
Original Communication

A transgenic reporter mouse
model for in vivo assessment of
retinoic acid receptor transcriptional
activation
Harald Carlsen1,2 , Kanae Ebihara1, Nobuyo H. Kuwata1, Kazuhisa Kuwata1,
Gamze Aydemir3, Ralph Rühl3,4, and Rune Blomhoff1,5

1 Department of Nutrition, Institute of Basic Medical Sciences, University of Oslo, Oslo, Norway
2 Faculty of Chemistry, Biotechnology and Food Science, Norwegian University of Life Sciences, Ås, Norway
3 Laboratory of Nutritional Bioactivation and Bioanalysis, Department of Biochemistry and Molecular Biology,

Medical and Health Science Center, University of Debrecen, Debrecen, Hungary
4 Paprika Bioanalytics BT, Debrecen, Hungary
5 Department of Clinical Service, Division of Cancer Medicine, Oslo University Hospital, Oslo, Norway

Abstract: Background: Vitamin A is essential for a wide range of life processes throughout embryogenesis to adult life. With the aim of
developing an in vivo model to monitor retinoic acid receptor (RAR) transactivation real-time in intact animals, we generated transgenic mice
carrying a luciferase (luc) reporter gene under the control of retinoic acid response elements (RAREs) consisting of three copies of a direct
repeat with five spacing nucleotides (DR5). Methods: Transgenic mice carrying a RARE dependent luciferase reporter flanked with insulator
sequence were generated by pronuclear injection. RARE dependent luciferase activity was detected by in vivo imaging or in tissue extracts
following manipulations with RAR/retinoid X receptor (RXR) agonists, RAR antagonists or in vitamin A deficient mice. Results: We found a
strong induction of luciferase activity in a time and dose dependent manner by retinoic acid as well as RAR agonists, but not by the RXR
agonist (using n=4–6 per group; 94 mice). In addition, luciferase activity was strongly reduced in vitamin A-deficient mice (n=6–9; 30 mice).
These observations confirm that luciferase activity was controlled by RAR activation in the RARE-luc mouse. Luciferase activity was detectable
in various organs, with high activity especially in brain and testis, indicating strong retinoid signalling in these tissues. Conclusion: The
RARE-luc transgenic mice, which enabled real-time in vivo assessment of RAR activation, will be useful in understanding the normal physiology
of vitamin A, the role of retinoid signalling in pathologies as well as to evaluate pharmacological ligands for RARs.
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Introduction

Vitamin A is required throughout embryogenesis to adult
life, and proper levels of vitamin A derivatives, called
retinoids, are crucial for normal morphogenesis during
embryonicdevelopment [1–4].Retinoidsarealso indispens-
able throughout postnatal development for growth, repro-
duction, vision, maintenance of numerous tissues, and
overall for survival [5, 6]. The majority of the effects of
retinoids are mediated by the binding of all-trans-retinoic
acid (ATRA) as the endogenous retinoic acid receptors
(RARs) ligand and 9-cis-13,14-dihydroretinoic acid
(9CDHRA), as the endogenous ligand of the RXRs [7, 8].
These nuclear receptors, which all are transcription factors,
consist of three related RARs (i.e. RARα, RARβ and RARγ)

and three RXRs (i.e. RXRα, RXRβ and RXRγ). The RARs
and RXRs form heterodimers that bind to retinoic acid
receptor response elements (RAREs) in regulatory regions
of target genes. Ligand binding leads to a conforma-
tional change in the heterodimer, causing a release of co-
repressors and recruitment of co-activators, which will
promote induction of gene expression [9, 10].

During embryonic development, enzymes responsible
for ATRA synthesis (e.g. ALDH1A (RALDH) 1–3) or degra-
dation (e.g. CYP26A1–3) mainly generate localized gradi-
ents and distribution of ATRA. It appears that ALDH1A2
and CYP26A1 and 2 are the main players for controlling
vitamin A signalling for normal patterning and organogen-
esis in the embryo [11–13]. Little is known about the main
factors that are responsible for vitamin A signalling during
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adult life. Different from other nuclear receptor signalling
systems, control of gene expression by vitamin A involves
complexity at many different levels.

Briefly, dietary vitaminA is absorbed in the intestine, and
transported to the liver where it is stored in the form of
retinyl esters (REs). REs are hydrolysed to all-trans-retinol
(ROH, vitamin A1 alcohol) and transported to the target
tissues bound to a specific retinol-binding protein (RBP).
In the target tissues,ROH is takenupandeither transported
back to plasma for recycling to other tissues or oxidized to
ATRA to activate RARs-RXRs [14, 15]. The endogenous
RXR ligand 9CDHRA, with the ability to synergistically
co-activate theRAR-RXRheterodimers [7], seems to derive
fromavitaminA1-independent pathway [16]. Furthermore,
gene expression by RARs-RXRs is regulated by multiple
transcriptional mediators (e.g. coactivators and corepres-
sors) [7]. Since signal transductionof vitaminA is controlled
at many different levels, such as absorption, uptake,
storage, transport,metabolismandgene expression, appro-
priate animalmodels are necessary to resolve the complex-
ity of its physiological regulation.

To assess spatio- and temporal RAR activation in vivo,
RA-responsive reporter (RARE-β galactosidase) mice have
been generated. In these mice, however, reporter gene
activity is detectable only in early stages embryos or
sections dissected from the sacrificed animals [17, 18].
Some twenty years ago we and others demonstrated that
itwaspossible to externally detect light producedby lucifer-
ase reporters in transgenicmice includingNF-κB-luciferase
reporter mice and EpRE-luciferase mice [19–28]. These
unique reporter mice allow repeated dynamic measure-
ments of the promoter activity over time in an individual
mouse and permitted real-time observations of the conse-
quences of a given treatment. By using this technology,
we have generated transgenic reporter mice containing
three copies of RARE, canonical DR5 sites derived from
theRAR-β2promoter, coupled to the luciferasegene tomon-
itor real-timeRARactivation in livingmice (RARE-lucmice).

This model has already been used in other studies to
aid in understanding retinoid signalling in various physio-
logical settings [29–35]. The present study is the first to
report in more detail the main characteristics of the
RARE-luc model and its utility for reporting on retinoid
signalling. Detection of reporter activity can be achieved
by in vivo luminescence imaging, ex vivo imaging or
enzymatic assay, and immunohistochemistry. Strong
induction of luciferase activity was observed after exposure
to ATRA, and marked reduction was seen in the vitamin A
deficient (VAD) RARE-luc mice. RAR agonist and
antagonist treatments confirmed RAR dependency of the
luciferase induction. The results presented here demon-
strate that dynamics of RAR activation can be monitored
close to real-time in living animals.

Materials and methods

Materials

Corn oil, Dulbecco’s Modified Eagles Medium (DMEM),
fetal bovine serum, L-glutamine, penicillin (50 U/ml) and
streptomycin (0.05 mg/ml) stabilized solution were
purchased from Sigma (St. Louis, MO). ATRA was from
Fluka Biochemica (Buchs, Switzerland). Isoflurane from
Baxter (Deerfield, IL) and D-luciferin was from Biothema
(Dalarö, Sweden). LGD268 was obtained from Lilly
Research Laboratories, CD271 was provided from by
BIOMOL/Tebu-Bio (Boechout, Belgium), LGD268 was a
gift from Ligand Pharmaceuticals (San Diego, CA), while
AGN 194310 was generously donated by R. Chandraratna
(Allergan, Irvine, CA). Based on supplier information the
purity of the used substances was always >99%.

DNA construction

Three copies of RARE (DR5 cis element) derived from the
RAR-β2 promoter (5’-TCGACGGAAGGGTTCACC-
GAAAGTTCACTC-3’ and the complementary strand 3’-
GCCTTCCCAAGTGGCTTTCAAGTGAGACT-5’) were
inserted into theXhoI siteofpTAL-Luc (Promega,Madison.
WI) to construct p3xRARE-Luc. A KpnI fragment from
pNI-CD containing two copies of β-globin “core” fragment
in AseI site of pNI were inserted into both KpnI site
and blunted BamHI site of the p3xRARE-Luc to make
transgene flanked with insulator core element [36, 37].
NotI-SalI fragment of the final construct was excised for
microinjection.

Generation of transgenic mice

Transgenic mice were generated on C57BL/6 � CBA
genetic background by standard procedures [38]. Briefly,
fertilized zygotes were obtained from 4 weeks old super-
ovulated C57BL/6 � CBA females mated to C57BL/6 �
CBAmales (age 8–12weeks). Linearized DNAwas injected
into pronuclei of the zygotes. Zygoteswere then transferred
into the oviducts of pseudopregnant CD-1mice. Luciferase
positive founders were identified by PCR and crossed with
C57BL/6WTs to generate mice for testing of RARE medi-
ated luciferase response following treatment with ATRA.
The response to ATRA was assessed by in vivo imaging
andbiochemical analyses of luciferase activity in individual
tissues. Based on these assessments one founder was
selected for further breeding with C57BL/6mice and anal-
yses. All the mice used in this experiment were heterozy-
gous for the transgene and back-crossed for more than six
generations with C57BL/6mice.
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Mice were housed in accordance with the guidelines of
the Federation of European Laboratory Animal Science
Associations, and animal experiment were done according
to national guidelines for animal welfare (Norwegian Food
Safety Authority; approval FOTS ID 2565). Mice had
ad libitum access to water and standard chow if not
otherwise stated. In total 124 mice were used in these
experiments.

Retinoid treatment

Mice were gavage-fed ATRA (50 mg/kg for time course
assessment, and in the concentration dependency experi-
ment; 1, 25, 50, 100, 200 mg/kg) or the RAR-panagonist
TTNPB(0.05mg/kg, Sigma,Budapest,Hungary)dissolved
in corn oil. Corn oil alone was given as control. CD271
(5 mg/kg; a synthetic RAR-ligand) and/or LGD268
(5 mg/kg; a synthetic RXR-ligand) were administered in
25% aqueous Cremophor EL (Sigma, Budapest, Hungary)
solution (5 ml/kg). In all the experiments mice were from
6 to 9 weeks of age.

In vivo imaging and luciferase
measurement

In vivo imaging was performed using the IVIS 100 system
and images analyzed by LivingImage software (Xenogen
Corp/Perkin Elmer, Alameda, CA, USA). The IVIS 100
detects photons of light emitted from immobilised mice or
tissues onto a cooled CCD camera. Following a single i.p.
injection of D-luciferin (120 mg/kg; Biothema, Dalarø,
Sweden) dissolved in 200 μl PBS, pH 7.8, mice were
anesthetized with a mixture of isoflurane gas and oxygen
(3%isoflurane). Fiveminutes after luciferin administration,
mice were placed in the CCD camera coupled light-tight
chamber and gray-scale image of the animal was recorded.
Photon emission was then integrated over a period of 1min
and recorded as pseudo-colour images. Gray-scale and
pseudo-color images were merged to co-localize photon
emission on animal body. Signal intensity was quantified
as sum of all detected photon counts within the region of
interests. Luciferase activity in the tissue and cell extracts
weremeasuredaccording to themanufacturer’s instruction
(Promega). The light intensity was related to protein
concentration (mg/ml; Bio-Rad) and expressed as relative
light units (RLU). Themicewerehoused in accordancewith
the guidelines of the Federation of European Laboratory
Animal Science Associations (FELASA), and all animal
experiments were performed according to national guideli-
nes for animal welfare.

Experiments using CD271 and LGD268were performed
at the Laboratory Animal core facility of the University of
Debrecen,Hungary in accordancewith theNational ethical

guidelines of the Hungary. In vivo imaging was per-
formed using Andor IQ imaging system and analysis was
conducted with Andor IQ 1.6 evaluation software from
Andor Technology (Belfast, UK).

Cell experiments

Cell experiments were performed with primary cultures of
skin fibroblast isolated from the ears of new-born trans-
genic mice. Briefly, ears washed in 70% ethanol and in
Hank’s Balanced Salt Solution (HBSS, Gibco, Carlsbad,
CA, USA) were cut into small pieces and transferred to
new HBSS. Cells and pieces of tissue were centrifuged
andpelleted at 1 g. Supernatantwas removed, and the pellet
washed with HBSS. Pelleted material (explants) was then
transferred to 75 cm2 tissue culture flask with 2ml DMEM
(Gibco) with 50% foetal calf serum and Glutamax (Gibco).
Explants were cultured (37�C, 5%CO2) until appearance of
monolayers of fibroblasts surrounding the explants and
medium was changed to DMEM with 10% FCS. The cells
were then cultured for approximately one week before the
experiments with all-trans-RA and the RAR-pantagonist
was performed. After treatment in various concentrations
of all-trans-RA, with and without RAR-pan-antagonist for
24h, cells extractswerepreparedandassayed for luciferase
activity as described above. The RAR-pan-antagonist AGN
194310 was a kind gift from R. Chandraratna at Allergan
(Irvine, CA). RA and RA-antagonists are sensitive to light,
heat, and air in solution. A stock solution (about 0.01 M)
of RA and antagonist were stored in 100% ethanol.
Solutions were stored under argon, in the dark and at
�70�C. Concentration was determined periodically by
spectrophotometry. Subsequent dilutions were made in
growth medium with a final ethanol concentration of
0.1% (v/v) which did not affect the described system. All
cell culture experiments were performed in subdued light.

Vitamin A deficient (VAD) mice

RARE luciferase VAD mice were generated by feeding a
VAD diet (C1016, Altromin, Lage, Germany) as described
previously [39]. Briefly, offspring of RARE-luc dams who
had been fed VAD diet from the onset of the gestation
period were maintained on this diet for another four weeks
after weaning, until weight difference was evident between
VAD fed mice and age-matched mice fed control diet
(C1000, Altromin) (�10% difference in weight on aver-
age). The status of vitamin A of the mice was determined
by HPLC analysis of ROH and retinyl palmitate in liver.
For HPLC analysis, ca. 5–10 mg liver tissue was homoge-
nized in 90 μL PBS, and 400 μL isopropanol:aceton
(1:1, v/v) was added. The sample was vortexed for 5 min
and centrifuged at 3656 � g at +10�C for 15 min.
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The supernatant (80 μL) was used for HPLC analysis.
Retinol and retinyl-ester determinations were performed
on a YMC C-30 Carotenoid� column, 4.6 � 250 mm,
5 μm dp. As a precolumn, supelcoguard LC-18 4.6�
20 mm was used. The mobile phase was composed of 5%
water in acetonitrile for retinol analysis and 30% dichloro-
methane in acetonitrile for retinyl ester analysis and was
delivered isocratically at 2.0 mL/min. UV-detection was
performed at 326 nm.

Graphical analysis

Network graphical analysis was created using the
mixOmics package in R (3.5 version) [41]. The resulting
color codes for themouse data aswell as the food datawere
incorporated into a self-constructed graphic representation
[40].

Statistical analysis

Results are shown as mean and standard error of mean. All
statistical analyses were done using MS-Excel ttest func-
tion. Statistical significance was accepted at p<0.05.

Results

Generation of transgenic mice

Initially, we tested the ability of 1 μM ATRA to induce
transcription of a variety of different RARE-luciferase
constructs in P19 embryonic carcinoma cells (DR5-RARE
derived from either RAR-β2 promoter or the CYP26A1
promoter, one or multiple copies of the response elements,
different directions, etc.) (data not shown). The construct
used for generating transgenicmice consists of three RARE
repeats, DR5 binding site derived from RAR-β2 promoter
[41], coupled to a TATA-box from the herpes simplex virus
thymidine kinase (TK) promoter and the luciferase reporter
gene, flanked with an insulator sequence [42]. It is well
known that the expression of transgene driven by weak
promoters may be heavily influenced by enhancers or
silencers in the vicinity of the integration site of the trans-
gene. In addition, methylation may extinguish their
promoter activity gradually over long term. To overcome
these concerns, two copies of a 250 bp core fragment from
“insulator” β-globin hypersensitive site 4 (HS4), flanked
the transgene after ligation into both ends of the construct
[42]. This insulator element is known to block interference
from neighbouring enhancers and repress propagation of
heterochromatin [43].

P19 embryonic carcinoma cells transfected with the con-
struct showed a 20-fold luciferase induction in 1 μMATRA
for 24h treatment, eitherwith orwithout insulator (data not

shown). Using the insulated and non-insulated RARE-luc
constructs, a number of PCR based genotyping-positive
mice were made. Notably, only mice containing the insu-
lated construct had induced transgene expression byATRA
treatment. No ATRA inducible luciferase activity was
obtained in any of the strainswhenweomitted the insulator
sequence.

RAR-dependent induction of luciferase
expression

The time-dependent induction of luciferase activity by
ATRA and an RAR-pan-agonist TTNPB was measured
in vivo with the IVIS imaging system. Since TTNPB is
1000-fold more teratogenic and toxic than ATRA, we
applied a lower dose of TTNPB (0.05 mg/kg) to the mice
[44, 45]. After both 50 mg/kg ATRA and 0.05 mg/kg
TTNPB treatment, maximal level of luminescence was
reached at the 24 h time point, followed by a gradual
decrease back to basal level in six days (Figure 1).

Next, we measured luciferase enzyme activity in tissue
extracts. Variable, but still high levels of luciferase activity
were found in all 16 tissues examined (Figure 2). Basal
luciferase activity was highest in brain and testis, with
10- and 30-fold higher activity, respectively, compared to
most other tissues. Induction by ATRA was between two
to 11-fold in eye, thymus, lung, heart, liver, kidney, adipose
tissue, muscle, bone, skin, ovary, uterus and epididymis.
In brain, only marginal induction was observed, whereas
no induction was found in testis.

Furthermore, we measured the kinetics of luciferase
activity in tissue homogenates after ATRA treatment. Mice
treated with increasing doses of ATRA (1, 25, 50, 100,
200mg/kg) for 18 h exhibited a dose dependent induction
of luciferase expression in lung, heart, liver, spleen and
kidney (Figure 3). In lung, heart, spleen and kidney, induc-
tion of luciferase activity was detectable by the 25 mg/kg
dose and increased further to its maximum at 100mg/kg.
In liver luciferase activity reached a maximum at
200 mg/kg ATRA. Kinetic studies revealed that ATRA-
induced luciferase activity peaked at 18h after ATRA treat-
ment (50mg/kg) in lung, heart, spleen andkidney,whereas
luciferase activity in liver peaked at 12 h in liver then
decreased gradually. These data show that using the
RARE-luc mouse, it is possible to detect RAR-RXR
activation in time- and dose-dependent manner both
in vivo and ex vivo.

Activation of RXR does not activate
luciferase expression

The rexinoids are ligands that bind and activate the RXRs.
The rexinoid LGD268 (also called LGD 100268 or

Int J Vitam Nutr Res (2021), 1–13 �2021 The Author(s) Distributed as a Hogrefe OpenMind article under the
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LG268) is a potent and specific ligand that binds solely to
the RXRs, and not to the RARs [46]. We tested the abil-
ity of LGD268 to induce luciferase in the RARE-luc mouse.
As a control, we used CD271 (also called Adapalenee), a
synthetic retinoid analogue used in dermatological ther-
apy (Differine) with a higher selectivity for RARβ and γ
[47].

Mice were administered orally with CD271 (5 mg/kg),
LGD268 (5 mg/kg) or both, and sacrificed 16 h after the
treatment. Figure 4 presents bio-imaging results for
luciferase activity in various tissues.CD271 induced lucifer-
ase activity in brain, spleen, intestine, thymus, lung, white
adipose tissues, heart, prostate/seminal vesicle complex,
liver and kidney. LGD268 did not induce luciferase activity
in any of the tissues examined. Combined treatments

resulted in activities similar to the treatment with only
CD271.

Skin fibroblast retain the ATRA-inducible
luciferase expression

ATRA-inducible luciferase expressionwas examined in pri-
mary cultures of skin fibroblast isolated from the RARE-luc
mice (Figure 5). To confirm that luciferase activity resulted
from RAR-RXR activation, we exposed primary cultured
cells to the RAR-pan-antagonist AGN 194310. The cells
were treated for 24 h with increasing concentrations of
ATRA (10�9–10�6M) or AGN 194310 (10�8–10�6M) in
the presence of 10�7M ATRA. AGN 194310 blocked

Figure 1. In vivo imaging of the transgenic mice treated with ATRA and RAR-pan-agonist TTNPB. (A) In vivo imaging of the transgenic mice treated
with corn oil for control (left), 50 mg/kg ATRA (middle) and 0.05 mg/kg TTNPB (right) 24 h, 48 h, 72 h, and 6 days after treatment in adult transgenic
mice using the IVIS system. Intensity of photon flux is presented as a pseudo-colour image overlaid a gray-scale image of the animals. (B) Ratio
between before and after ATRA or TTNPB treatment by quantification of the photon emission. Data are presented as a heat map of n=6 mice with
a relative fold change color code added.

�2021 The Author(s) Distributed as a Hogrefe OpenMind article under the Int J Vitam Nutr Res (2021), 1–13
license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)
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dose-dependent increase in luciferase activity by ATRA,
indicating RAR-RXR activation by ATRA treatment.

Decreased luciferase activity in vitamin A
deficient diet fed mice (VAD) mice

Luciferase activitywasalsomeasured inRARE-lucmice fed
a vitamin A deficient diet (VAD). These VADmice showed
more than60%reduction in luciferase activity compared to
vitaminA sufficient diet fed controlmice assessed by in vivo
imaging (Figure 6). Twenty to eighty percent decrease was
measured in tissue extract of eye, thymus, lung, heart, liver,
spleen, kidney, muscle, bone, skin, ovary, and uterus
(Figure 7). The activity was reduced by more than 90% in
testis and epididymis. Intriguingly, luciferase activity in
the brain was not decreased in VADmice.

We next refed VAD mice with 50 mg/kg ATRA by oral
gavage to evaluate the kinetics of RAR-RXR activation.

Luciferase activity was induced up to 10–15-fold in some
organs after 6 h, and it appeared to be time dependent
(Figure 7C). The induction was more rapid than in vitamin
A sufficient diet fed mice, since no induction was detected
as early as 3 h after 50 mg/kg ATRA treatment in vitamin
A sufficient diet fed mice (data not shown). The induction
level at 6 h in VADmice is almost the same level as that at
18 h after ATRA treatment in vitamin A sufficient mice
(Figure 3 A). Thus, VAD mice are about 3-fold more
sensitive to ATRA treatment compared with vitamin A
sufficient mice.

Discussion

We have generated a novel transgenic mouse model
that enables assessment of retinoic acid receptor-mediated
signalling in intact living animals. The model has previ-
ously been used in various physiological settings

Figure 2. Luciferase expression in tissue extracts with and without ATRA treatment. (A) Mean luciferase expression in the selected tissues excised
from control and ATRA treated mice (50 mg/kg 18 h; n=5). Error bars are SD. (B) Ratio of RLU between ATRA treated and control mice.

Int J Vitam Nutr Res (2021), 1–13 �2021 The Author(s) Distributed as a Hogrefe OpenMind article under the
license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)
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[29–31,33–35,48], but this is the firstwork todemonstrate in
more detail the model’s utility for reporting on retinoid
signalling in a time dependent and tissue specific manner.
In the RARE-luc transgenic mouse carrying three DR5-
elements coupled to the luciferase reporter gene, luciferase
activity was first induced by ATRA in a dose- and time-
dependentmanner.RAR-RXRagonists andRARantagonist
treatment confirmed the dependency of RAR transactiva-
tion for luciferase activity. Almost same levels of induction
were detected by a low dose of TTNPB (0.05 mg/kg) and
higher doses of ATRA (50mg/kg), suggesting that TTNPB
is 1000-fold more potent to activate RARs-RXRs than
ATRA in vivo. The high potency of TTNPB to activate
RAR may explain the fact that TTNPB is three orders of

magnitude more toxic and teratogenic than ATRA. The
RXR agonist LGD268was not able to induce the luciferase
signal in any of the tissues in the doses studied.

Among the tissues we examined, brain and testis exhib-
ited 10–30-fold higher luciferase activity than other tissues.
However, the luciferase activity was not induced by ATRA
in theseorgans. Involvement of vitaminA inbrain and testis
has been studied in VADandRARdisrupted animals. Infer-
tility resulting from testis degeneration, a hallmark of VAD
syndrome, is also evident inRARαnullmutantmice [49]. In
addition, impairment of synaptic plasticity associated with
learning and memory behaviours was observed in both
VAD rodent and RARβ-RXRγ null mutant mice [50–52].
High activation in brain and testis observed in our

Figure 3. Time- and dose-dependent luciferase expression in tissue extracts. Ratio between luciferase expression in ATRA treated/control mice is
presented. Presented as calculated heat maps with a color code for relative fold change. (A) Dose effect of ATRA treatment; 1 mg/kg, 25 mg/kg,
50 mg/kg, 100 mg/kg, and 200 mg/kg for 18 h (n=5). Mean values are presented (B) Time course experiment in mice treated with 50 mg/kg ATRA
for 6 h, 12 h, 18 h, 24 h, and 48 h (n=5). Mean values are presented.
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transgenic mice may reflect the importance of vitamin A
signalling for normal reproduction and mature brain func-
tioning. Immunohistochemistry showed strong luciferase
expression in hippocampal neurons (data not shown). Our
data clearly indicate an important function of vitamin A-
RAR-mediated signalling in the brain [53, 54] with a high
importance for the survival and healthy maintenance of

the mammalian organism. This importance is indicated
by our data, that neither a significantly altered RARE-
signalling during supplementation of a vitamin A deficient
diet (Figure 7) nor during an RAR-ligand stimulation
(Figures 2 and 4) can be observed.

At physiological plasma concentrations, ATRA cannot be
taken up by testis, possibly owing to its inability to cross the

Figure 4. Luciferase expression in tissue extracts after administration of the RARβ selective retinoid CD271 and the RXR selective rexinoid
LGD268. Luciferase activity in the tissues excised from mice (n=5) treated with CD271 (5 mg/kg), LGD268 (5 mg/kg), combination or control. Error
bars represent SEM and * represents statistical significance when p>0.05. WAT – white adipose tissue. Prostate sample includes prostate and
seminal vesicular complex.

Figure 5. Expression of luciferase in skin fibroblast cells from transgenic mice. Cells were treated with increasing concentration of
ATRA (10�9, 10�8, 10�7 or 10�6M) or with RAR antagonist AGN 194310 (10�9, 10�8 or 10�7M) for 24 h. Control cells were treated with same
concentration of ethanol present in the retinoid solutions (0.005%). Mean values ± SD from three different experiments each done in triplicate are
presented.

Int J Vitam Nutr Res (2021), 1–13 �2021 The Author(s) Distributed as a Hogrefe OpenMind article under the
license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0)

8 H. Carlsen et al., In vivo imaging of retinoic acid signalling

 h
ttp

s:
//e

co
nt

en
t.h

og
re

fe
.c

om
/d

oi
/p

df
/1

0.
10

24
/0

30
0-

98
31

/a
00

07
05

 -
 M

on
da

y,
 D

ec
em

be
r 

06
, 2

02
1 

5:
45

:4
2 

A
M

 -
 U

ni
ve

rs
ity

 o
f 

O
sl

o 
L

ib
ra

ri
es

 I
P 

A
dd

re
ss

:1
29

.2
40

.6
3.

14
 



blood-testis barrier formed by Sertoli and peritubular cells;
therefore testicularATRAmightbe synthesized locally [55].
Sertoli cells are indicated as the main site of endogenous
ATRA production in testis for normal spermatogenesis
through the uptake of retinol from plasma RBP following
oxidation of retinol to ATRA [56]. These observations
suggest that the lackofATRAmediated luciferase induction
in testis may stem from the inability to take up ATRA from
the circulation.

A supplementation with a vitamin A deficiency diet
resulted in in 20% to 80% reduction of luciferase activity
in most of tissues we examined in RARE-luc mice. More
than 90%of the decrease wasmeasured inmale reproduc-
tive organs like testis and epididymis, whereas no decrease
was observed in brain. Our result showing that luciferase
activity was not modulated by either vitamin A excess or
deficiency in brain, may suggest that high RAR activation
is defended in brain despite various treatments and that
reproductive organs are highly vulnerable to VAD.

Sensitivity to ATRA treatment varied according to
nutritional vitamin A status. Our result show that vitamin
A signalling was transduced 3-foldmore rapid in VADmice
by ATRA replenishment compared to mice fed a control
diet.

The strength of the RARE-luc transgenic mice is related
to their ability to report real-time in vivo retinoic acid
concentrations sufficient for driving a transcriptional acti-
vation. The use of luciferase as a reporter thus contrasts
the LacZ reporter in RARE-LacZ reporter mice frequently
used to assess RARE activation in tissues and cells excised
from mice, particularly during the embryonic stages [18].
LacZ and the gene product β-galactosidase is excellent for
detecting reporter activity in single cells but is not suitable
for non-invasive assessments of RAREmediated transcrip-
tion.Moreover, the luciferase has a relatively short half-life
(�3h) compared toβ-galactosidase (�48h), which allows a
better temporal resolution of dynamic RARE regulation.
The RARE-luc transgenic mice have been instrumental in
understanding gut homing receptor expression on T cells
[29, 34, 48, 57], embryonic lymph node development [33],
T cell differentiation and immunity [30], carotenoid meta-
bolism and function [35, 58], the role of ATRA signalling in
tissue repair in postischemic hearts [31] as well as ATRA
signalling in graft-versus-host disease [32] and the normal
skin [59].

Every RAREmay also be influenced by chromatin struc-
ture and dynamics, nearby regulatory DNA sequences as
well as availability of activators, suppressors, coregulators
and chaperone proteins (e.g. CRABP2), which can be
regulated differently according to cell type. Care should
therefore be takenwhen inferring transcriptional activation
of retinoic acid responsive genes in vivo based on results of
thesemice. A complete picture of all these factors is needed
to decipher the mechanisms controlling transcriptional
regulation of retinoic acid responsive genes in vivo. There-
fore, RARE activation will not necessarily reflect levels of
endogenous ligands in tissues. For instance, levels of ATRA
are approximately the same in liver and testis [60], but still
the luciferase activity in non-treated mice is high in testis
and virtually undetected in liver. This may have several
explanations such as differences in the gene regulatory
apparatus involved in RARE signalling as depicted above.
For instance, CRABP2, which is important for transporting
RA to the nucleus is highly expressed in testis [61, 62] and
may therefore have significant impact on RA mediated
signalling. Alternatively, other ligands besides ATRA can
bind to RAR or RXR to elicit a transcriptional response
that affects the DR5 driven luciferase activity. All-trans
retinol [63], various alternative endogenous occurring reti-
noids [64, 65], DHA [66] and certain newly identified
endogenous apo-carotenoids [67] are examples of ligands
that have been identified as retinoic acid receptor agonists.

Figure 6. In vivo imaging of VAD transgenic mice. (A) In vivo imaging of
the transgenic mice using the IVIS system. Intensity of photon flux is
indicated by the pseudo-colour image. Left: 2 control mice, right: 2
VAD transgenic mice. (B) Ratio between control and VAD by quantifi-
cation of the photon emission. The means are presented, and error
bars are SD, (n=6).
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In addition we speculate based on results in RARE-luc
mice studies that lycopenemight be a pro-vitaminA carote-
noid [35, 68] via still non identified bio-active non ATRA-
metabolites [69] and unpublished results.

Reporter mouse models have generated considerable
interest related to the potential for improving and speeding
up drug development [70]. Retinoids are currently applied
to the treatment of some skin diseases and cancers

Figure 7. Luciferase expression in control and VAD transgenic mice tissue extracts (A) Luciferase expression in the selected tissue extracts
excised from control and VAD mice (n=9). (B) Ratio of RLU between tissues from control and VAD mice. The means presented. Error bars are SD.
(C) Luciferase expression in VAD transgenic mice tissue extracts treated with 50 mg/kg RA for 3 h and 6 h, (n=6). The means and SD from three
different experiments using three (A and B) or two (C) mice each for control and VAD are presented.
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[71, 72], but it is a huge interest in developingmore sensitive
and specific retinoids. Our novel transgenic mice can be a
valuable tool for development of retinoid drugs, by identify-
ing therapeutic targets, and measuring pharmacokinetics
and toxicity of compounds. RXR, a partner of RAR to form
a transcriptional unit, forms various heterodimers with
other nuclear receptors. Therefore, crosstalk between
vitamin A signalling and other signalling pathways can also
be assessed in vivo. It is also interesting to study other
factors or special conditions, such as disease and certain
kinds of stresses that affect vitamin A signalling. The trans-
genic mouse generated in this study has great potential to
resolve questions related to the complex regulation of
vitamin A throughout life, from development to aging.
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