-cis-retinoid isomers in mammals. How-
ever, 9-cis-retinoic acid has been detected in neonatal rat eye and human embryonic brain 
(Kraft and Juchau, 1993), and in adult mouse liver and kidney (Heyman et al., 1992). In 
addition, 9-cis-retinol has also been reported in adult rat kidney (Labrecque et al., 1995) 
and mouse liver (Gamble et al., 1999).



26

RETINOIDS AND THE VISUAL PROCESS

Franz Boll and Willy Kühne discovered in 1876 that retinas from dark-adapted frogs, 
purple in colour, became yellow when exposed to light. George Wald continued the work 
during the 1930s, and discovered that the visual purple in the retina consisted of a protein 
combined with “retinene”. Wald and coworkers also presented the first characterisation of 
the visual cycle (the history of ophthalmology is reviewed in Marmor and Martin, 1978).

The vertebrate retina is a part of the central nervous system, with very special quali-
ties. It is made up of layers of specialised cells, corresponding to nuclear and synaptic 
layers of retinal neurons. There are two types of photoreceptor cells in the retina; cones, 
which are specialised in colour perception, and rods, which are used for the perception of 
motion and for monochromatic vision at low levels of illumination. Three types of cones 
have different distributions in the retina; the red- and green-sensitive cones are concen-
trated in a distinct area, the fovea, or “yellow spot”, whereas the blue-sensitive cones are 
more evenly distributed. Rods are situated mainly at the periphery of the retina. The inner 
retina is in contact with the retinal vascular system, whereas the outer part, including the 
photoreceptor cells, depends on choroidal blood flow for nutrition. Between the choroi-
dal vessels and the photoreceptors lies the retinal pigment epithelium, RPE, which plays 
an important role in nutrition and retinoid transport to the photoreceptors (Saari, 1994). 
Figure 2 shows a schematic illustration of the retina.

Absorption of a photon by rhodopsin (the protein opsin bound to 11-cis-retinal15) in 
the photoreceptor cells triggers a process of signal transduction, which reaches the brain 
through a web of neurons in the retinal layers, and gives a perception of light. This pho-
toisomerisation has traditionally been referred to as bleaching, since illumination of the 
retina causes a colour change from purple (11-cis-retinal-opsin) to yellow (all-trans-reti-
nal-opsin) to colourless (all-trans-retinol). The regeneration of 11-cis-retinal in the dark is 
referred to as the visual cycle (Saari, 2000). In Figure 3 a schematic view of the visual cycle 
is shown.

When a photon is absorbed by rhodopsin, 11-cis-retinal is photoisomerised to all-trans-
retinal. It has been suggested that retSDR1, a member of the SDR family and recently 
cloned from human retinal tissues, is involved in the next step of the cycle, reducing all-
trans-retinal to all-trans-retinol in the rod photoreceptor outer segment (ROS) (Haese-
leer et al., 1998). It has also been proposed that the recently cloned prRDH, which also 
belongs to the SDR family, takes part in this reduction (Rattner et al., 2000). RetSDR1 
is expressed in inner retinal neurons and tissues outside the eye, suggesting further roles 
for this enzyme outside of the photoreceptors, whereas prRDH is expressed solely in the 
photoreceptor cells. Since mammalian rods cannot regenerate the chromophore, all-trans-
retinol is transported to the RPE. Within the RPE, all-trans-retinol is esterified by mem-
brane bound LRAT, primarily to all-trans-retinyl palmitate, which is converted to 11-cis-
retinol and free fatty acid by an isomerohydrolase (IMH). This enzyme has not been iden-
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tified despite extensive studies. 11-cis-retinol can either be esterified by LRAT and stored 
in the RPE16, or oxidised by a membrane-bound 11-cis-retinol dehydrogenase to 11-cis-
retinal. We have proposed that this 11-cis-dehydrogenase in the mouse is RDH4 (Paper 
II). 11-cis-retinal leaves the RPE and is transported to the photoreceptor outer segments, 
where it binds to opsin to form rhodopsin, and is thus ready for a new turn in the merry-
go-around (for a review see Saari, 2000).

Cellular retinaldehyde-binding protein (CRALBP) binds both 11-cis-retinal and 11-cis-
retinol endogenously, and it has been suggested that it functions as a substrate-carrier for 
the 11-cis-dehydrogenase. CRALBP is expressed in the optic nerve and in the brain, in 
addition to being expressed in the RPE and Müller cells of the retina (Saari et al., 1997). 

FIGURE 2
Schematic view of the retina. From Wheather PR, Burkitt HG and Daniels VG, Functional Histology, 2nd ed, 
Churchill Livingstone, London, 1993.
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This suggests that this enzyme plays one or more other roles in the visual process. Further 
support for this suggestion comes from the fact that CRALBP is not always associated 
with retinoid ligand, and the fact that it is expressed in the developing retina and RPE 
before these tissues contain 11-cis-retinoids (Saari et al., 1997).

All-trans-retinol travelling from the photoreceptor cells must leave the disc mem-
branes, pass through a cytosolic compartment, through the plasma membrane of the rod 
outer segment, diffuse across the interphotoreceptor matrix space, finally reaching the 
plasma membrane of the RPE cell, and enter this cell to join the visual cycle. Regener-
ated 11-cis-retinal must then make the return journey back to the photoreceptors. A great 
advenure for a small, lipophilic molecule! The binding to interphotoreceptor retinoid-
binding protein (IRBP) probably occurs in the photoreceptor matrix, and it has been pro-
posed that this facilitates the transport of all-trans-retinol and 11-cis-retinal. However, even 
though photoreceptors of IRBP knockout mice degenerate and die, these IRBP deficient 
mice have normal turnover rates for visual pigments. This suggests that IRBP plays an 
important role in visual physiology, maybe protecting the retinoids from oxidative degen-
eration, but not as a transport-protein (Saari, 2000).

The RPE acquires retinol from two sources: from the circulation and from the pho-
toreceptors. It has been proposed that p63, or RPE65 (Hamel et al., 1993), is the RPE 

FIGURE 3
Schematic view of the mamalian rod visual cycle.
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membrane RBP-receptor, involved in the uptake of retinol from the circulation, on the 
basolateral side of the RPE. Several lines of evidence suggest that p63 is not a regular inte-
gral membrane protein. p63 lacks continuous stretches of hydrophobic amino acids and 
a N-terminal signal sequence, and it is found in several intracellular membranes (Båvik 
et al., 1992; Båvik et al., 1993; Gu et al., 1997; Hamel et al., 1993; Nicoletti et al., 1995; 
Tsilou et al., 1997). Still, p63 is the major RPE microsomal membrane protein, and it 
is obviously essential for normal vision. Mutations in the human p63 gene cause retinal 
dystrophy (Gu et al., 1997; Marlhens et al., 1997; Morimura et al., 1998; Wright, 1997). 
Furthermore, experiments on p63 knockout mice have shown that mutant mice lack rho-
dopsin, while the level of opsin apo-protein is unaffected. In addition, all-trans-retinyl 
esters are accumulated and 11-cis-retinyl esters are absent in the RPE, suggesting a block 
in the isomerisation in the visual cycle (Redmond et al., 1998). These findings are not 
consistent with a role of p63 as an RBP-receptor, since the uptake of retinol to the RPE 
is normal in the knockout mice. Redmond and coworkers proposed that p63 is the all-
trans:11-cis-retinol isomerase or isomerohydrolase, which has not yet been cloned or char-
acterised, or, alternatively, that p63 might be involved in an unknown step in the isomeri-
sation process (Redmond et al., 1998). Against these hypotheses argues the findings of 
Choo and coworkers. They reported that the extraction of p63 from RPE membranes has 
no effect on the isomerohydrolase activity in quantitative enzymatic assays (Choo et al., 
1998). Obviously, more work in this field must be done to determine the role of p63 in 
ocular and non-ocular retinoid metabolism. 
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MATERIALS AND METHODS

The aim of this thesis was to clone and further characterise novel retinol dehydrogenases 
in the mouse. The methods used are listed in Table 2. The reader is referred to the par-
ticular Paper(s) for full information concerning the laboratory procedures. 

TABLE 2
The methods used in this thesis are listed below. The reader is referred to “Materials and Methods” in the 
specific Papers for details.

Methods used in this thesis Paper(s)
Non-radioactive in situ hybridisation I
Immunohistochemistry II, III, IV
Northern blotting  I
RT-PCR analysis  I, II  
Western blotting  I, II, IV 
Baculovirus expression system I
cDNA synthesis  I
HPLC  I
Single-strand mutagenesis II
cDNA and genomic library screening I, II
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RESULT AND DISCUSSION 

Cloning and sequencing of RDH4 (Paper I) 

An RT-PCR-based approach was used to identify cDNAs encoding novel retinol dehy-
drogenases expressed in developing mouse embryos. A full-length cDNA clone was iso-
lated from a mouse liver cDNA library and found to encode a protein of 318 amino acid 
residues with a calculated mass of 34,830 Da. This protein was designated RDH4. An 
amino acid sequence comparsion of RDH4, p32, RDH5 and RoDH1 revealed that RDH4 
displayed 86% and 87% amino acid identity with p32 and RDH5, respectively, and 54% 
identity with RoDH1. The catalytic domain of RDH4 displayed an amino acid sequence 
typical of SDR family members, including the cofactor binding motif G-X-X-X-G-X-G, 
and the active site Y-X-X-X-K. At the time when RDH4 was cloned, it was thought that 
p32 was a specific 11-cis-retinol dehydrogenase, limited in expression to the RPE. Since 
RDH4 obviously did metabolise 9-cis-retinol, and was expressed in embryonic and extra-
ocular adult tissues, we proposed that RDH4 was a novel 9-cis-retinol dehydrogenase. 

Later it was shown that p32 can also oxidise 9-cis-retinol (Driessen et al., 1998; Gamble et 

al., 2000), and was expressed in tissues outside the RPE (Driessen et al., 1998). It is likely 
that RDH4 is the mouse homologue of p32.

Substrate specificity and membrane topology of RDH4: a pathway that generates 9-cis-

retinoic acid (Papers I and II) 

To explore the enzymatic properties of RDH4, the enzyme was expressed in baculovirus-
infected Sf9 insect cells. Immunoblotting analyses of membrane fractions from infected 
cells showed that RDH4 was expressed as a 32 kDa membrane-associated protein. Analy-
sis by reverse-phase HPLC showed that RDH4 was able to generate 9-cis-retinal from 
9-cis-retinol in the presence of NAD. Using all-trans-retinol as the substrate for RDH4, no 
significant formation of all-trans-retinal was observed. In addition, RDH4 could reduce 
9-cis-, 11-cis- and 13-cis-retinal into the corresponding retinols in the presence of NADH 
as cofactor (Paper I). It was later shown that RDH4 can also oxidise 11-cis-retinol (Dries-
sen et al., 1998; Gamble et al., 1999; 2000). p32 and RDH4 have the same membrane 
topology. The catalytic domains of p32 and RDH4 have a lumenal orientation, and the 
enzymes are anchored to membranes by an N-terminal hydrophobic signal and a C-termi-
nal transmembrane domain. Eight amino acids in the C-terminal region are exposed in the 
cytosol17 (Simon et al., 1999; Paper II). RDH4 was localised to the ER in transfected CHO 
cells, as was shown by immunofluorescence. 

The pathway by which 9-cis-retinoic acid is formed is not known. Non-enzymatic 
isomerisation of all-trans-retinoic acid to 9-cis-retinoic acid in bovine liver membranes 
(but not supernatant fractions) has been reported (Urbach and Rando, 1994). The cleav-
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age of 9-cis-β-carotene generating 9-cis-retinal, which can then be either reduced or oxi-
dised, is another possible route for generating 9-cis-retinoic acid. Considering the number 
of 9-cis-retinol dehydrogenases that have been identified this far, and the fact that both 
AHD2 and RALDH2 oxidise 9-cis-retinal (el Akawi and Napoli, 1994; Labrecque et al., 
1995; Romert, 2000), it is likely that this pathway contributes significantly to the genera-
tion of 9-cis-retinoic acid. 9-cis-retinol could in this case be isomerised from all-trans-reti-
nol in a similar way as 11-cis-retinol is formed from all-trans-retinol in the RPE. 9-cis-retinol 
has been found in adult rat kidney (Labrecque et al., 1995) and mouse liver (Gamble et 
al., 1999).

The suggested retinoid-binding proteins (CRBPs and CRABPs) are cytosolic and, fur-
thermore, do not bind 9-cis-retinoid isomers. If 9-cis-retinoic acid is formed from 9-cis-
retinol, then other unknown binding proteins may participate in the formation and trans-
port of 9-cis-retinoic acid from the lumenal part of the ER into the nucleus. The lumen 
of the ER contains both NAD and NADP (Bublitz and Lawler, 1987) and is an oxidative 
milieu (Hwang et al., 1992). In the eye, 11-cis-oxidative activities distinct from p32 have 
been reported in the eye; formation of 11-cis-retinal from bovine RPE plasma membrane 

(Mata and Tsin, 1998) and NADP-dependent oxidising systems in RPE (Saari et al., 

2000), suggesting that several 11-cis-retinol dehydrogenases act in different metabolic 
11-cis-pathways in the eye. 

Structure of the RDH4 gene (Paper II)

The gene encoding RDH4 was isolated from a mouse genomic λ library. The gene spanned 
over 5kb and was composed of at least five exons. The first intron was situated in the 5´ 
untranslated region 30 bp upstream of the start codon. In addition to the cDNA sequence 
we reported previously (referred to as α in this work), two other cDNA sequences exist 
in the database, referred to as β and γ, and they all share the same nucleotide sequence 
downstream of position –30 from the initiation codon. The size of the untranslated exon 
1 differs among the three isoforms, being 12 bp in RDH4α, 102 bp in β and 51 bp in γ iso-
forms. In addition, the γ isoform has a 5 bp extension in the 5´-part of exon 2, generated 
by the use of an alternative splice acceptor site. The other intron/exon boundaries fall in 
codons 104, 190 and 245 as reported previously (Driessen et al., 1998). To investigate 
if the differently spliced isoforms of RDH4 were expressed in a tissue-specific manner, 
mRNAs from mouse liver, kidney and eye were subjected to RT-PCR analysis using com-
binations of primers specific for the three isoforms. The results revealed that all three iso-
forms are present in the tissues investigated.

Expression and proposed function of RDH4 in the mouse embryo (Papers I, II and III)

One of the main aims of the work described in this thesis was to study the embryonic 
expression of RDH4. The general pattern of expression of RDH4 mRNA transcripts 
using in situ hybridisation is given in Paper I, focusing on 10.0 to 11.0 dpc (Figure 4), and 
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a more detailed study on the expression of RDH4 protein using immunohistochemistry 
is given in Paper II (Figure 3D and E) and Paper III (Figure 1).  

Data on the in situ expression of retinol dehydrogenases in the embryo is sparse. Using 
a peptide antibody that recognises several retinol dehydrogenases, including RDH4 and 

possibly also CRAD1, the expression in rat embryos was studied (Båvik et al., 1997). The 
expression data coincide with the embryonic mouse expression of RDH4 in the heart, 
notochord, myotome, dorsal ectoderm, hindgut endoderm and adult RPE. In the men-
tioned report, expression was detected in the visceral yolk sac endoderm where RDH4 
has not been found, suggesting that other retinol dehydrogenases than RDH4 might be 
present in this tissue. In Paper I, we descibed the expression of RDH4 transcripts in 
the developing central nervous system, where a prominent dorsal-ventral gradient was 
detected, and in sensory organs (optic and auditory systems), and cranial and spinal gan-
glia. Other sites of expression were the tracheal epithelium and the liver, lung mesen-
chyme and the trabecular layer of the heart ventricles. Cells in the derma-myotomes and 
migrating muscle progenitor cells expressed transcripts for RDH4, as did cells in the noto-
chord, liver, mesonephric ducts and tubules, and the genital ridge. In the eyes, the retina, 
lens, and the optic stalk expressed RDH4 transcripts, as did the neural crest-derived mes-
enchyme in the anterior eye segment. For a summary on the in situ hybridisation of RDH4 
transcripts, see Table 3.

The expression of RDH4 protein during embryonic development was determined in 
more detail (Paper II and III). The first intra-embryonic signal was detected on 8.0-8.5 
dpc. At this stage, the two sites of expression were the myocardium and anterior meso-
derm. RDH4 continued to be expressed both in the heart, in the subepicardial and trabec-
ular layer of the atria and ventricles, and in anterior mesoderm throughout development. 
RDH4 was not expressed in allantois, amnion or yolk sac. Later in development, RDH4 
protein was abundantly expressed in the embryo and fetus, for example, in tracheal and 
bronchi epithelia, in the liver, myotomes and in migrating muscle progenitor cells, noto-
chord, mesonephric ducts and tubules and in the genital ridge. For a summary of the 
expression of RDH4 protein, see Table 4.

The staining for RDH4 within defined tissues and organs was often scattered, with 
some cells strongly stained and nearby cells devoid of RDH4 expression. This pattern was 
seen throughout development, both in in situ hybridisation experiments and in immuno-
histochemistry studies. 

Some differences were obvious between the in situ hybridisation data on the localisa-
tion of RDH4 mRNA transcripts and the immunohistochemical data on the presence of 
RDH4 protein in the embryo. Most striking was the positive in situ hybridisation data in 
the developing central nervous system and cranial and spinal ganglia, regions where the 
RDH4 protein was not detected. In addition, in the eye, RDH4 transcripts were located 
in the lens, optic stalks and retina on 11.0 dpc (Paper I). No protein was detected in the 
developing eye before 13.0 dpc, and then only in the RPE (Paper III). In the developing 
retina, RDH4 protein was detected on P6 in the inner and outer nuclear layers (Paper II). 
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However, RDH4 protein has not been detected prenatally in the lens, retina or optic 
stalks. These discrepancies are probably not due to a non-specific antisense RNA probe 
or antibody. The antisense RNA probe was chosen in the C-terminal region, a region in 
which several amino acids are specific for RDH4 (Paper I). The RDH4 antibody was gen-
erated from a protein encoded by the whole cDNA, and the specificity to the RDH4 pro-
tein has been confirmed (Paper II). Taken together, it is unlikely that either the antisense 
RNA probe or the antibody would bind non-specifically to other related mRNAs or pro-
teins in the mouse embryo. Importantly, a correlation between the expression of RDH4 
transcripts and protein was seen, in principal, in all other tissues and organs examined.

The presence of RDH4 in the RPE on 13.0 dpc and onwards and in the retina from 
P6 and onwards is intriguing, since there is no obvious need for 11-cis-retinal during the 
embryonic development. The possibility that RDH4 can act both as a 9-cis- and as an 

TABLE 3
In situ hybridisation of RDH4 transcripts on 10.0 dpc and 11.0 dpc in mouse embryogenesis (Paper I). 

Organ with specific sites of RDH4 expression

Neural tube and ganglia 
Dorsally, especially mesencephalon and neural tube caudal to hindbrain; cells close to central canal
Specific cells in floor of mesencephalic flexure, pontine nuclei and isthmus
Optic stalk
Floor plate
Cranial and dorsal root ganglia

Sensory organs 
Optic and otic vesicles
Retina and lens
Neural crest-derived corneal precursor cells

Endodermally derived organs 
Endoderm of the primitive gut
Liver
Trachea and pulmonary epithelia

Circulatory system 
Trabecular layer of heart ventricles and outflow tract
Dorsal aorta and cardinal veins

Others
Notochord
Myotome and muscle progenitor cells
Rathke´s pouch
Urogenital ridge
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11-cis-retinol dehydrogenase, makes a dual role for this enzyme likely; it may be an 11-cis-
retinol dehydrogenase in the visual cycle, and it may take part in the first oxidation step in 
the generation of 9-cis-retinoic acid in cells outside the eye. The presence of RDH4 in fetal 
RPE and retina could reflect the need for 9-cis-retinoic acid during development of these 
tissues. Interestingly, other enzymes linked to the visual cycle are also expressed before 
the need of a functional visual cycle. These include p63, which is detected at P4–P5 in 

TABLE 4
Immunohistochemical localisation of RDH4 during mouse embryogenesis (Papers II and III). Abbreviations: 
ep, epithelium; ND, not determined; primord, primordium; RPE,  retinal  pigment epithelium.

Stages (dpc)  8.0 9.0 10.0 11.0 12.0 13.0  15.0 16.0-17.0

Heart 
Endocardium - - - - - - - -
Myocardium + + + + + + + +

Mesoderm/Mesenchyme
Cranial mesoderm + + + + + + + +
Notochord - + + + + + + +
Myotome/myocytes/
muscle cells - - + + + + + +
Sclerotome derivatives - - - - + + + +

Neuroectoderm/CNS
Roof plate  - - + + + + + +
Tela choroidea - - - - + + + +
Floor plate - - - + + + + +

Endoderm/Endoderm derivatives
Thyroid primord. - + + ND ND ND ND ND 
Trachea - - + + + + + +
Bronchi - - - - + + + +
Proximal stomach - - - - - + + +
Hindgut endoderm - + + + + + + +
Ep. of anal canal - - - - - + + + 
Ep. of urogenital sinus - - - - - + + +

Sensory organs /related structures
Otic vesicle/inner ear - - - - + + + +
RPE - - - - - + + +

Others
Aortic endothelium - + + + + + + +
Metanephric ducts - - - - - + + +
Ectoderm/epidermis - - - + + + + +
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rat (corresponding to P2–P3 in mouse) (Hamel et al., 1993), and IRBP which has been 
demonstrated on 17 dpc (Carter-Dawson et al., 1986). 

One of the major sites of expression of RDH4 throughout gestation was the myocar-
dium of the heart, an organ for which a controlled retinoid concentration throughout 
development is important (Kastner et al., 1994). Malformations of the heart are a part of 
the VAD syndrome (Warkany et al., 1948), and seen in RXRα deficient mice and RAR-
RXR compound knockout mice (Kastner et al., 1994; Sucov et al., 1994). The early pres-
ence of RDH4 in the heart, and the continuous expression throughout embryonic and 
fetal development, is consistent with the function of RDH4 as a 9-cis-retinol dehydroge-
nase in this tissue. Furthermore, RALDH2 has been reported in the dorsal mesocardium 
and epicardial and pericadial layers of the ventricles, while retinoic acid responsiveness, 
indicated by β-Gal activity, has been reported in trabeculated myocardium and the com-
pact layer of the ventricles (Moss et al., 1998). 

The expression of RDH4 in the notochord persisted throughout development, imply-
ing a role of retinoids in the induction of ventral neural tissues, and in the migration/
differentiation of sclerotomal-derived cells to the midline. Interestingly, these latter cells 
also expressed RDH4 when surrounding the notochord. Ventral spinal cord and noto-

chord induce cartilage maturation in mesenchymal cells (Watterson et al., 1954), and this 

effect is mimicked by retinoic acid (Ide and Aono, 1988), suggesting that retinoic acid 
released from the notochord and floor plate influences vertebrate formation.

The presence of retinyl esters in the fetal rat lung has been reported (Zachman, 1995), 
and RXRs are expressed in the developing lung (Mangelsdorf et al., 1992). Furthermore, 
retinoic acid interferes with the expression of genes in the fetal respiratory epithelia (Car-
doso et al., 1995) by upregulating Hoxb-6, Hoxa-2 and Shh during lung development, 
and by changing the developmental pattern of distribution of these genes (Cardoso et 
al., 1996). Recently, the expression of RALDH2 and retinoic acid activity in fetal lung 
was reported (Mapel et al., 2000). In conclusion, RDH4 was expressed during mouse 
embryogenesis in several tissues known to synthesise, or to depend on, regulated amounts 
of retinoic acid for normal development.

Expression of RDH4 in relation to presumptive retinal dehydrogenases (Paper III)

The expression of RDH4 and its relationship to the expression of AHD2, RALDH2 and 
RALDH3 was studied in Paper III. There were a few sites of co-localisation of RALDH2 
and RDH4 in the mouse embryo. The major differences were the presence of RDH4 in 
the early cranial mesoderm, while RALDH2 was expressed in the trunk mesoderm; and 
later RDH4 was expressed in the mesenchyme of the mesencephalic flexure, notochord, 
roof plates of the hindbrain, floor plate of the caudal midbrain and hindbrain and choroid 
plexus. RDH4 was also expressed in the liver, whereas RALDH2 was not. However, both 
enzymes were detected in the maxillary region and around developing nasal cavities, in 
pleural mesothelia, and in the lateral part of the otocyst (Niederreither et al., 1997).  
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No co-localisation between RDH4 and RALDH3 or AHD2 was found in the present 
study. Considering the expression data for all three retinal dehydrogenases, it seems likely 
that an aldehyde dehydrogenase yet to be identified, is responsible for the oxidation of 
retinal to retinoic acid in tissues that express RDH4 but do not express any of the known 

retinal dehydrogenases. 

Expression of CRAD1 in the mouse embryo in relation to RDH4 (Paper IV)

The expression of the CRAD1 protein in the mouse embryo was studied using immuno-
histochemistry. The temporal and spatial expression of CRAD1 overlapped in all essen-
tials with the expression of RDH4. Two differences in the co-localisation were found in 
the embryo. Firstly, cells in the adrenal gland expressed CRAD1, but not RDH4; and 
secondly, a small collection of cells in the rugae of the rhomoberes and in rhomobere 
boundaries expressed CRAD1 but not RDH4. Since CRAD1 oxidises 9-cis- and 11-cis-
retinol in vitro, the overlap in expression patterns in the embryo suggests a possible redun-
dant function between these two enzymes. In addition to being capable of retinoid oxida-
tion, CRAD1 also metabolises 3α-adiol, androsterone and testosterone in vitro (Chai et 
al., 1997). Thus, besides having a possible dual role as a 9-cis- and 11-cis-retinol dehydroge-
nase, CRAD1 may participate in steroid metabolism. 

During embryogenesis, the vertebrate hindbrain is the site of a segmental process 
that leads to the formation of 7–8 rhombomeres along the anterior-posterior axis. These 
rhombomeres define distinct cellular and molecular domains, which express a number 
of regulatory genes according to segment-specific patterns. The interface between rhom-
bomeres, the rhombomere boundaries, contain both cells and cellular matrix of special-
ised characteristics. In chick, the rhombomere boundary cells show altered expression of 
Hoxb-1, Krox-20 and Pax-6 compared to cells of rhombomere bodies. In addition, these 
boundary cells express vimentin, indicating that at least some of these cells are radial 
glia or glia cells (Heyman et al., 1995). Furthermore, radila glia cells in the rhombomere 
boundary have been proposed to be involved in directing axons (Heyman et al., 1995). 
Retinoic acid is known to stimulate neurite outgrowth (Maden and Holder, 1991), thus, 
CRAD1 could be responsible for the generation of retinoic acid in the cells of the rugae  
of the rhombomeres and rhombomere boundaries. Excess retinoic acid during embryonic 
development interferes which the expression of genes, which are specifically involved in 
the establishment of segment boundary of the hindbrain, for example, Krox-20, and the 
homeobox (Hox) genes. Some of these genes contain RAREs, for example, Hoxa1, Hoxb1 
and Hoxd4 (for a review see Morriss-Kay and Ward, 1999). It has also been shown that 
vitamin A deficiency may disturb the patterning of the hindbrain. Deficient quail embryos 
shows a loss of rhombomeric boundaries followed by shortening of the hindbrain (Maden 
et al., 1996). 

The expression of CRAD1 in the rugae of the rhombomeres and in rhombomere 
boundaries is the first report on a potential retinol dehydrogenases being expressed in the 
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neuroectderm of the hindbrain. Alcohol dehydrogenases class 1 (ADH1) and 4 (ADH4), 
are expressed in the neural folds (Ang and Duester, 1997), but not in the in the rhom-
bomeres in the specific pattern seen for CRAD1. The need for regulated concentrations 
of retinoic acid in the hindbrain, is consistent with the presence of CRAD1 in this tissue, 
acting as a 9-cis-dehydrogenase. 

The adrenal gland of humans, and possibly also that of mouse, consists in the new-
born of a fetal, or provisional cortex, which is present between the medulla and the thin 
permanent cortex. A major function of the fetal cortex is the secretion of sulphate conju-
gates of androgens, which are converted in the placenta to active androgens and estrogens 

that enter the maternal circulation (Junqueira et al., 1995). The androgen receptor (AR) 

is expressed in developing adrenals on 15.5 dpc (Crocoll et al., 1998), indicating androgen 
signalling in these tissues at this point. In addition, the adrenals also generate retinoic acid 

on 16.5 dpc (Haselbeck et al., 1997).
In summary, the co-localisation of CRAD1 with RDH4 and the interesting exceptions 

thereof, raises the possibility of functional redundancy between RDH4 and CRAD1, and 
furthermore, cross-talk between retinoid and androgen signalling pathways. CRAD1 may 
act as a cis-retinol dehydrogenase and/or a 3α-hydroxydehydrogenase, or both, during 
development. However, the precise function of CRAD1 will most likely vary with its 
spatial-temporal expression and substrate availability.   

Expression and proposed function of RDH4 in adult tissues (Papers I, II)

Northern blot analysis revealed an abundant expression of a 1.4 kb transcript in liver, 
kidney and brain; while several other tissues, including heart, lung, spleen, skeletal muscle 
and testis, appeared devoid of detectable expression of RDH4 (Paper I). The most intense 
signals in a dot-blot hybridisation of RDH4 mRNA were detected in the eye and in the 
liver. Other noteworthy relatively intense expression sites included the kidney, epidi-
dymis, submaxillary gland and heart (Paper II). 

Expression of RDH4 was studied using immunohistochemistry in the mouse eye, 
kidney, liver, skin and lung (Paper II). In the eye, RDH4 was detected in the RPE, with 
weaker intensity in the inner segment of the photoreceptor cells, and in the outer plexi-
form layer. In kidney, the distal tubules and the transitional epithelium in the renal pelvis 
were strongly stained. No specific staining was observed in the proximal tubules, in the 
glomeruli, or in the large or small blood vessels. In liver, RDH4 was present in hepato-
cytes in the centrilobular area. In the lung, RDH4 was present in the Clara cells in the 
epithelium of the bronchiole and in relatively sparsely scattered cells that appear to be 
type I cells in the lung parenchyma. In mouse skin, RDH4 was found in the epidermis 
and in hair follicles with the accompanying sebaceous glands, and also in mast cells in the 
dermis. 
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The presence of RDH4 in the eye and also in tissues outside the eye, indicates that 
RDH4 has a dual funtion, acting as an 11-cis retinol dehydrogenase in the eye, and as a 
9-cis-retinol dehydrogenase in extra-ocular tissues.

The present literature on the localisation of RDH4, p32 and RDH5 in adult tissues 
indicates interesting differences in the expression pattern. For example, RDH5 has a high 

expression in the liver and mammary gland (Wang et al., 1999), whereas mouse RDH4 

mRNA is not expressed in the mammary gland (Gamble et al., 1999). In addition, p32 is 

expressed only in the RPE (Simon et al., 1995) and in smooth muscle cells of the small 

arteries in kidney, liver, small intestine and heart (Driessen et al., 1998).  

Expression of CRAD1 in adult mouse tissues (Paper IV)

CRAD1 mRNA has been detected in several adult organs, with the highest expression 
in liver and kidney (using Northern blot technique), and lower expression in skeletal 
muscle, lung and RPE (using RNase protection assay) (Chai et al., 1997). 

In Paper IV the expression of CRAD1 was examined in adult mouse tissues using 
immunohistochemistry. The overlapping expression seen between RDH4 and CRAD1 in 
the mouse embryo was not observed in adult tissues. In the liver, CRAD1 was widespread 
in the hepatocytes and cells surrounding the portal veins were more intensively stained, 
whereas RDH4 was present in the centrilobular area. In the kidney, CRAD1 was detected 
in the proximal tubules, in unidentified cells in glomeruli and in smooth muscle cells in 
the small arterioles. In contrast, RDH4 was found in distal tubules and in the transitional 
epithelium in the renal pelvis. It is interesting to note that both enzymes were expressed in 
the myotome and migrating muscle cells, but only CRAD1 was expressed in adult skeletal 
muscle cells. In the lung, CRAD1 was present in the Clara cells of the bronchiole, and in 
smooth muscle cells surrounding the bronchiole. RDH4 had a broader expression in the 
lung, being present in type I cells in lung parenchyma, and in Clara cells. The precise role 
of CRAD1 in adult tissues remains to be investigated, however, liver, kidney and lung are 
organs all strongly implicated in retinoid and/or steroid metabolism.

Do RDH4 and CRAD1 play a role in in vivo steroid metabolism?

It is beyond the scope of this thesis to discuss the field of steroid nuclear receptors and 
their ligands. However, several of the retinoid-metabolising SDRs have steroid-metabolis-
ing capacities in vitro, for example, RoDH1 (Chai et al., 1995), RoDH4 (Gough et al., 
1998), CRAD1 and CRAD2 (Chai et al., 1997; Su et al., 1998), and RDH5 (Wang et al., 
1999). This suggests that these enzymes might have a role in both retinoid and steroid 
metabolism in vivo. The steroids assayed and found to be substrates for some of the SDRs 
are 3α-adiol and androsterone. In vitro, CRAD1 is more effective in steroid than retinoid 
metabolism. The co-localisation of CRAD1 with RDH4 and the interesting exceptions 
thereof, raises the possibility of functional redundancy between RDH4 and CRAD1, and 
furthermore, cross-talk between retinoid and androgen signalling pathways.
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Great attention has been given during the past five years to the enzymes involved in the 
generation of retinoic acid in the embryo and in the adult organism. However it is still 
unclear which enzymes are involved in vivo. 

The aim of the work described in this thesis was to clone and further characterise 
novel retinol dehydrogenases in the mouse. Special emphasis was placed on the expres-
sion of RDH4, a membrane-bound 9-cis- and 11-cis-retinol dehydrogenase belonging to the 
short-chain dehydrogenase/reductase (SDR) family. RDH4 is expressed during embryo-
genesis in several tissues known to synthesise, or to be dependent on regulated amounts 
of retinoic acid for normal development. In the adult, RDH4 is expressed in, for exam-
ple, the liver, kidney, lung and the epidermis; organs that are dependent on retinoids for 
normal function and/or that are involved in storage of retinoids. In addition, RDH4 is 
expressed in adult and developing retinal pigment epithelium. The ocular and extra-ocu-
lar expression of RDH4 suggests that RDH4 has a dual role in the mouse; it may act as 
an 11-cis-retinol dehydrogenase in the eye, and as a 9-cis-retinol dehydrogenase in tissues 
outside the eye. 

The RDH4 knockout mice develop normally, and are viable and fertile (Driessen 
et al., 1999). The lack of a prenatal phenotype might be due to functional redundancy 
among known and not yet identified retinol dehydrogenases. The embryonic expression 
of CRAD1, an RDH4-related retinol dehydrogenase, overlapped in expression pattern 
compared with that of RDH4, with the exception of a subset of cells in the adrenal gland 
and cells in the rugae of the rhomoberes and rhombomere boundaries. Since CRAD1 
also oxidises 9-cis- and 11-cis-retinol in vitro, this suggets that CRAD1 could compensate 
for the lack of RDH4 in the RDH4 knockout mice. In addition to being capable of retin-
oid oxidation, CRAD1 also metabolises 3α-adiol, androsterone and testosterone in vitro 
(Chai et al., 1997). Thus, besides having a possible dual role as a 9-cis- and 11-cis-retinol 
dehydrogenase, CRAD1 may participate in steroid metabolism. 

Between RDH4 and retinal dehydrogenases no major site of co-localisation was found 
in the embryo, indicating that other retinal dehydrogenases, not yet identified, exist in the 
mouse.

 Expression patterns and in vitro data, such as substrate specificities and cofactor pref-
erences, cannot settle the in vivo function and importance of a particular enzyme. Gen-
eration of retinoic acid is likely to involve several different retinol and retinal dehydroge-
nases, depending on the spatial and temporal needs for different retinoid isomeres. Both 
RDH4 and CRAD1 are candidates for participating in these oxidative reactions in the 
embryonic and adult mouse. 
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FOOTNOTES

1 The factor first described in respect to chemical contents turned out to be an amine, 
vitamin B1, or thiamin. Deficiency in vitamin B1 leads to beriberi, a condition resulting in 
damaged peripheral nerves and heart failure.

2 McCollum writes: “By “vitamine” Funk and his coworkers indicate a class of substances 
the chemical nature of which is at present unknown. They are described as being precipi-
tated by phosphotungstic acid and by mercuric chloride, but aside from this property, 
there is no evidence that these substances of unknown constitution which are active in 
promoting growth, or in relieving the symptoms of polyneuritis contain an amino group. 
Further more, the prefix vita connotes an importance in biological processes paramount 
to that of certain other absolutely indispensable organic complexes, among which are a 
number of amino-acids. We feel that this term is not in harmony with a conservative ten-
dency in the nomenclature of biological chemistry which should avoid the employment 
of a term which carries the idea that one indispensable complex is of greater importance 
biologically than another one equally indispensable. Further more, the evidence of the 
presence of an amino group in the substance under consideration is too slight to warrant 
the use of the ending amine, which carries with it a definite meaning in organic chemical 
nomenclature.” (McCollum and Kennedy, 1916).

3 β-carotene, the most efficient precursor (Bendich and Olson, 1989), is only one member 
of the class of carotenoids, consisting of approximative 50 members, all having some vita-
min A activity in humans (Olson, 1994).

4 Whether this cleavage is specific and involves the central double bond giving rise to 
two molecules of retinal, or if it is non-specific, affecting any double bond and producing 
two of several different β-apo-carotenals, is still unclear. Even though excentric cleavage 
occurs in plants, it seems likely that the major route in mammals is cleavage at the middle 
double bond. In humans 60–70% of the absorbed β-carotene is cleaved, while the remain-
der of the carotenoids are stored in adipose tissue (Olson, 1989).

5 Chylomicrons are the lipoproteins of the intestine, consisting of aggregates of caroten-
oids, retinyl esters, other fat-soluble vitamins, cholesteryl esters, a few specific apo-lipo-
proteins, triacylglycerol and phospholipids, arranged in a specific manner. 75% of these 
remnants are cleared from the circulation by the liver. However, extrahepatic tissues 
contribute significantly to retinoid metabolism in the body; uptake of chylomicron rem-
nants occurs in lung, bone marrow, peripheral blood cells, skeletal muscle, adipose tissues, 
heart, spleen and kidney (Soprano et al., 1986). 
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6 Stellate cells, making up 5–8% of total cells of rat liver, are non-parenchymal cells, 
located perisinusidally in the space of Disse, for a review see (Vogel et al., 1999). The liver 
holds approximately 50-80% of the total retinol storage (retinol and retinyl ester) in the 
mammal body, of which stellate cells hold approximately 95%. This reserve lasts for sev-
eral months of starvation (Blaner and Olson, 1994).

7 RBP can also bind retinal and retinoic acid with similar affinity as retinol, but retinol is 
the physiological ligand for RBP. The presence of RBP has been reported in kidneys, lung, 
heart, skeletal muscle, adipose tissues and testis, even though hepatocytes are the main 
site of RBP-synthesis (for a review see Vogel et al., 1999). 
 
8 Mouse ADH2 has no activity with all-trans-retinol (9-cis-retinol not tested), considering 
also the restricted expression in adult liver, this makes in an unlikely retinoid metabolising 
enzyme (Duester, 2000).

9 ADH3, expressed ubiquitously in the adult mouse (Ang et al., 1996b; Zgombic-Knight 
et al., 1995), is a gluthathione-dependent formaldehyde dehydrogenase (Koivusalo et al., 
1989) that does not oxidise all-trans-retinol, nor reduce 9-cis-, all-trans-, or 13-cis-retinal 
(Boleda et al., 1993; Yang et al., 1994). 
 
10 The CRBP concentration, at least in rat liver cells, is 7µM, exceeding the concentration 
of retinol, 5 µM (Harrison et al., 1987). Since CRBP envelopes retinol with a high affinity 
(K

D
 of 0.1 to 1 nM (Cowan et al., 1993; Li et al., 1991), this leaves a free retinol concentra-

tion of ≈ 0.25 nM, which is 20 000 times lower than the total retinol concentration.

11 The ratio in rat liver cytoplasm of NAD/NADH is close to 1000, whereas the ratio 
NADP/NADPH is 0.01, thus, the cytoplasm contains much NAD, but little NADP. This 
suggests that an NAD-dependent enzyme would be involved in oxidation reactions (gen-
erating NADH), but an NADP-dependent would be involved in reductions (consuming 
NADPH) (Veech et al., 1969). An example of retinoid reduction reactions outside the 
eye is the generation of retinol from retinal in the production of retinyl esters.

12 The RAR isoforms are RARα1 and α2, RARβ1 to β4, RARγ1 and γ2, and the RXR 
isoforms are RXRα1 and α2, RXRβ1 and β2, RXRγ1 and γ2.

13 14-hydroxy-4,14-retro-retinol, which was the first bioactive retinol derivative to be 
described, belongs to a group of retinoids called retro-retinoids. These retinoids are, at 
least in lymphocyte physiology, capable of elicit retinoid activity, besides the classical 
retinoic acid pathway. The name “retro-retinoids” reflect the shift in the conjugated double 
bond system resulting in a double bond between carbons 6 and 7. Thus, in retro-retinoids, 
the side-chain is in the same plane as the cyclohexene ring, and the double bond on the 
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ring becomes a part of the conjugated double bond system. Interestingly, this coplanar 
configuration is the same as for retinol when bound to CRBPI (for a review in this field 
see Vakiani and Buck, 1999). 

14 The mouse embryo starts to suffer from retinol deficiency only when the mother´s reti-
nol storage has fallen to very low levels, making the generation of a vitamin A deficient 
mouse model difficult. Mice born to vitamin A sufficient dams do not become deficient 
during a lifetime fed a vitamin A deficient diet (Smith et al., 1987). In order to produce an 
abnormal phenotype in embryos born to vitamin A deficient mice, more than one genera-
tion of vitamin A deficient mice must be bred. A prolonged deprivation before and during 
pregnancy results in a close to normal phenotype in the first litter generation, while severe 
VAD-related malformations occur in the second litter (Morriss-Kay and Sokolova, 1996). 
In addition, some malformations not previously described to the VAD syndrome are seen, 
such as facial clefts, webbing of the digits of all limbs, and forelimb malformations.

15 11-cis-retinal and three derivatives thereof, all-trans-retinal, 3,4-didehydro-all-trans-reti-
nal and 4-hydroxy-all-trans-retinal, are the chromophores of all known visual pigments, 
both in vertebrates and in invertebrates.
 
16 11-cis-retinyl esters can be hydrolysed and used for visual pigment regeneration by 11-cis-
retinyl ester hydrolase (Mata and Tsin, 1998). 

17 CRAD1 has a similar membrane topology as do RDH4 and RDH5, with a lumenal cata-
lytic domain, and a cytosolic C-terminal tag (Anna Romert, personal communication).
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