
Expression and Regulation of the Vitamin D Receptor in the
Zebrafish, Danio rerio

Theodore A. Craig1,2, Stacy Sommer1,2, Caroline R. Sussman3, Joseph P. Grande4, and
Rajiv Kumar1,2,5

1 Nephrology and Hypertension Research Unit

2 Department of Internal Medicine

3 Department of Physiology and Biomedical Engineering

4 Department of Laboratory Medicine and Pathology

5 Department of Biochemistry and Molecular Biology

Abstract
Vitamin D and vitamin D metabolites such as 25-hydroxyvitamin D and 1α, 25-dihydroxyvitamin
D (1α, 25(OH)2D3) circulate in the serum of fish. The receptor for 1α, 25(OH)2D3 (VDR) has
previously been cloned from fish intestine, and ligand binding assays have demonstrated the presence
of the VDR in the gills, intestine and liver of fish. Using immunohistochemical methods with specific
antibodies against the VDR, we now report that the VDR is widely expressed in tissues of the adult
male and female zebrafish, Danio rerio, specifically in epithelial cells of gills, tubular cells of the
kidney, and in absorptive cells in the intestine. Additionally, the VDR is expressed in the skin, the
olfactory organ, in the retina, brain, and spinal cord. Sertoli cells of the testis, oocytes, acinar cells
of the pancreas, hepatocytes and bile duct epithelial cells express substantial amounts of the receptor.
Osteoblast-like cells and chondrocytes also express the VDR. Pre-immune serum and antiserum pre-
adsorbed with Danio VDR protein fails to detect the VDR in the same tissues. The VDR is also
present in the developing eye, brain, and otic vesicle of 48 h and 96h post-fertilization zebrafish
embryos. Parenteral administration of 1α, 25(OH)2D3 increases concentrations of the VDR in
intestinal epithelial cells but not in epithelial cells of the gills. Lithocholic acid, however, does not
alter concentrations of the VDR following parenteral administration. The data suggest that the VDR
is widely distributed in tissues of the zebrafish, Danio rerio, and is likely to play important roles in
epithelial transport, bone and endocrine function. Furthermore, concentrations of the receptor appear
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to be regulated by its ligand, 1α, 25-dihydroxyvitamin D, but not by lithocholic acid. Zebrafish may
serve as a useful model in which to assess the function of the VDR in diverse tissues.
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INTRODUCTION
The vitamin D endocrine system plays a vital role in mineral homeostasis, endocrine, immune,
and neural function (1–5). The active metabolite of vitamin D3, 1α, 25(OH)2D3, is formed from
vitamin D3 as a result of a multistep process involving hydroxylations at C-25 and C-1 that
occur in the liver and kidney, respectively (1,2). 1α, 25(OH)2D3 binds to its receptor, the
vitamin D receptor (VDR), with high affinity and subsequently regulates the expression of
several genes (4). The crucial role of the VDR in mediating the function of 1α, 25(OH)2D3 is
demonstrated by the occurrence of disordered calcium and phosphorous homeostasis in humans
and animal models which have mutations of the VDR (6–9).

Previous immunohistochemical studies from our laboratory have demonstrated that the VDR
is present in several epithelial tissues of terrestrial mammals (10–16). However, little is known
of the distribution of the VDR in fish. Fish are a source of vitamin D3 (17–19) and have
detectable concentrations of 25-hydroxyvitamin D3 and 1α, 25(OH)2D3 in serum (20–23). Two
species of the VDR have been cloned from the intestine of the flounder and pufferfish (24,
25), and the VDR is present in the lamprey, a fish lacking any skeletal elements, suggesting
that the VDR may play a role in processes other than bone mineralization such as xenobiotic
metabolism (26,27). Published literature suggests that Danio rerio, however, expresses a single
VDR although sequencing of expressed RNAs suggests some heterogeneity in the sequence
(26,28–30). 1α, 25(OH)2D3 alters mineral transport in fish gills, and vitamin D deficiency is
associated with altered growth and mineralization of the fish skeleton (31–33). Indeed, changes
in 1α, 25(OH)2D3 and VDR concentrations have been noted in salmon undergoing
smoltification and migrating from freshwater (low calcium concentrations) to seawater (high
calcium concentrations) suggesting that synthesis of the sterol and its receptor undergo
alterations depending upon ambient calcium concentrations (32). Furthermore, the
administration of vitamin D3 or 1α, 25-dihydroxyvitamin D3 is associated with increased
mineralization in developing fish embryos (34). There have been no reports, however, that
have examined the organ-specific and cellular distribution of the VDR in tissues of fish using
specific antibodies.

In order to establish the zebrafish, Danio rerio, as a model organism in which to study the
multiple effects of 1α, 25(OH)2D3, we examined the distribution of the VDR in adult male and
female fish and in developing fish embryos. Danio rerio is an important model organism in
which disruption of gene expression often results in a phenotype that can be readily observed.
Additionally, the effects of exposure to toxins and other xenobiotics can be readily observed
in this organism, and the effects of disruptions of key proteins in the adaptation to exposure to
xenobiotics can be assessed (35). We now demonstrate that the VDR is present in multiple
epithelial tissues such as the gill, kidney and intestine, which are important in the movement
of calcium and other ions. In addition, we demonstrate that the VDR is present in bone and
endocrine tissues such as the pancreas, testis and ovary suggesting that 1α, 25(OH)2D3 may
be important in the appropriate function of these organs. The VDR is detected in the brain,
retina and olfactory organs suggesting that it may be important in their function. We also show
that the VDR is present in the developing fish embryo. In adult fish, the parenteral
administration of 1α, 25(OH)2D3 increases VDR expression in the intestine but not in gills.

Craig et al. Page 2

J Bone Miner Res. Author manuscript; available in PMC 2008 October 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lithocholic acid does not increase VDR concentrations in the intestine or gills when
administered parenterally in fish.

METHODS AND MATERIALS
Expression methods for Danio rerio VDR 33-453

Reverse transcription and polymerase chain reaction (RT-PCR) was carried out using a
Titanium One Step RT PCR kit (Clontech, Mountain View, CA) to obtain a full length cDNA
clone for Danio rerio VDR (GenBank Accession NM_130919) using total RNA prepared from
Danio rerio. Appropriate primers contained BamHI and EcoRI restriction sites to allow for
subsequent cloning into an expression plasmid. PCR products for 33-453 Danio rerio Q47E
P54R VDR (which corresponds, in length, to residues in full length (FL) human VDR) were
treated with BamHI and EcoRI and then ligated into BamHI/EcoRI treated pGEX-6P-1 (GE
Amersham Biosciences, Piscataway, NJ). E. coli BL21 host cells (Novagen/EMD) were
transformed with the VDR-pGEX-6P-1 chimeric plasmid for subsequent protein expression.
The DNA sequence was verified by sequencing both strands of the plasmid constructs. The
33-453 VDR of Danio rerio was expressed using bacterial expression methods for the VDR
(36–40). Briefly, the Danio rerio VDR construct was expressed as a GST (glutathione S-
transferase) fusion protein. E. coli BL21 cells were transformed with the expression plasmid
were plated on antibiotic plates and single colonies were grown in 100 ml starter cultures in
2X YT medium with appropriate antibiotic (ampicillin 100 μg/ml). Ten liters of 2X YT medium
with appropriate antibiotic were inoculated with starter cultures and cells were grown to an
OD600 of ~1 at 37 °C. The temperature was decreased to 20 °C for 30 min, and
isopropylthiogalactoside (IPTG) was added to a concentration of 0.1 mM. Cells were allowed
to grow for ~5 hours and bacterial pellets were harvested by centrifugation. Bacteria were lysed
in PBS, 5 mM EDTA, 10 mM β-mercaptoethanol (β-ME), pH 7.4 (lysis buffer) containing 4
mM phenylmethylsulfonylfluoride (PMSF) using 0.1 mm glass beads and an ice-jacketed bead
beater (Biospec Products, Inc., Bartlesville, OK). Bacterial lysates, from bacteria expressing
the GST-VDR were centrifuged at 20,000 × g and the clarified supernatants were applied to
glutathione-Sepharose using a batch procedure at 4 °C for ~1.5 hr. (Clontech; Miltenyi Biotec
Inc., Auburn, CA). The matrix was washed extensively with lysis buffer at 4 °C followed by
washes with PBS, 10 mM β-ME. The glutathione resin (7.5 ml) to which GST-VDR was bound
was washed with 150 ml of 50 mM Tris, 1 mM DTT, 1 mM EDTA, 150 mM NaCl, pH 7.0.
The resin with GST-VDR bound to it was treated with 60 units PreScission Protease (GE
Amersham Biosciences) at 4 °C. Danio rerio 33-453 VDR was collected after cleavage was
complete (as determined by SDS-PAGE) by addition of PreScission Protease buffer and
collection of the column effluent. Danio rerio 33-453 VDR was further purified by dilution of
the protein with 6 volumes 50 mM Tris, 2 mM DTT pH 7.0 (Buffer A) which was then filtered
through a 0.2 μm nylon filter. The protein was applied to a Tricorn MonoQ 50/5 column (GE
Amersham Biosciences). Highly purified Danio rerio 33-453 VDR was eluted by a gradient
of increasing amounts of buffer B (buffer A containing IM NaCl). The pure protein eluted at
about 32% buffer B. Protein purity was assessed by SDS-polyacrylamide gel electrophoresis
using Coomassie blue and silver stained Phastgels (GE Amersham Biosciences, and by western
analyses using rabbit anti-human VDR (# 2-152) and anti-rabbit horseradish peroxidase
conjugated IgG secondary antibody (Dako, Carpinteria, CA). Bound secondary antibody was
detected by use of a chemiluminescence substrate (Roche Diagnostics, Indianapolis, IN).

Fixation of Zebrafish for Immunohistochemistry
Adult male and female zebrafish (approximately 5 months of age) and raised under standard
conditions in fish water (Instant Ocean, Spectrum Inc., Atlanta, GA; final conductivity 450
μS/cm2, pH 7.5; final calcium concentration 0.25mM) were obtained from Dr. Xiaolei Xu
(Department of Biochemistry and Molecular Biology, Mayo Clinic). The fish were fed brine
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shrimp 4 times per day. The fish were euthanized with 1% Tricaine in fish water. A slit was
cut in the ventral portion of the abdomen using a sharp scalpel. The fish were placed in
Dietrich’s solution (30% ethanol, 10% formalin and 2% acetic acid, pH 2 .7) for decalcification
and fixation at room temperature for 96 hours. The fixed and decalcified fish were embedded
in paraffin and serially sectioned to obtain 4 μm sections.

Forty eight and ninety-six hour post-fertilization zebrafish embryos were fixed as previously
described (10,14).

Immunohistochemistry using VDR antibody
Immunohistochemistry for the VDR was performed using methods described earlier (10,12–
16). VDR antibodies were prepared as described earlier (10,12–16). 4 μm thick serial sections
from adult fish were placed on silanized slides. The slides were deparaffinized in xylene,
rehydrated in a series of ethanol solutions, and rinsed in water. Endogenous peroxidase activity
was blocked using 0.6% H202 in methanol. After a water rinse, sections were placed in 10 mM
citric acid, pH 6.0, and heated in a microwave two times for 2 min in a 750-W oven set on
high. After cooling, sections were treated with 5% normal goat serum in phosphate-buffered
saline, pH 7.4 containing 0.05% Tween 20 for 15 min and incubated for 60 min with rabbit-
anti-VDR, at a dilution of 1:500 or 1:1000, at room temperature. After rinsing, sections were
treated with biotinylated goat anti-rabbit immunoglobulin G (1:200) (Dako), followed by
peroxidase-labeled streptavidin (1:500) (Dako) for 30 min at room temperature. Sections were
developed by adding 0.1 M sodium acetate, pH 5.2, containing aminoethyl carbazole and
H2O2 for 15 min. Sections were counterstained with hematoxylin and placed on a coverslip
with aqueous mounting media. Negative controls for nonspecific staining were done on tissue
sections using pre-immune rabbit serum diluted 1: 500 in place of primary antibodies. To assure
specificity slides were also stained using primary antibodies that were pre-adsorbed with
Danio VDR antigen or VDR buffer (as control) prepared as described above.

Immunofluorescence fixation and labeling
Adult zebrafish for immunofluorescence were obtained from Jennifer Liang (Case Western
Reserve University). Fish were fixed in 4% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA) in PBS overnight at 4 °C followed by incubation in 30% sucrose in PBS overnight
at 4 °C. Fish were embedded in Tissue Tek (Electron Microscopy Sciences) and cut in 20 μm
sections on a Leica cryotome. Frozen sections for fluorescence labeling were rehydrated in
PBS and blocked in goat blocking buffer (5% normal goat serum, 1% glycerol, 0.1% each fish
skin gelatin and BSA in PBS, pH 7.2). Sections were incubated with rabbit anti-VDR (1/1000)
2 h at room temperature followed by Cy5 conjugated goat anti-rabbit IgG (1/800) (Invitrogen
Corp., Carlsbad, CA) for 1 h at room temperature.

Regulation of the VDR by 1α, 25(OH)2D3 and lithocholic acid
Adult male fish were administered intramuscularly 25 ng of 1α, 25(OH)2D3 (Dr. Milan
Uskokovic, Roche, Nutley, NJ) in 5 μL propylene glycol or 25 ng of lithocholic acid (Sigma
Chemicals, St. Louis, MO) in 5 μL propylene glycol or 5 μL of propylene glycol alone. Twenty
two hours later the fish were euthanized in tricaine as described above and sections of fish
containing the intestine and gills were isolated by a transverse cut behind the gill operculum,
and homogenized in buffer containing 50 mM Tris, 25 mM sodium chloride, 6 mM EDTA, 10
mM DTT, pH 7.4, containing a protease-inhibitor cocktail (Roche Diagnostics, Indianapolis,
IN). The homogenates were centrifuged at 16,000 X at 4°C for one hour. The supernatant
protein was quantitated in each sample using Bio-Rad protein reagent (Bio-Rad, Hercules, CA)
and 60 μg of protein homogenate were separated by SDS-PAGE. The separated proteins were
transferred to PVDF membranes and exposed to anti-VDR antibody (1:500) in TBS (50 mM
Tris, 150 mM sodium chloride, pH 7.5) containing 0.5% blocking agent (Roche) for one hour.
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The membranes were washed 3 times in TBS, 0.1% Tween-20, and exposed to secondary
antibody (goat-anti-rabbit HRP-IgG, Dako Corp, Carpinteria, CA, 1: 2000, in TBS containing
0.5% blocking agent) for one hour. The membrane was then washed 3 times in TBS, 0.1%
Tween-20. The membrane was exposed to BM chemiluminescent reagent (Roche Diagnostics)
for one minute. Signal was detected by exposing the membranes to x-ray film (Kodak, Biomax
MR). The optical density of bands at Mr 52,000 was quantitated using a Kodak ds-1D Digital
System Version 3.0.0 (Kodak, New Haven, CT).

RESULTS
A low-power view of the sagittally-sectioned, posterior portion, of an adult male zebrafish
demonstrates the presence of the VDR in the intestine (I), the liver (L), the testis (T), and the
kidney (K) (Figure 1A). Studies performed with the pre-immune serum show absent staining
in these organs (Figure 1B). A low-power view of the sagittally-sectioned, mid-portion, of an
adult male zebrafish demonstrates immunostaining for the VDR in the gills (G), the epithelium
of the oropharynx, and the brain (B) (Figure 1C). A low-power view of a transverse section of
the mid-portion of an adult male zebrafish shows staining for the VDR in the gills (G), the
epithelium of the oropharynx (O), and the spinal cord (SC) (Figure 1D). A low-power view of
the sagittally-sectioned, anterior portion, of an adult zebrafish demonstrates the presence of
the VDR in layers of the eye (E) and the olfactory organ (OO) (Figure 1E). Figure 1F shows
the absence of immunostaining using pre-immune serum.

In order to assure specificity of the antibody, in anti-VDR immune serum was pre-adsorbed
with excess Danio rerio recombinant VDR. No immunostaining was observed using pre-
adsorbed VDR antibody in the intestine (Figure 2A), kidney or liver (Figure 2B), gill
membranes or oropharynx (Figure 2C), testis (Figure 2D) or in the various layers of the eye
(Figure 2E).

In the kidney immunostaining is visible in the renal tubules (T) and in the glomerular epithelium
(G) (Figure 3A). Immunostaining is present throughout the tubular cell and is not exclusively
localized to the nucleus. There is no staining visible in the kidney when pre-immune serum is
used (Figure 3B). In Figure 3C, immunostaining for the VDR is clearly visible in epithelial
cells of gill lamellae (L). Additionally, immunostaining for the VDR is visible in chondrocyte
cells of the bony portion of the filaments of the gill (CC in F; see discussion below regarding
distribution in bone). Pre-immune serum shows the appropriate negative results for VDR
immunostaining (Figure 3D). In figure 3E is shown immunostaining for the VDR with immune
serum in the epithelial cells of the olfactory organ (OOE, arrows). Results with pre-immune
serum are appropriately negative (Figure 3F). There is intense staining for the VDR in epithelial
cells of the intestine (EC; Figure 3G). The bodies of goblet cells which contain mucin-like
material immunostain with VDR-antibodies. The mucinous material does not immunostain.
Results with the pre-immune serum are negative (Figure 3H). Of note, as demonstrated in
Figure 2, pre-adsorbed antiserum reveals no immunostaining in various organs.

Besides epithelial cells, the VDR is also detected in acinar cells of the pancreas (AC; Figure
4A). Interestingly, VDR immunostaining is faint or absent in islet cells of the pancreas (I;
Figure 4A). In bone, osteoblasts stain intensely for the VDR (Ob; Figure 4B). VDR
immunostaining is also present in hepatocytes and cholangiocytes (epithelial cells lining the
biliary ductules) of the liver (Hc and Cc; Figure 4C). Pre-immune serum shows no
immunostaining for the VDR in the liver (Figure 4D). Similar results were obtained with pre-
adsorbed serum. In the heart, no immunostaining for the VDR is noted in myocytes (compare
Figure 4E with Figure 4F). Staining in the chambers of the heart is probably due to peroxidase
activity exhibited by red cells and not blocked sufficiently by peroxide pretreatment. In Figure
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4G, VDR immunostaining in Sertoli cells in the testis is shown. Pre-immune serum shows no
VDR immunostaining in testicular cells (Figure 4H).

In adult female fish all tissues except reproductive tissues, immunostained for the VDR in a
manner identical to that seen in adult male fish. In the female ovary, VDR immunostaining
was noted in developing and mature ovarian follicles (Figure 5A). No signal was noted with
pre-immune serum (Figure 5B). An example of positive immunostaining in non-reproductive,
adult female zebrafish tissue (gills) is seen in Figure 5C. No VDR signal was noted when pre-
immune serum was used to immunostain gills (Figure 5D).

VDR immunostaining is also evident in the ganglion cell layer of the retina (a), the inner
plexiform layer (b), the inner nuclear layer (c), the outer plexiform layer (d), the outer nuclear
layer (e) and in the photo receptor layer (f) (Figure 6A). No immunostaining is discerned in
the retinal pigmented layer. In contrast, no staining is observed with pre-immune serum (Figure
6B). VDR immunostaining is observed in cells of the brain and spinal cord (Figures 6C, 6E,
and 6F). No immunostaining is noted with pre-immune serum (Figure 6D).

We used an alternative technique to demonstrate VDR immunostaining in bone, retina, neural
tissue and gills. Fluorescent labeling is seen in the spinal cord (SC) and cancellous bone of the
vertebral body (boxed area) (Figure 7A). The location and number of the cells labeled in the
vertebral body suggests these cells are osteoblasts (Figure 7B). The absence of deep labeling
in the cortical bone is likely due to lack of penetration of antibodies deep within the dense
cortical bone. VDR fluorescent-immunostaining is also evident in the ganglion cell layer of
the retina (a), the inner plexiform layer (b), the inner nuclear layer (c), the outer plexiform layer
(d), the outer nuclear layer (e) and in the photo receptor layer (f) (Figure 7C).
Immunofluorescence studies show intense labeling of VDR at the dorsal surface of the gills
(Fig 7D).

We examined the distribution of the VDR in 48 h and 96h post-fertilization zebrafish embryos.
In the 48 h post-fertilization embryo, the VDR is seen in the developing brain (diencephalon)
and in cells of the neural retina (Figure 8A, coronal section and Figure 8B, sagittal section)).
The VDR is also seen the developing mandible (Figure 8A and Figure 8B). No immunostaining
is observed in similar cells when pre-immune serum is used (Figure 8C). Figure 9A
demonstrates results obtained with immune serum in 96 h post-fertilization embryos. VDR
immunostaining is observed in the eye (E), portions of the brain (B), and the otic vesicle (O).
Pre-immune serum failed to demonstrate the presence of the VDR (Figure 9B). A higher
magnification view of the developing eye is seen in Figure 9C. Cells of the lens (L) do not
immunostain. Ganglion cells appear to immunostain (G). Rods (R) do not immunostain. Cells
lining the otic vesicle (OE) immunostain for the VDR (Figure 8D).

We investigated whether the VDR in zebrafish is regulated by its ligands, 1α, 25(OH)2D3 and
lithocholic acid. We administered 25 ng of either 1α, 25(OH)2D3, lithocholic acid or vehicle
intramuscularly into male zebrafish. We observed an up regulation of the VDR in intestinal
tissues (Figure 10, p<0.05) following the administration of 1α, 25(OH)2D3 but not with
lithocholic acid.

DISCUSSION
We demonstrate, widespread expression of the VDR in epithelial solute transporting tissues of
the zebrafish, Danio rerio Immunostaining for the VDR is found in tissues such as the intestine,
liver, and gills where specific 1α, 25(OH)2D3 ligand-binding had been previously detected by
Sundell et al. (23). Our findings show that specific cells in these organs immunostain for the
VDR. For example, in the intestine, both absorptive cells and goblet cells appear to stain for
the VDR. In the gills, absorptive epithelium present on gill lamellae expresses the VDR.
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Interestingly, chondrocytes present in gill filaments also stain for the VDR. We show that the
VDR is present both in tubular epithelial cells, as well as, in epithelial cells of the glomerulus.
This is consistent with findings in the rat kidney reported by us earlier (14). Sundell et al. did
not detect the presence of the VDR in the kidney (23). The reason for this discrepancy is
uncertain but may be due to the relative insensitivity of ligand-bind assays compared to
immunostaining methods used by us in this report. It is very likely that the VDR plays an
important role in the regulation of calcium and phosphorous transport in epithelial cells of the
zebrafish intestine, kidney, and gills. Indeed, Qiu et al. have shown that 1α, 25(OH)2D3
increases the uptake of zinc in the gills, and it has been demonstrated that vitamin D deficiency
alters mineral metabolism and bone development in fish, suggesting an important role for the
VDR in calcium transport in the intestine (33). In the liver, both hepatocytes and cholangiocytes
which have widely differing biochemical functions express the VDR. Cholangiocytes (biliary
duct epithelial lining cells) also transport solutes and water and the presence of the VDR in
these cells suggests that it may function to control solute transport in these cells in a manner
similar to that observed in transporting epithelia of the intestine, kidney and gills. The effects
of 1α, 25(OH)2D3 on the transport of minerals and other solutes in transporting epithelia of
Danio warrants further investigation.

The VDR is also expressed in endocrine cells such as the acinar cells of the pancreas.
Interestingly, in contrast to what is found in mammals and birds (10,41–43), immunostaining
in pancreatic islets of the zebrafish is minimal. These data suggest that the VDR does not play
a role in modulating insulin secretion in Danio but plays a role in altering pancreatic secretions
through its actions on acinar cells. Alternatively, low levels of VDR may be present in islet
cells but are not detected by our antibody. The VDR is also expressed in Sertoli cells in the
testis and in developing oocytes in ovarian tissue suggesting role for the VDR and vitamin D-
endocrine system in reproductive function in male Danio. Other than the distribution of the
VDR in either testis or ovary, VDR distribution is identical in male and female zebrafish.

The bone is a major target of 1α, 25(OH)2D3, independent of the effect of the hormone on
concentrations of calcium and phosphorus in the extracellular fluid. Both osteoblast and
osteoclast function is affected by the hormone. We demonstrate the presence of VDR in both
chondrocytes and osteoblasts. The precise biochemical events modulated by 1α, 25(OH)2D3
in these cells in Danio remains to be determined.

Previous reports have demonstrated the presence of the VDR in cells of the nervous system
(44–47). We show that in the zebrafish, VDR expression is observed in cells of the brain, the
spinal cord and in epithelial cells of the olfactory organ. Of interest, the VDR is expressed in
the adult zebrafish eye in ganglion cells, inner nuclear layer cells and rods in the retina. The
exact role of the VDR in the different parts of the nervous system of the fish remains to be
elucidated. The zebrafish may be well suited to study the effects of the VDR on nervous system
development.

In order to determine whether the VDR is expressed in the developing zebrafish embryo, we
sectioned 48 and 96 hour post-fertilization zebrafish embryos and immunostained them with
VDR antibodies. We observed VDR immunostaining in the developing brain, in epithelial cells
lining the otic vesicle and in the ganglion cells of eye. We did not examine earlier stages of
development (<48 h post-fertilization), as immunohistochemistry at earlier time points is
technically difficult. Other methods e.g. in situ hybridization may yield information regarding
VDR distribution and expression in very early developing zebrafish embryos.

To gain insights into the regulation of the VDR we administered either 1α, 25(OH)2D3 or
lithocholic acid parenterally to determine whether these ligands modulate VDR concentrations
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in various tissues. We observed that 1α, 25(OH)2D3 increased VDR expression in the intestine
but not in the gill. Lithocholic acid was without effect.

In conclusion, the VDR is widely expressed in epithelial endocrine and neural tissues of the
male and female adult zebrafish, Danio rerio. It is also expressed in developing embryos of
the zebrafish as early as 48 h post-fertilization. The VDR concentrations in the intestine are
modulated by 1α, 25(OH)2D3. These data suggest an important role of the VDR in fish biology.
The zebrafish is a novel and readily manipulated model system in which to further explore the
biology of the VDR.
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Figure 1.
Section of adult male zebrafish. Immunostaining with anti-VDR antibody or pre-immune
serum. 50 X original magnification. Panel A. Sagittal section. Immunostaining with anti-VDR
antibody of the intestine (I), Liver (L), pancreas (P), kidney (K and arrow), and testis (T). Panel
B. Sagittal section. Pre-immune serum. Note absence of staining in the intestine, liver,
pancreas, kidney and testis. Panel C. Sagittal section. Immunostaining with anti-VDR antibody
of the gills (G), kidney (K), liver (L) and brain (B). Panel D. Transverse section.
Immunostaining with anti-VDR antibody of gills (G), epithelial lining of oropharynx (O), and
spinal cord (SC). Panel E. Sagittal section. Immunostaining with anti-VDR antibody of
olfactory organ (OO) and eye (E). Panel F. Sagittal section. Pre-immune serum. Note absence
of staining of olfactory organ (OO) and eye (E). The dark brown color represents the VDR.
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Figure 2.
Section of adult male zebrafish. Immunostaining with anti-VDR antibody pre-adsorbed with
recombinant Danio rerio full-length VDR. 50 X original magnification. Panel A. Intestine.
Panel B. Liver and kidney. Panel C. Gills. Panel D. Testis. Panel E. Eye. Note absence of
immunostaining in all tissues.
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Figure 3.
Section of adult male zebrafish. Immunostaining with anti-VDR antibody or pre-immune
serum. 200 X original magnification. Panel A. Sagittal section. Immunostaining with anti-VDR
antibody of kidney. Note staining of glomerular epithelium (G) and tubular epithelium (T).
Note absence of staining of vessels (V). Panel B. Sagittal section. Pre-immune serum. Note
absence of staining of tubules glomeruli and blood vessels of the kidney. Panel C. Sagittal
section. Immunostaining with anti-VDR antibody of gills. Note staining of epithelial cells in
the gill lamellae (L). Also notes staining of chondrocytes in gill filaments (CC in F). Panel D.
Sagittal section. Pre-immune serum. Note absence of staining of gill structures. Panel E.
Sagittal section. Immunostaining with anti-VDR antibody. Note immunostaining of olfactory
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organ epithelium (OOE). Panel F. Sagittal section. Pre-immune serum. Note absence of
staining of olfactory organ epithelium. Panel G. Sagittal section. Immunostaining with anti-
VDR antibody. Note immunostaining of epithelial cells of the intestine (EC). Unstained cells
are goblet cells. Panel H. Sagittal section. Pre-immune serum. Note absence of staining of
epithelial cells of the intestine.
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Figure 4.
Section of adult male zebrafish. Immunostaining with anti-VDR antibody or pre-immune
serum. 200 X original magnification. Panel A. Sagittal section. Immunostaining with anti-VDR
antibody of pancreas. Note staining of acinar cells of the pancreas (AC) and absence of staining
of islets (I). Panel B. Sagittal section. Immunostaining with anti-VDR antibody of bone. Note
staining of osteoblasts lining decalcified bone (Ob). Panel C. Sagittal section. Immunostaining
with anti-VDR antibody of liver. Note immunostaining of hepatocytes (Hc) and cholangiocytes
(Cc). Panel D. Sagittal section. Pre-immune serum. Note absence of staining of hepatocytes
and cholangiocytes. Panel E. Sagittal section. Immunostaining with anti-VDR antibody. Note
faint immunostaining of cardiac myocytes. The immuno-peroxidase staining within the
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ventricular cavity represents staining of erythrocytes whose endogenous peroxidase activity
has not been completely suppressed. Panel F. Sagittal section. Pre-immune serum. Note
absence of staining of cardiac myocytes. Panel G. Sagittal section. Immunostaining with anti-
VDR antibody. Note immunostaining of Sertoli cells (Sc) of the testis. Panel H. Sagittal section.
Pre-immune serum. Note absence of staining of Sertoli cells of the testis.
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Figure 5.
Immunostaining of tissues from adult female zebrafish with anti-VDR antibody or pre-immune
serum. 50 X original magnification. Panel A. Developing oocytes immunostained with anti-
VDR antibody. Panel B. Immunostained with pre-immune serum. Panel C. The gills
immunostained with anti-VDR antibody. Panel D. The gills immunostained with pre-immune
serum.
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Figure 6.
Immunostaining of the eye and neural tissues with anti-VDR antibody or pre-immune serum.
200 X original magnification. Panel A. Section of the retina immunostained with anti-VDR
antibody. a = ganglion cell layer; b = inner plexiform layer; c = inner nuclear layer; d = outer
plexiform layer; e = outer nuclear layer; f = rods; g = pigmented layer. Panel B. Section of
retina using pre-immune serum. Note absence of staining in all layers. Panel C. Section of brain
immunostained with anti-VDR antibody. Panel D. Section of brain immunostained with pre-
immune serum. Panel E. Section of brain immunostained with anti-VDR antibody (400 X).
Panel F. Section of spinal cord staining with anti-VDR antibody.
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Figure 7.
Cryosections of adult zebrafish labeled with VDR antibody visualized with Cy5 (red). Nuclei
were labeled with DAPI (blue). A. Vertebra showing labeling in spinal cord (sc), vertebral
body (boxed area), and surrounding muscle. B. Higher magnification of the vertebral body
(boxed region). C, retina showing ganglion cell layer (a), inner plexiform layer (b), inner
nuclear layer (c), outer plexiform layer (d), outer nuclear layer (e), and photo receptor layer
(f). D, gills.
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Figure 8.
Immunostaining of 48 hour post-fertilization zebrafish embryos with anti-VDR antibody or
pre-immune serum. 100 X original magnification. Panel A. Coronal section. 48 hour post-
fertilization embryo immunostained with anti-VDR antibody. Note staining (brown color) of
cells within the eye (neural retina), the brain (diencephalon) and the developing mandible. 100
X original magnification. Panel B. Sagittal section. 48 hour post-fertilization embryo
immunostained with immune serum. Note staining of cells of the neural retina, brain and
developing mandible. Panel C. Coronal section. 48 hour post-fertilization embryo
immunostained with pre-immune serum. Note absence of staining. 100 X original
magnification. Panel D. Sagittal section. 48 hour post-fertilization embryo immunostained with
pre-immune serum. Note absence of staining in cells of the neural retina, brain and developing
mandible
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Figure 9.
Immunostaining of 96 hour post-fertilization zebrafish embryo with anti-VDR antibody or pre-
immune serum. 100 X original magnification. Panel A. 96 hour post-fertilization embryo
immunostained with anti-VDR antibody. Note staining (brown color) of cells within the eye
(E), the brain (B) and the otic vesicle (O). 100 X original magnification. Panel B. 96 hour post-
fertilization embryo immunostained with pre-immune serum. Note absence of staining for the
VDR. 100 X original magnification. Panel C. Section of the eye immunostained with anti-VDR
antibody; 200 X original magnification. L = lens; G = ganglion cells; R = photoreceptor cells;
P = pigmented epithelial cells. Panel D. Otic vesicle immunostained with anti-VDR antibody.
200 X. original magnification.
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Figure 10.
Relative concentrations of VDR in the intestine following treatment of adult male zebrafish
with vehicle, 1α, 25(OH)2D3 or lithocholic acid (LCA). * p<0.05. Adult zebrafish were
administered 25 ng of 1α, 25(OH)2D3 in 5 μl of propylene glycol, 25 ng of lithocholic acid in
5 μl of propylene glycol, or vehicle (5 μl of propylene glycol) parenterally. Twenty two hours
later the fish were killed and tissues harvested as described. Equal amounts of protein (60 μg)
were separated by SDS-PAGE using 10% acrylamide gels. Following electrophoresis, proteins
were transferred to PVDF membranes and the VDR was detected by Western blotting methods
as described.
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