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PURPOSE. To determine the source(s) of vitamin D in tear fluid and examine the expression of
the endocytic proteins and putative vitamin D transporters megalin and cubilin in lacrimal
and Harderian glands.

METHODS. Wild-type, heterozygous, and vitamin D receptor (VDR) knockout C57BL/6 mice
were used, with a subset of knockout mice fed a replenishment diet for some studies. Mouse
lacrimal and Harderian glands from each group were used to measure megalin and cubilin by
RT-PCR, Western blot, and immunohistochemistry. New Zealand white rabbits were used to
collect lacrimal and accessory gland fluid for vitamin D mass spectroscopy measurements.

RESULTS. Ten-week-old knockout mice were significantly (P < 0.05) smaller than wild-type
mice. Real-time PCR and Western blot showed decreased expression of megalin and cubilin in
select VDR knockout mouse groups. Immunohistochemistry showed apical duct cell megalin
staining and weaker megalin staining in VDR knockout mice compared with controls. Vitamin
D2 was more prevalent in rabbit lacrimal and accessory gland fluid than vitamin D3, and
greater amounts of Vitamin D2 were found in in tear fluid obtained directly from lacrimal and
accessory glands as compared with plasma concentrations.

CONCLUSIONS. This is the first study to demonstrate the presence of megalin and cubilin in
lacrimal and accessory glands responsible for producing tear fluid. The results strengthen the
hypothesis that megalin and cubilin are likely involved in the secretory pathway of vitamin D
into tear fluid by the duct cells.
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Numerous studies have been published describing the
nonclassical actions of vitamin D. Our lab discovered that

the cornea is capable of activating and metabolizing vitamin D
(Fig. 1).1 This ability of the cornea to metabolize vitamin D was
recently confirmed.2 We have also shown that vitamin D
metabolites are present in tear fluid, probably serving a role in
corneal maintenance, although the source of tear fluid vitamin
D is unknown.1

The classic pathway of vitamin D synthesis begins with UV
light exposure of 7-dehydrocholesterol in the skin to produce
previtamin D. This previtamin D3 is hydroxylated to 25
hydroxyvitamin D3 (25(OH)D3) in the liver and finally
converted 1a, 25 dihydroxyvitamin D3 (1a,25(OH)D3) in the
kidney. In order for this last step to take place, 25(OH)D3 needs
to be reabsorbed at the proximal tubule of the kidney by the
endocytic dual receptor complex megalin and cubilin.3

Megalin is a member of the low lipoprotein receptor
superfamily4 and it is expressed in the plasma membrane and
endocytic apparatus of many epithelial tissues including RPE
and nonpigmented ciliary body epithelium,5 small intestine,6,7

renal proximal tubule,8,9 visceral yolk sac,10,11 thyroid gland,12

lungs,12 and parathyroid gland,13 among others. This receptor
is known as a scavenger receptor because of its multiligand
properties, which allows for nonspecific cellular uptake of
proteins. Vitamin D binding protein (DBP) is one of the ligands
for megalin.14 Cubilin is also an endocytic receptor that has

been shown to be coexpressed with megalin in several
absorptive epithelia and also has the potential for binding DBP.3

The purpose of this study was to determine the source(s) of
vitamin D in tear fluid. This is particularly relevant given a recent
study demonstrating that high serum vitamin D levels have a
small but favorable effect on dry eye syndrome.15 In addition,
because megalin and cubilin are involved in vitamin D transport
and because megalin expression can be stimulated by vitamin D,
we examined the expression of these proteins in the lacrimal
and Harderian gland of wild-type and Vitamin D Receptor (VDR)
knockout mice.16 We hypothesized that the lacrimal gland
excretes vitamin D metabolites into the lacrimal fluid and that
megalin and cubilin are involved in the lacrimal gland vitamin D
secretory pathway. We also hypothesized that feeding the VDR
knockout mice a special diet rich in calcium, phosphate, and
lactose that has been shown to reverse some of the phenotyp-
ical features in these mice through normalization of their
calcium and mineral metabolism,17–19 would also reverse
phenotypical changes observed in the mice fed a normal diet.

METHODS

Animals

Wild-type (þ/þ), heterozygous (þ/�), and VDR knockout (�/�)
C57BL/6 mice were obtained and bred from the Jackson Labs,
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Bar Harbor, ME, USA (Strain: B6.129S4-Vdr<tm1Mbd>/J). A
subset of�/�mice were fed a replenishment diet (20% lactose,
2.0% Ca2þ, 1.5% PO4

�) that has been previously shown to
partially alleviate the VDR (�/�) mouse phenotype.17–19

Lacrimal glands and Harderian glands were collected from
mice of each genotype (n¼ 5 per group). Three New Zealand
white rabbits were used to collect serum along with lacrimal
and accessory gland fluid. All animal studies were approved by
the University institutional animal care and use committee, and
animals were treated according to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

Lacrimal Cannulation

Three white New Zealand rabbits (2.2 kg) were used to collect
lacrimal and accessory gland fluid. Before any manipulation,
the rabbits were weighed to adjust anesthetic dosage with
ketamine and xylazine. Vascular access was secured at the
marginal ear vein and blood samples were taken for vitamin D
metabolite analysis. Lacrimal cannulation was performed as
described previously.20,21 Briefly, microcapillary tubes were
fire polished and used to cannulate the lacrimal duct. After
successful access to the lacrimal duct, 0.2 mL of 2 mg/mL
pilocarpine was injected every 20 minutes for up to 3 hours to
stimulate lacrimal fluid production. Pilocarpine injection
results in an immediate increase in lacrimal secretion. A total
of 100 to 200 lL was collected directly from the microcapillary
tube with a micropipette. At the same time, fluid was collected
from the combined accessory glands (Harderian and Wolfing)
by collecting fluid from the fornix that pooled while the
lacrimal gland was cannulated. Rabbits were euthanized with
pentobarbital after the cannulation procedure.

Mass Spectroscopy

Vitamin D metabolites were analyzed by mass spectroscopy.
The samples were extracted, derivatized and analyzed as
described previously22 with modification. In brief, approxi-
mately 500 lL of samples spiked with internal standards (d6
vitamin D3, d6 25(OH) vitamin D3, and d6 1,25 (OH)2 vitamin
D3) were extracted with 500 lL of methyl t- butyl ether
(MTBE). The supernatants were transferred to a new Eppen-
dorf tube and dried using an RC 1022 vacuum concentrator
(Jouan, Winchester, VA, USA) before addition of 100 lL of 0.75
mg/mL PTAD (4-phenyl-1,2,4-triazole-3,5-dione) in acetonitrile
for derivatization. Samples were left overnight at 48C to allow
complete derivatization. These samples were injected onto a

liquid chromatography-tandem mass spectrometry system
consisting with Agilent 1200 SL system (Agilent, Santa Clara,
CA, USA) and ABSciex 4000 Qtrap system (Redwood City, CA,
USA). The gradient and the MS/MS methods are provided in in
Supplementary Tables S1 and S2. Vitamin D3 and its
metabolites were quantified according to the calibration curve
with deuterated internal standards.

Real-Time PCR

Tissue from 4- and 10-week-old VDR þ/þ, þ/�, �/�, and �/�
mice on the replenishment diet was used for mRNA
quantification. Total RNA was obtained from mouse lacrimal
and Harderian glands. Real-time PCR was used to quantify
megalin and cubilin mRNA levels. The RT-PCR primers for
megalin, cubilin, and Rps19 (used as the internal control) were
designed through Roche Applied Science Universal Probe
Library using the National Center for Biothechnology Informa-
t i o n ( N C B I ) s e q u e n c e i d e n t i fi c a t i o n n u m b e r s
(NM_001081088.1, NM_001081084.2, NM_023133.1 for meg-
alin, cubilin, and Rps19, respectively). The primers for megalin
were as follows: forward primer, 50-GAT GGA TTA GCC GTG
GAC TG-30; reverse primer, 50-TCC GTT GAC TCT TAG CAT
CTG A-30. The primers for cubilin were as follows: forward
primer, 50-CAC TGC TTC CTA CAC CTC CAG-30; reverse
primer, 50-TCC ACC AGA GAC ACT TGG AA-30. The primers for
Rps19 were as follows: forward primer, 50-GTG GAA AAG GAC
CAA GAT GG-30; reverse primer, 50-CTT TGT TCT AAT GCT
TCT TGT TGG-30. The mRNA was isolated and cDNA was
synthesized using the ThermoScript RT-PCR system. First-
strand synthesis was done at 558C for 60 minutes, and
inactivated at 858C for 5 minutes. Equal amounts of cDNA
were applied for PCR amplification in triplicates using a
LightCycler 480 system and UPL probes (Roche Diagnostics
Corporation, Indianapolis, IN, USA). Amplification was per-
formed at 958C for 10 minutes, followed by 40 cycles at 958C
for 10 seconds and 608C for 30 seconds. Quantitative values
were obtained from the threshold cycle value (Ct), which is the
point where a significant increase of fluorescence is first
detected. S19 was used as an internal RNA control, and each
sample was normalized on the basis of its S19 gene content
(DCt). The formula 2^�(DCT) was used to analyze the results.

Western Blotting and Immunohistochemistry

Mice were used to examine the presence and location of
megalin and cubilin in tear producing glands. For Western

FIGURE 1. Vitamin D metabolism pathway. Inactive vitamin D is either synthesized from the skin or obtained through the diet. The inactive vitamin
D is converted in the anterior segment of the eye to 25(OH)D by 25-hydroxylase, and then either to 1,25(OH)2D or 24,25(OH)2D by 1a-hydroxylase
or 24-hydroxylase, respectively. This pathway is identical for both vitamin D2 and vitamin D3.
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blots, lacrimal and Harderian gland tissue was dissected from
periorbital and orbital structures, and weighed to calculate
tissue to mouse weight ratios. Lacrimal and Harderian gland
tissue was collected from each genotype and�/�mice on the
special diet to measure expression of megalin and cubilin at 4
and 10 weeks of age. Dissected tissue was stored in a protease
inhibitor solution at�808C. The glands were freeze-dried with
liquid nitrogen and crushed. Lysis buffer D at 958C (0.3%
sodium dodecyl sulfate, 10 mM tris/HCL, 10 lM sodium
orthovanadate, 100 lM sodium fluoride, and protease
inhibitor) was added to the tissue, which was collected for
further processing. The mixture was sonicated five times in
ice water followed by incubation at 958C for 10 minutes,
centrifuged at 14,000g (48C) for 10 minutes followed by
supernatant recollection. Sample protein concentration was
measured using the bicinchoninic acid protein assay reagent
(Pierce, Rockford, IL, USA). Equal amounts of protein (20 lg)
were loaded onto an 8% gel and separated by SDS-PAGE.
Rabbit anti-megalin (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and goat anti-cubilin (Santa Cruz Biotechnology)
were used as primary antibodies. Horseradish peroxidase
conjugated goat and rabbit anti-goat and anti-rabbit secondary
antibodies were used to enhance detection. For loading
controls, membranes were stripped and reprobed with b-
actin antibody (CP01; Calbiochem, San Diego, CA, USA).
Western blots were digitally photographed and blot density

was determined by Fiji (Wayne Rasband, National Institutes of
Health, Bethesda, MD, USA).

For megalin immunohistochemistry, paraffin sections (5
lm) were cut from 10-week-old mice on a Leica microtome
(Wetzlar, Germany). Sections were dried at 608C in an oven for
1 hour, placed in xylene overnight, rehydrated in graded
alcohols, and blocked for endogenous peroxidase. Demasking
was achieved by heating the sections in TEG buffer (Tris-EGTA
buffer, pH 9) at approximately 1008C for 10 minutes, after
which the sections were cooled at room temperature for 30
minutes and incubated for 30 minutes in 50 nM NH4Cl in 0.01
M PBS. Permeabilization was obtained with 0.05% saponin (1%
BSA, 0.2% gelatine, 0.05% saponin in 0.01 M PBS) and sections
were incubated with 1:500 of Protein A purified sheep anti-
megalin (kindly provided by Pierre Verroust, MD) or Protein A
purified sheep Ig (DAKO, Glostrup, Denmark) in 0.01 M PBS,
0.1% BSA and 0.3% Triton X-100 followed by washing and
incubation with HRP-conjugated secondary antibody. Labelling
was visualized by incubation with diaminobenzidine and 0.03%
H2O2 for 10 minutes. Sections were counterstained with
Meier’s hematoxylin stain and images were acquired with a
Leica DMR microscope equipped with a Leica DFC320 camera.
Images were transferred by a Leica TFC Twain 6.1.0 program
and processed by using Corel Photopaint version 12.0.0.536
(Corel Cooperation, Ottawa, ON, Canada).

Statistical Analysis

The Kolmogorov-Smirnov test was run to test for data
normality. ANOVA with Tukey’s post hoc multiple comparison
test was used to compare most experimental groups. A
Kruskal-Wallis test was run on the one data set that failed the
normality test. All analyses were performed using InStat
software (GraphPad Software, Inc., La Jolla, CA, USA). A P

value of less than 0.05 was considered significant.

RESULTS

Macroscopic Features

Four-week-old mice had no significant difference in body
weight or gland/body weight ratios among genotypes. Signif-
icant differences (P < 0.05) were observed when comparing
the 10-week-old VDR �/� mice (mean þ/� SE body weight ¼
17.52 6 2.09 g) with the wild-type (21.98 6 1.83 g),
heterozygous (17.52 6 2.094 g), and special diet knockout
mice (24.21 6 2.52 g). No other weight comparisons were
significant. ANOVA of lacrimal gland/body weight ratios (%)
showed a significantly increased ratio (P < 0.05) of VDR �/�
mice on the special diet when compared toþ/þ,þ/�, and�/�
mice (Fig. 2A). Harderian gland/body weight ratios in 10-week-
old mice showed a significant difference in �/� mice when
compared withþ/þ,þ/�, and�/�mice on the special diet (Fig.
2B). Interestingly, this ratio was higher in the�/�mice than all
other genotypes.

Level of Vitamin D Metabolites in Plasma and
Gland Fluids

To identify the source(s) of tear fluid vitamin D, we analyzed
secretions from lacrimal and Harderian glands for vitamin D
metabolites by mass spectrometry. The Table shows the
concentrations of 25-hydroxyvitamin D2 (25(OH)D2), 25-
hydroxyvitamin D3 (25(OH)D3), 1,25(OH)D2, 1,25(OH)D3,
24,25(OH)D3, and 24,25(OH)2D in the plasma, lacrimal gland
fluid, and accessory gland fluid in each of the individual rabbits
examined. The abbreviation n.d. indicates concentrations that

FIGURE 2. Ratio of lacrimal (A) and Harderian gland (B) weight to
mouse body weight. There were no differences in the ratios of 4-week-
old mice (n¼5). There was a significant difference (*P < 0.05, n¼5) in
the lacrimal gland ratio comparing VDRþ/þ and VDR�/�mice on the
special diet (SD), and in the Harderian gland ratio between 10-week-old
VDR �/� mice and VDR þ/þ mice (*P < 0.01, n ¼ 5). Bars indicate
mean 6 standard error (SE).

Vitamin D in Tear Fluid IOVS j September 2015 j Vol. 56 j No. 10 j 5882



were below the limit of detection. The measureable levels
were quite variable but indicate several trends, thus results
from all samples are shown. Plasma analysis showed the
presence of all vitamin D metabolites, although only one
plasma sample had measureable 1a,25(OH)D3. In addition,
1a,25(OH)D2 levels were generally higher in lacrimal and
accessory gland fluid than in plasma, indicative of a secretory
pathway into tear. In addition, vitamin D2 species were much
more prevalent in lacrimal and accessory gland fluid than
vitamin D3 species.

Megalin and Cubilin mRNA VDR Levels in
Knockout and Wild-Type Mouse Lacrimal and
Harderian Glands

To begin to examine whether megalin and cubilin could
influence the final content of vitamin D in tear fluid, we
analyzed their expression in lacrimal and Harderian glands by
RT-qPCR. Mouse lacrimal gland megalin mRNA levels were
significantly lower in 4-week-old�/�mice compared withþ/þ
and þ/� mice (P < 0.05). There was also a significant
difference (P < 0.01) in megalin mRNA levels in �/� mice
with and without the special diet when compared with þ/þ
and þ/� in 10-week-old mouse lacrimal glands. In addition,
megalin mRNA levels were significantly lower in�/� (P < 0.01)
and þ/� mice (P < 0.05) when compared with þ/þ, and �/�
mice on the special diet (P < 0.001) in Harderian glands of 10-
week-old mice (Fig. 3A).

There was a decreased expression of cubilin in lacrimal
glands of knockout mice as well. We found a significant
difference (P < 0.05) in�/�mice when compared toþ/þ and
þ/� mice at 4 weeks of age. There was also a significant
difference (P < 0.05) when�/�mice were compared withþ/þ
and þ/� mice at 10 weeks of age as well as a significant
difference (P < 0.01) in�/�mice on the special diet compared
with þ/þ, þ/�, and �/�mice (Fig. 3B).

For Harderian glands, there was no difference in megalin or
cubilin mRNA expression among genotypes of 4-week-old
mice. There was also no difference in the cubilin mRNA
expression among genotypes in 10-week-old mice, however a
significant decrease was measured in megalin mRNA expres-
sion in 10-week-old VDR �/� mice compared with VDR þ/þ
mice (P < 0.05; Figs. 4A, 4B).

Megalin and Cubilin Protein Levels in VDR
Knockout and Wild-Type Mouse Lacrimal and
Harderian Glands

We extended our megalin and cubilin analyses by measuring
protein levels using Western blotting. As shown in Figures 5B
and 5D, in the lacrimal gland there was a decreased expression

(P < 0.01) of cubilin in 4-week-old VDR �/� versus þ/þ mice.

There was also a small but significant decrease in protein

expression (P< 0.05) of megalin and cubilin in lacrimal gland of

10-week-old VDR�/�versusþ/þmice (Figs. 5A–D). There was a

significant recovery (P < 0.05) of cubilin expression when VDR

�/� mice were fed the special diet. There was no significant

recovery of megalin protein expression in 10-week-old mice fed

the special diet. In Harderian gland (Fig. 6) there was a significant

decrease (P< 0.05) in expression of megalin in 10-week-old VDR

�/� versus þ/þ mice. There were no significant differences in

cubilin expression. The 4-week-old Harderian gland protein

TABLE. Vitamin D Metabolites in Plasma and Fluid Collected From Lacrimal and Accessory Glands

Sample Volume, lL 1,25(OH)2D2 1,25(OH)2D3 25(OH)D2 25(OH)D3 24,25(OH)2D3

Plasma #1 500 0.1070 n.d. 1.8914 20.1670 11.8789

Plasma #2 500 1.2357 0.1064 1.0613 9.3558 32.2085

Plasma #3 500 0.4815 n.d. 1.3571 5.4018 22.5446

Lacrimal gland fluid #1 100 2.5892 n.d. n.d. n.d. n.d.

Lacrimal gland fluid #2 100 0.8314 n.d. n.d. n.d. n.d.

Lacrimal gland fluid #3 200 0.3971 n.d. n.d. n.d. n.d.

Accessory gland fluid #1 100 0.7902 n.d. n.d. 0.9752 0.5175

Accessory gland fluid #2 15 6.0825 n.d. n.d. n.d. n.d.

Accessory gland fluid #3 50 2.8732 n.d. n.d. n.d. n.d.

Note: The samples were collected from three rabbits (#1, #2, #3). n.d. indicates the concentration is lower than the lower limit of detection.

FIGURE 3. Lacrimal gland megalin (A) and cubilin (B) gene expression.
The formula 2�(DDCt) was used to graph the results. There was a
significant decrease in megalin and cubilin mRNA expression in 4-
week-old VDR�/�mice (*P < 0.05, n¼ 3). There was also a significant
decrease in megalin and cubilin mRNA expression in 10-week-old VDR
þ/�mice (*P < 0.05, n¼ 3), VDR�/�mice (†P < 0.01, n¼3) and VDR
�/�mice administrated the special diet (SD) (‡P < 0.001, n¼ 3). Bars

indicate mean 6 SE.
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expression was the only data set that failed the normality test,
and showed no significant differences between groups.

Immunohistochemistry

Results from lacrimal gland immunohistochemistry show
staining of megalin on the apical membrane of the ducts.
Megalin staining in VDR�/�mice appears weaker than in VDR
þ/þmice (Fig. 7).

DISCUSSION

Li et al.17 have previously described the vitamin D receptor
knockout phenotype and one of its characteristics is growth
retardation. As expected, we found that 10-week-old VDR�/�
mice are significantly smaller than þ/þ mice. Also, VDR �/�
mice fed the special diet recovered their weight and are
comparable with þ/þ mice. Interestingly, when comparing
gland/body weight ratios, we determined that 10-week-old
VDR�/�mice had higher ratios than any phenotype indicating
that vitamin D deficiency did not affect gland size as much as it
did body weight, with the ratio normalizing following the
replenishment diet, which helped mice to recover their
weight.

The current study demonstrates the presence of megalin
and cubilin in the lacrimal and Harderian glands, and provides
evidence that these proteins may be involved in the secretion
scheme of vitamin D into tear fluid. A recent study by Alsalem
et al.2 confirmed previous results from our group demonstrat-
ing the presence of the metabolic machinery to process
vitamin D and its metabolites within cells of the cornea, and
importantly it also demonstrated that megalin and cubilin are
present in several ocular barrier cell types. Megalin has also
been detected in RPE and nonpigmented ciliary body
epithelium, and a severe myopia phenotype as well as enlarged
RPE melanosomes and abnormal ciliary body development
were described in megalin-deficient mice.5 Previous work
examining renal vitamin D uptake in megalin knockout mice
demonstrated an increased urine concentration of 25(OH)D3
and decreased plasma levels of 25(OH)D3 and 1a,25(OH)D3,
both resulting from decreased cellular uptake of the vitamin D-
binding protein (DBP) complex from glomerular filtrate. In
addition, loss of cubilin function resulted in a similar decrease
in plasma concentrations of 25(OH)D3 and 1a,25(OH)D3
secondary to impaired renal uptake of 25(OH)D3-DBP.14,23 In
the current study, mass spectroscopy examining vitamin D
metabolites present in lacrimal and accessory gland fluid of
New Zealand white rabbits detected primarily concentrations
of the metabolite 1,25(OH)D2, with low or minimal concen-
trations of the other vitamin D metabolites being found at
measureable levels. These results correspond to our previous
study measuring vitamin D metabolite levels in rabbit tear fluid
in which we found predominantly vitamin D2 species1; thus,
the current study confirms that D2 species predominate in the
rabbit. In humans, D2 species are only available through the
diet. The higher concentration of 1,25(OH)D2 in rabbit
glandular fluid compared with plasma indicates a likely active
secretion of 1,25(OH)D2 from plasma to glandular fluid. A
second possibility is increased conversion of 25(OH)D2 to

FIGURE 4. Harderian megalin (A) and cubilin (B) gene expression. The
formula 2�(DDCt) was used to graph the results. For 4-week-old mice,
there was no difference in megalin and cubilin mRNA expression
among genotypes. There was also no difference in the cubilin mRNA
expression among genotypes in 10-week-old mice, but a significant
decrease was showed in megalin mRNA expression in 10-week-old
VDR�/�mice compared with VDRþ/þmice (*P < 0.05, n¼ 3). Bars

indicate mean 6 SE.

FIGURE 5. Lacrimal gland megalin (A, C) and cubilin (B, D) protein and protein intensity changes. Note the significantly decreased expression of
megalin and cubilin in 10-week-old VDR�/�mice (*P < 0.05, n¼3), and the recovery of cubilin protein expression in VDR�/�mice on the special
diet (SD). There was a significant decrease in cubilin protein expression in 4-week old VDR�/�mice (†P < 0.01, n¼ 3) compared with 4-week-old
VDRþ/þmice. Bars indicate mean 6 SE.
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1,25(OH)D2 within the gland. This is unlikely because of the
undetectable gland fluid 25(OH)D2 levels which were
relatively high in the serum. The presence of the endocyto-
sis-associated protein megalin in the apical membranes of
lacrimal duct epithelium may be the reason for the low
25(OH)D2 glandular fluid levels (lower than 1,25(OH)D2),
which, along with the associated protein cubilin, would
possibly remove 25(OH)D2 prior to glandular secretion of
the final tear fluid. This could potentially also lead to lower
glandular fluid 1,25(OH)D2 levels than would otherwise be
present without the presence and activity of apically-located
megalin assuming 25(OH)D2 can be hydroxylated to
1,25(OH)D2 within or after leaving the gland ducts. Because
DBP binds to 25(OH)D2 in a similar fashion but with lower
affinity as compared with 25(OH)D3, and DBP is the vitamin D
ligand associated with megalin, we hypothesize that the same
process would hold true for 25(OH)D3.24,25 This is the process
that occurs for 25(OH)D3 in the proximal tubule.11 Thus, the
presence of megalin and cubilin in the duct system might
modify the content of vitamin D metabolites, although the
presence of remnant vitamin D metabolites in gland secretions
suggests that the source of vitamin D in tear fluid could be
from the lacrimal and Harderian glands.

Due to the small volume of the tear samples, the detection
and quantification of vitamin D metabolites by mass spectros-
copy are still challenging. In fact, for some of the vitamin D
metabolites in our tear sample measurements, we did see clear
peaks although they were below the limit of quantification. We
list them as not detectable (n.d.) because large variations are an
issue with such a low concentration measurement. Thus, in the
future, an improved derivatization reagent with better sensi-
tivity will be important for the accurate measurement of
limited availability, low-volume samples such as the tear
samples in this study.

This study demonstrated expression of megalin and cubilin
in mouse lacrimal and accessory glands by RT-PCR, Western
blot, and immunohistochemistry (megalin). In VDR knockout
mice, there was a decreased expression of megalin in lacrimal
and accessory glands and a decrease in cubilin expression in
lacrimal gland by RT-PCR and Western blot. Immunohisto-
chemistry showed megalin staining on the apical borders of the
lacrimal gland in (þ/þ) mice with weaker staining in (�/�)
mice. Attempts at cubilin immunohistochemical staining were
unsuccessful due to the high background staining observed
using available antibodies. Previous studies14,26,27 have shown
that megalin has Ca2þ sensing properties and that Ca2þ is
required for the uptake of proteins. Studies have also
demonstrated that vitamin D increases expression of megalin,
most likely through VDR activation.16 In the case of the current

FIGURE 6. Harderian gland megalin (A, C) and cubilin (B, D) protein and protein intensity changes. Note the significantly decreased megalin
expression in 10-week-old VDR�/�mice (*P < 0.05, n¼3). There was no difference in megalin or cubilin protein expression comparing 4-week-old
VDRþ/þ and VDR�/�mice. Bars indicate mean 6 SE.

FIGURE 7. Megalin immunostaining in the lacrimal glands of 10-week-
old mice. Megalin staining in VDRþ/þmice (A) appears stronger than
in VDR�/�mice (B). (C) Secondary antibody control.
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study, lack of VDR apparently leads to decreased megalin and
cubilin expression. Interestingly, while mRNA levels of megalin
and cubilin in mice on the special diet were lower than all
other groups, protein levels rebounded in these mice. The
increased megalin and cubilin protein levels in the�/� special
diet mice corresponds to the rescued phenotype in these mice.
It is possible that this increased protein expression with low
mRNA levels represents more efficient protein synthesis or
recovered ability for protein synthesis in mice with corrected
calcium and magnesium levels.28,29

Previous studies on chronic kidney disease (CKD) have
shown decreased renal megalin expression due to decreased
levels of 25(OH) D3 and defective autocrine VDR activation.30

This leads to the development of secondary hyperparathyroid-
ism and hypocalcaemia. In megalin knockout mice, the
increased urinary excretion of vitamin D metabolites leads to
secondary hyperparathyroidism and hypocalcaemia.14 Like CKD
and megalin knockout mice, VDR knockout mice also have
hypocalcaemia and hyperparathyroidism, among other pheno-
typical features. Our results demonstrate that VDR knockdown
decreases megalin and cubilin expression in the lacrimal and
Harderian gland. As noted above, reduced systemic megalin and
cubilin have been shown to limit vitamin D availability in the
blood. If megalin and cubilin do participate in vitamin D
resorption from tear gland fluid prior to its final secretion onto
the anterior surface of the eye, then reduced megalin and
cubilin would help to compensate for the decreased systemic
vitamin D availability by limiting ductal resorption.

This is the first study to demonstrate the presence of
megalin and cubilin in the glands responsible for producing
tear fluid. In addition, it was found that VDR knockout results
in decreased expression of both megalin and cubilin in lacrimal
and Harderian glands. It was also shown that vitamin D2 is
found in greater amounts in tear fluid directly obtained from
lacrimal and the accessory glands versus plasma, indicating
secretion into tear fluid by the glands. The decreased
production of megalin and cubilin in VDR knockout mice
coupled with the apparent secretion of vitamin D into tear
fluid along with the localization of megalin to the apical border
of lacrimal duct cells strengthens the hypothesis that megalin
and cubilin are likely involved in the secretory pathway of
vitamin D into tear fluid by the duct cells.
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