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Abstract Vitamin D receptor (VDR) polymorphisms are
associated with an increased asthma incidence in human
populations; however, observations in Vdr knockout mice
are unclear. The aim of our study was to determine the
influence of the genetic variation in Vdr among inbred
strains on lung resistance (i.e., dynamic and airway resis-
tance). In an intercross between the strains C57BL/6J (B6)
and KK/HIJ (KK), we identified that a significant QTL for
dynamic resistance on Chr X was interacting with a QTL
on Chr 15. The Chr 15 QTL peak was located in close
proximity to the Vdr locus. We further examined if phe-
notypes of several inbred strains with varying Vdr geno-
types differed. Strains with a B6-like genotype on the Vdr
locus had significantly lower airway resistance than strains
with a KK-like genotype. Vdr knockout mice were exam-
ined for dynamic resistance and showed significantly
higher resistance than mice with one (i.e., heterozygous) or
both copies (i.e., wild-type) of the Vdr. In comparison to
B6, the strain A/J is more resistant but carries the same
genotype at the Vdr locus. Dietary vitamin D manipulation
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in the strain A/J did not rescue the high airway resistance
phenotype. Finally, we observed that serum vitamin D does
not correlate significantly with lung resistance parameters
in a survey of 18 strains. Conclusively, Vdr contributes to
the phenotypic variation of lung resistance in inbred mice
but other molecules in the Vdr pathway and extended
network [i.e., Chr X gene(s)] may contribute as well.
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Introduction

Chronic lung diseases such as asthma are characterized by
inflammatory and obstructive processes within the lungs
(Stevenson and Birrell 2011), which can be detected by
changes of lung resistance (i.e., dynamic and airway
resistance). The disease pathogenesis is complex and
influenced by both genetic and environmental factors.
Identifying the primary genetic factors that influence lung
function changes will enhance our understanding about the
risk factors and, ultimately, help to determine novel
molecular pathways and targets for therapeutic interven-
tions. However, environmental factors vary often among
and within human study populations; thus, making it dif-
ficult to compare results between studies and to isolate
disease-causing genetic variations. Mouse models of lung
diseases can help to accelerate the identification of genetic
determinants because their environment can be controlled
and because of the availability of a broad range of genetic
resources for many inbred strains (Peters et al. 2007).
Genetic mouse crosses for finding quantitative trait loci
(QTLs) have been used to localize and identify genes
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underlying complex traits of human disorders, e.g., car-
diovascular diseases, diabetes, and kidney diseases (Mu
et al. 1999; Sheehan et al. 2007; Su et al. 2009). Similar
approaches have been applied to identify novel genetic
determinants for airway responsiveness (Stylianou et al.
2007). Compared to those earlier studies that aimed to
identify novel genetic variations QTL crosses can also be
used as a tool to verify a gene of interest. Crossing two
inbred strains has the power to detect segregating alleles
that have moderate affects (5-10% of total variance).
Therefore, a QTL cross for which parental strains are
selected due to differing alleles or haplotypes in a gene of
interest can determine if the gene has at least a moderate
affect on the phenotype.

The highest incidence of asthma is found in developed
countries where people spend more time indoors and are
less exposed to sunlight, conditions that may lead to vita-
min D deficiency (Masoli et al. 2004). Epidemiological
studies have demonstrated that vitamin D supplements
during pregnancy lead to a lower incidence of asthma in
children and that vitamin D deficiency is associated with
increased asthma symptoms (Devereux et al. 2007; Saadi
et al. 2009b). Moreover, VDR polymorphisms have been
linked to increased asthma incidence in several human
populations (Raby et al. 2004; Saadi et al. 2009a). How-
ever, literature on the role of Vdr in airway responsiveness
in mice is controversial because previous investigators
showed that mice deficient in Vdr have decreased asthma-
like symptoms (Wittke et al. 2004).

Recently, our laboratory reported that mice of different
inbred strains show wide variations in lung function
parameters when exposed to increasing doses of aerosol-
ized methacholine (Leme et al. 2010; Berndt et al. 2011).
In a survey of 36 mouse strains, airway responsiveness was
highest in strain KK/H1J (KK) and lowest in strain C57BL/
6] (B6). Interestingly, genotype alleles of these two strains
differ in exons of the Vdr gene.

In this study we aimed to determine the effect of the Vdr
genotype on dynamic and airway resistance in a QTL cross
between the strains KK and B6. We further hypothesized
that strains with different Vdr genotypes would differ in
lung resistance phenotypes and Vdr knockout mice have
higher lung resistance compared to wild-type mice. We
tested if the lung resistance phenotypes of strain A/J, which
has the same Vdr genotype as B6 but shows elevated air-
way responsiveness, can be rescued by dietary vitamin D
regimens. Due to the significant difference in airway
responsiveness between KK and B6 we examined if
25-hydroxyvitamin D3 [25(OH)D3], the major circulating
vitamin D3 metabolite, differed between the parental
strains. Finally, we proposed that strains with varying air-
way resistance proportionally differ in their serum vitamin
D concentrations.
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Experimental procedures
Mice

All mice were obtained from The Jackson Laboratory (Bar
Harbor, ME). KK and B6 mice were mated to produce
(KK x B6)F1 and (B6 x KK)F1 reciprocal progeny. The
(KK x B6)F1 progeny were intercrossed to produce an F2
population of 147 females and 132 males. The animal room
was maintained on a 12 h light/12 h dark cycle at an
ambient temperature of 21-23°C. Mice of the same sex
(maximum 5 per pen) were housed in duplex polycarbonate
cages (31 x 31 x 214 cm) in pressurized individually
ventilated mouse cages (Thoren Caging System, Hazelton,
PA) with a high-efficiency particulate air-filtered supply
and exhaust. Mice were allowed ad libitum access to
acidified water (pH 2.8-3.2) and pellets containing 6% fat
(LabDiet 5K52, PMI Nutritional International, Bentwood,
MO). The mouse colonies were regularly monitored (four
times/year) and found to be free of 17 viruses [ectromelia
virus, GDVII (Theiler’s) virus, Hantaan virus, K virus,
lactic dehydrogenase elevating virus, lymphocytic chorio-
meningitis, mouse adenovirus, mouse cytomegalovirus,
mouse hepatitis virus, mouse minute virus, mouse norovi-
rus, mouse parvovirus, mouse thymic virus, pneumonia
virus of mice, polyoma virus, reovirus 3, and rotavirus], 17
bacterial species (including Helicobacter spp., Pasteurella
pneumotropica, and two Mycoplasma spp.), external and
internal parasites, and the microsporidium Encephalitozoon
cuniculi. Animal protocols were reviewed and approved by
the Animal Care and Use Committee at The Jackson
Laboratory. Mouse handling and care were followed
according to the Public Health Service animal welfare
policies.

Detection of lung function parameters with forced
oscillation technique

Lung functions were measured in 11-week-old mice by
invasive forced oscillation technique. Briefly, mice were
anesthetized with ketamine and xylazine (50-100 mg/kg of
ketamine and 5-10 mg/kg of xylazine injected i.p., Phoe-
nix Scientific, Inc.), a tracheostomy was performed, and
mice were attached to a computer-controlled piston venti-
lator (flexiVent system, SCIREQ, Montreal, Quebec). Each
mouse was ventilated at tidal volume (V,) of 10 ml/kg at
150 breaths/min with 0 cmH,O positive end-expiratory
pressure (i.e., baseline ventilation). Following 5 min of
stabilization and administration of pancuronium bromide
(0.8 mg/kg i.p., Sicor Pharmaceutical, Inc.), a deep lung
inflation was applied to ensure uniform lung recruitment
and to normalize to the same volume history for each
mouse. This deep inflation procedure consisted of a
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constant airflow with a pressure limited to 40 cmH,O over
3 s followed by a passive exhalation. Saline and metha-
choline aerosol challenge measurements (1, 3, 10, 20, and
30 mg/ml methacholine; 100 pl solution of each dose used
for each animal) were obtained by channeling the inspira-
tory flow from the ventilator through an ultrasonic nebu-
lizer (Aeroneb® Lab Nebulizer System by Aerogen Ltd.,
Galway, Ireland). During aerosol challenge the piston
delivered a V; of 40 ml/kg at 30 breaths/min. After each
aerosol challenge, the piston returned to baseline ventila-
tion and aerosol challenge measurements were taken, after
which a deep inflation was applied to re-open the lungs for
the next aerosol challenge.

Lung function measurements were obtained by two
techniques. First we applied a single compartment model
that measures dynamic resistance (i.e., R). Second, a con-
stant phase model of the viscoelastic lung was fitted to
derive central airway resistance (i.e., Newtonian resistance,
R,). We collected data from 12 cycles (12 single com-
partment measurements and 12 constant phase model
measurements) after each aerosol challenge (e.g., saline
and methacholine) to detect the peak of each lung function
parameter. The three data points surrounding the highest
value were used to calculate an average response at each
dose.

Analysis of lung function phenotypes

For the lung function phenotypes, we determined the
strength of increase (i.e., slope) caused by consecutive
doses of methacholine exposure. First we calculated the
average value for the three highest responses at each
dose for each mouse (i.e., individual value). The indi-
vidual values were then plotted against log-transformed
methacholine concentrations and a linear curve was fit-
ted. The increase of this curve is equivalent to the slope,
which was used as phenotypic parameter in our
investigations.

DNA isolation and genotyping

After lung function measurements, mice were killed and
tail tips were collected for DNA isolation and genotyping.
DNA was isolated using a genomic DNA purification kit
(Kit-D-7000A, Gentra Systems, Minneapolis, MN). DNA
samples were genotyped on an Illumina genotyping plat-
form as part of the Mutation Mapping and Developmental
Analysis Project at Brigham and Women’s Hospital (Har-
vard Medical School, Boston, MA). A total of 379 single
nucleotide polymorphism (SNP) markers were polymor-
phic between KK and B6. For mapping purposes, the
million base pair (Mb) as well as the centimorgan (cM)

positions of each SNP were derived from the Mouse Map
Converter tool provided by The Center for Genome
Dynamics at The Jackson Laboratory (http://cgd.jax.org/
mousemapconverter/), which utilizes the National Center
for Biotechnology Information (NCBI) mouse genome
build 37 and a corrected mouse map (Cox et al. 2009).

Quantitative trait locus (QTL) analysis

All QTL analyses were performed with the R/qtl software
package (v. 1.18-7 available at http://www.rqtl.org/). To
characterize QTLs we tested for single main-effect and
interacting QTLs. We detected single main-effect loci for
phenotypic differences among the F2 progeny. For this
model we applied a regression analysis for each single
marker using a one-way ANOVA F statistic. 1,000 per-
mutation tests were performed to determine the thresholds
for significance. We used sex as a covariate in the fol-
lowing two models: (1) as additive covariate to account for
overall differences between sexes, and (2) as interactive
covariate to test the strength of interaction between sex and
the potential QTL. QTLs that reached or exceeded the 95%
genome-wide adjusted threshold (assessed by the 1,000
permutation tests for each phenotype) were termed signif-
icant. QTLs that reached or exceeded the 37% threshold
but did not reach the 95% genome-wide adjusted threshold
were termed suggestive. To determine whether a QTL was
sex-specific, those QTL that were significant in the main
scan using the sex additive model were examined in the sex
interactive model; if the LOD score difference between the
two models was greater than 2, (ALOD >2 based on the
Chi-square distribution), the sex-by-QTL interaction was
considered to be significant (Solberg et al. 2004).

We then searched for interacting loci using a two-way
ANOVA F statistic to test the hypothesis that the effect of
loci pairs on the phenotype is significant (overall effect).
To differentiate between the possibilities that the effect of
two loci together on the phenotype is either due to an
additive effect or due to an interactive effect, we computed
another two-way ANOVA F statistic to compare these two
effects. If both, the overall and the interactive effect were
significant (LOD >10 and LOD >4, respectively), we
concluded that the phenotype was affected by the interac-
tion of the two loci. As with main-effect loci, we used sex
as either an additive or interactive covariate. The difference
between the two models was our test for sex-specific dif-
ferences of the interacting loci.

Because the number of degrees of freedom for the
linkage test may be different for the X chromosome
than for autosomes, X chromosome-specific significance
thresholds were calculated for each model scan (Solberg
et al. 2004).
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Vitamin D receptor (Vdr) SNP influence on airway
resistance

We examined the genotypes of Vdr among the 36 strains
from our previous survey for airway responsiveness (Leme
et al. 2010) using the SNP wizard from the Mouse Phe-
nome Database (www.phenome.jax.org). We grouped the
strains according to their genotype differences [known to
cause a change in the amino acid (non-synonymous SNPs,
Cn SNPs)] into a KK-like and B6-like group. Groups were
compared for airway resistance. We analyzed female and
male mice separately and combined. Strains with imputed
genotypes at Cn SNPs of interest were excluded from the
analysis.

Airway responsiveness in Vdr deficient mice

We obtained mice heterozygous for Vdr deficiency (stock
006133; B6.129S4-Vdr™™"/T) from The Jackson Labo-
ratory. These Vdr knockout mice have been backcrossed to
B6 for eight generations, so the mutation is congenic on a
B6 background. Mice are maintained as heterozygotes. The
heterozygotes were mated to obtain progeny deficient in
both copies (Vdr-KO) or one copy (Vdr-HET) of the Vdr
and wild-type mice (Vdr-WT = B6). We tested 11-week-
old Vdr-KO (n = 9 for females, n = 7 for males), Vdr-
HET (n = 10 for females, n = 11 for males), and Vdr-WT
(n = 10 for females and n = 10 for males) for increase in
lung resistance in response to consecutive doses of meth-
acholine inhalation.

Dietary vitamin D manipulation

Male mice from the strain A/J were obtained at 4 weeks of
age. 18 mice were divided into three groups of six mice and
each group was fed identical diets (Harlan Laboratories,
South Easton, MA) except for their contents in vitamin D:
(1) 4,500 IU of vitamin D/kg of diet (i.e., vitamin D
standard diet); (2) 25,000 IU of vitamin D/kg of diet (i.e.,
vitamin D enriched diet); and (3) vitamin D depleted diet
(i.e., vitamin D deficient diet). At 11 weeks of age blood
was collected for serum vitamin D analysis and lung
function analyses were performed. All mice were main-
tained under UV light-controlled conditions to avoid
cutaneous vitamin D production.

Vitamin D detection in serum samples

At 11 weeks of age blood of mice was drawn and serum
was prepared. Serum aliquots were sent to Heartland
Assays, Inc. (Iowa State University Research Park, Ames,
IA), for measurement of 25(OH) vitamin D3 (25(OH)D).
The 25(OH)D detection assay consisted of a multi-step
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procedure. The first procedure involved a rapid extraction
of 25(OH)D and other hydroxylated metabolites from
serum with acetonitrile. Following extraction, the treated
sample was then assayed using an equilibrium radioim-
munoassay (RIA) procedure. The RIA method is based
on an antibody that is co-specific for 25(OH)D2 and
25(0OH)D3. The sample, antibody, and tracer were incu-
bated for 120 min at 20-25°C. Phase separation was
accomplished after a 20 min incubation at 20-25°C with a
second antibody-precipitating complex. An addition buffer
was added after this incubation prior to centrifugation to
aid in reducing non-specific binding. 25(OH)D-equivalent
values were calculated directly by the y-radiation counting
system with use of a smooth-spline method. The results
were expressed in terms of 25(OH)D equivalents. To
monitor assay performance each assay included one
in-house control sample. The control was treated as
unknown specimen and multiple determinations were
made. Assay variation was determined and acceptable
performance limits were defined as <15 CV.

Statistical analyses

Data are presented as mean == SEM. One-way ANOVA
was performed to test for significant differences
(1) between groups and sexes (F2 animals); (2) Vdr-KO,
Vdr-HET, and Vdr-WT; and (3) between diet groups.
Student’s ¢ test was used to test for differences between the
groups. Pearson’s correlation was used to examine the
associations among serum vitamin D and airway resistance.
Statistical significance was assigned at P < 0.05. All sta-
tistical analyses were performed using JMP statistical
analysis software version 8 (SAS Institute, Carey, NC).

Results

Lung function parameters in the parental strains, F1,
and F2 progeny of the B6 and KK intercross

The increase in dynamic and airway resistance due to
methacholine exposure were detected in the parental strains
B6 and KK, the reciprocal F1 progeny (KK females cros-
sed to B6 males and B6 females crossed to KK males), and
the F2 intercross progeny mice from the matings of
(KK x B6)F1 mice. Mean values == SEM for each group
and sex are reported in Table 1 for slope values and in
Supplemental Table 1 for per-dose values. The absolute
slope values were significantly greater in KK than B6 mice.
The F1 mice were more likely to resemble the B6 parent
for increase in airway resistance, suggesting that recessive
genes cause the phenotypes observed in KK mice. Pheno-
types of F1 mice were intermediate between the two
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Table 1 Increase in dynamic and airway resistance in response to methacholine in parental strains and F1 and F2 progeny

Phenotype Group Females Males Sex differences
P value
Mean + SEM Levels Mean + SEM Levels

R slope KK 0.33 + 0.05 A 0.50 &+ 0.04 A <0.01
B6 0.10 & 0.01 C 0.21 £+ 0.03 C <0.01
KK x B6F1 0.19 £ 0.01 B 0.31 £ 0.03 B,C <0.01
B6 x KKF1 0.15 = 0.01 B,C 0.30 £ 0.02 B, C <0.01
KK x B6F2 0.17 + 0.01 B 0.30 £ 0.01 B <0.001

R, slope KK 0.38 + 0.03 A 0.43 £+ 0.06 A
B6 0.17 +£ 0.02 B 0.25 £ 0.02 B
KK x B6FI 0.19 + 0.01 B 0.33 £ 0.04 A, B <0.001
B6 x KKF1 0.22 + 0.01 B 0.32 £ 0.02 A, B <0.01
KK x B6F2 0.21 £ 0.01 B 0.30 & 0.01 B <0.001

One-way ANOVA analysis was performed to compare lung function parameters between parental strains and progenies in female and male mice.
Slope is equivalent to the increase in dynamic and airway resistance in response to consecutive doses methacholine. Levels that are not connected
by the same letters are significantly different (P < 0.05). Statistical analyses were performed using JMP 8.0. R dynamic resistance, R,, airway

resistance

parents for increase in dynamic resistance. The reciprocal
F1 progeny resembled each other, ruling out non-Mende-
lian inheritance such as imprinting and mitochondrial
genes. Phenotype values in KK and B6 males are signifi-
cantly higher than in KK and B6 females, respectively, for
increase in dynamic but not for airway resistance.

Main and interacting effect QTLs in the F2 population

The main effect QTLs were identified first using sex as an
additive covariate, then using sex as an interactive covar-
iate, and finally using the difference between sex as addi-
tive and interactive covariates to detect sex-specific QTLs.
Table 2 lists the significant and suggestive QTLs detected
with sex as an additive covariate together with the QTL
peaks, the 95% confidence intervals (CI), the LOD scores,
and the high alleles. Three significant QTLs (one on Chr X
for increase in dynamic resistance and two on Chr 2 and 3
for increases in airway resistance) were found and named
according to nomenclature rules, with Lng for lung func-
tion phenotype followed by a letter designating the type of
lung function—R for dynamic resistance and R,, for airway
resistance—followed by a number for the QTL of that
class. No sex-specific main-effect QTLs were identified.

We carried out pairwise scans to detect interacting
QTLs. The interacting QTLs, for which sex was used as an
additive covariate, are shown in Table 3. In particular, we
found that the significant main-effect QTL on Chr X for
increase in dynamic resistance interacts with QTLs on Chr
7 at 74.5 cM, Chr 15 at 53.8 ¢cM, and Chr 17 at 17 cM. The
gene encoding vitamin D receptor (Vdr) maps to the peak
of the interacting Chr 15 QTL. No sex-specific interacting
QTLs were identified.

Lung function testing in strains grouped according
to vitamin D receptor polymorphism

The Vdr gene contains a SNP that is polymorphic between
B6 (A allele) and KK (T allele) in exon 8 (rs16805339).
This polymorphism is responsible for an amino acid
change at position 276; mice that carry the A allele have
methionine and those that carry the T allele have a lysine.
Using strains, for which we previously reported airway
responsiveness (Leme et al. 2010), we compared the
average increase in airway resistance between strains that
carry the A allele (B6-like strains: A/J, BALB/cByJ, C3H/
HelJ, C57BL/6J, FVB/NJ) and strains that carry the T allele
(KK-like: 129S1/SvimJ, AKR/J, BTBRT<+>tf/], DBA/
2J, KK/HIJ, NOD/LtJ, NZW/LacJ) at rs16805339. If both,
female and male mice were analyzed together, strains
carrying the KK-like allele have a significant greater
increase in airway resistance compared to strains that carry
the B6-like allele (Fig. 1a). The difference between
KK- and B6-like strains is greater in females than in males
(Fig. 1b); however, the difference was not significant either
for females or for males.

Lung function testing of vitamin D receptor-deficient
mice

Airway responsiveness was investigated previously in Vdr-
deficient mice in which lung function were decreased com-
pared to the control mice (Wittke et al. 2004). Because the
genetic background of the mice was not specified in the
original paper and because airway function was detected with
unrestrained plethysmography we decided to repeat those
experiments. We investigated naive, adult Vdr-KO, Vdr-
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Table 2 Significant and suggestive QTLs (using sex as an additive covariate) from the intercross between the strains KK and B6

Chr SNP ID Peak (cM) 95% CI (cM) Trait LOD High allele, sex Allele effect Name
rs32707440 64.2 22.2-90.2 R 3.6 KK Dominant
2 rs3691210 R 3.0 B6 Intermediate
79.9 73.9-103.8 R, 3.8¢ B6 Intermediate Lngrnl
3 rs6327630 20.3 12.0-40.0 R, 3.8° KK Recessive Lngrn2
Rs3674810 31.5 8.0-42.0 R 2.6 KK Intermediate
rs3705454 45.6 39.5-67.1 R 24 KK Recessive
5 rs13478240 R 3.1 KK Dominant
rs33712526 84.0 23.3-85.2 R, 33 KK Dominant
8 rs31086651 60.8 32.8-66.0 R 2.8 B6 Dominant
R, 2.5 HET
10 rs6326263 36.2 10.4-53.9 R 24 KK Dominant
R, 2.7 KK Dominant
17 rs3702604 19.6 15.0-31.9 R, 24 HET
19 rs13483561 R 3.7 KK Dominant
R, 3.1 KK Dominant
X rs13483765 32.5 28.5-56.5 R 4.8* B6 Lngrl
rs13483921 54.5 32.0-60.5 R, 4.0 B6

QTL analysis was performed for each phenotype using sex as additive covariate. The strongest QTL of each chromosome (Chr) was reported
with the location of its peak (Peak) and the start and the end of the 95% confidence interval (95% CI). Significant (P < 0.05) and suggestive
(0.63 < P < 0.05) thresholds were determined by 1,000 permutation tests. Genome-wide thresholds for autosomes and the X chromosome are
described in the text. Peak locations are depicted in centimorgans (cM)

Chr chromosome, CI confidence interval, LOD logarithm of the odds, HET heterozygote, R dynamic resistance, R, airway resistance, Lng Lung

* Significant QTL

Table 3 Interacting QTLs (using sex as an additive covariate) from the intercross between the strains KK and B6

QTL 1 QTL 2 Trait Peak 1 (cM) Peak 2 (cM) LOD.full LOD.int
7 X R 74.5 52.5 9.5 4.3
7 X R, 54.5 50.5 10.3 5.4
15 X R 53.8 345 10.1 5.1
17 X R 17.0 56.5 10.6 4.6
19 X R, 222 58.5 12.5 5.5

Pairwise scan QTL analysis was performed to detect interacting QTL for each phenotype using sex as additive covariate. Interacting QTLs are
reported with their chromosomes (QTL 1 and QTL 2) and peak locations (Peakl and Peak 2) and the LOD scores for the full model (LOD.full)
and the interactive model (LOD.int). Peak locations are depicted in centimorgans (cM)

Chr chromosome, LOD logarithm of the odds, R dynamic resistance, R, airway resistance

HET, and Vdr-WT for airway responsiveness in response to
increasing methacholine dose inhalations. Contrary to the
previous investigations, we found that Vdr-KO mice are
significantly more responsive than Vdr-HET and Vdr-WT
mice (P = 0.014 and P = 0.009, respectively) (Fig. 2).

Lung function in mice maintained on diets with varying
vitamin D concentrations

We examined male mice of the strain A/J, because this
strain is more responsive to methacholine than B6 but
shows the same genotype (A-allele) as B6 at the Vdr
polymorphism (rs16805339). After weaning mice were

@ Springer

maintained on diets that only differed in their vitamin D
contents. We found that in A/J males dietary vitamin D had
a significant effect on serum vitamin D concentrations
(4.5 £ 1.9 ng/ml for deficient diet, 15.7 + 1.9 for standard
diet, and 53.2 £ 1.9 ng/ml for enriched diet, respectively;
P < 0.001). However, the dietary vitamin D concentrations
did not have a significant effect on the increase in dynamic
and airway resistance (Fig. 3a, b, respectively).

Serum vitamin D concentration in parental strains

Because the effects of vitamin D are not only due to the
availability and functionality of the Vdr but also due to
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Fig. 1 Airway resistance in strains grouped by Vdr allele. Airway
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Strains were divided into a B6-like and KK-like group depending on
the allele at the non-synonymous SNP (rs16805339) on exon 8 of the
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Fig. 2 Dynamic resistance in Vdr knockout mice. Increase in dynamic
resistance (R slope) caused by consecutive doses of methacholine
exposure in mice deficient in Vdr (Vdr-KO) and mice carrying one (Vdr-
HET) or two copies (Vdr-WT = B6) of Vdr. *Significantly different

availability of vitamin D itself we determined the vitamin
D concentrations in serum samples of the parental strains
KK and B6. We found that male mice of strain B6 have
significantly higher serum vitamin D concentrations than
males of strain KK (24.6 £ 1.6 and 16.4 £ 1.6 ng/ml,
respectively; P = 0.01) (Fig. 4).

Serum vitamin D concentrations and airway resistance
in a strain survey

To identify if airway resistance correlated with serum
vitamin D concentrations among strains we performed a 18
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Fig. 3 Lung function in A/J mice maintained on varying dietary
vitamin D concentrations. Increase in airway (R, slope, a) and
dynamic resistance (R slope, b) were measured in mice with differing
vitamin D serum concentrations due to feeding diets with low
(vitamin D deficient), standard (vitamin D standard), and high
(vitamin D enriched) dietary vitamin D concentrations. *Significantly
different

30
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20

Serum 25(OH)D (ng/ml)

KK/HIJ

C57BL/6J

Fig. 4 Serum concentrations of 25(OH) vitamin D3 (25(OH)D) in
male mice of strains KK/HIJ and C57BL/6J. *Significantly different
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Fig. 5 Association between serum vitamin D concentration and
increase in airway resistance (R, slope) in a survey of 18 inbred
strains

strain survey for serum vitamin D of a subset of strains, for
which airway resistance was published recently (Leme
et al. 2010). We did not find a significant correlation
between airway resistance and serum vitamin D concen-
trations. However, often strains with high airway resistance
had lower serum vitamin D concentrations (e.g., KK, A/J)
and strains with low airway resistance showed higher
serum vitamin D concentrations (e.g., B6, RIIIS/J, SWR/J)
(Fig. 5).

Discussion

In this study we reported genetic evidence that Vdr is
influential to dynamic and airway resistance among several
strains of inbred mice. For dynamic resistance, an interact-
ing QTL between the significant Chrs X QTL and a Chr 15
QTL was detected in the F2 population of the genetic cross
between strains KK and B6. The peak of the Chr 15 QTL
mapped to the Vdr locus. Several strains that differed in a Cn
SNP allele on exon 8 of Vdr also differed significantly in
airway resistance. Together, these findings are in agreement
with several previous publications in human populations
that showed linkage between Vdr polymorphisms and
increased asthma incidence (Raby et al. 2004; Saadi et al.
2009a). Our study indicates that the effect of Vdr in com-
bination with at least one other genetic variation on Chr X
contributes more than 5% to the overall phenotypic variance
in dynamic resistance. The interacting variation on Chr X
needs to be further investigated in future investigations.
We observed that mice deficient in both copies of Vdr
have a higher dynamic resistance than mice with one or
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two copies of the receptor. This is contrary to the previous
report on airway responsiveness in Vdr knockout mice by
Wittke et al. (2004). There were several reasons why we
decided to repeat the previously reported experiments.
First, the genetic background of the mice was not specified
in the original paper, which indicates that it may have been
mixed (e.g., embryonic stem cells made in 129 and then
crossed to B6 is a typical scheme). Also, our method to
measure airway function differed from Wittke et al. (2004).
While latter used non-invasive, unrestrained plethysmog-
raphy we used invasive forced oscillation to measure lung
function, which we think is the better method to determine
lung function accurately in the mouse (Berndt et al. 2011).
For example, we previously showed while B6 is the least
responsive strain using invasive forced oscillation, it is an
intermediate responsive strain when using plethysmogra-
phy. In addition, Wittke et al. (2004) investigated an
allergic model of asthma while we measured naive mice.
From our observations, we conclude that the lack of Vdr
leads to an increase in dynamic resistance. We did not
observe differences in Vdr knockout, heterozygote, and
wild-type mice for airway resistance. This was surprising
to us, especially in the light of differing airway resistance
among strains with differencing Vdr genotypes. An
explanation could be the use of both male and female mice
for the Vdr knockout experiment compared to the use of
only males in the strain survey experiment. Vdr may be
more influential to airway resistance in males than in
females. This conclusion is supported by our previous
report on significant gender differences for lung function in
a survey of 36 inbred strains (Berndt et al. 2011).
Signaling through Vdr is not only determined by func-
tionality of Vdr, but also by the availability of its ligand—
vitamin D. Thus, we measured vitamin D in the serum of
several strains. Interestingly, the concentration of vitamin
D is significantly different between the parental strains of
our cross. B6, which is the less responsive strain, has a
significantly higher vitamin D serum concentration than
KK, the more responsive strain. In addition to KK and B6,
we investigated 16 other strains (a total of 18 strains) and
found a wide variation in serum vitamin D. This suggests
that the level of serum vitamin D may be regulated dif-
ferentially among inbred strains. There was no significant
association between serum vitamin D concentrations and
airway resistance among all 18 strains; however, strains
with high airway resistance, such as KK and A/J, had low
serum vitamin D concentrations and strains with low air-
way resistance, such as B6 and RIIIS/J, had high levels of
serum vitamin D. The lack of significant correlation is most
likely due to a more complex regulation of airway resis-
tance than just through vitamin D. Finally, the association
between serum vitamin D and airway resistance was per-
formed only in males and these results may be different for
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female mice. Latter need to be investigated in a subsequent
study to identify the degree of association between serum
vitamin D and airway resistance for this gender.

Because some strains with low airway resistance had
higher serum vitamin D concentration we were interested if
high airway resistance could be reversed in a strain with
low serum vitamin D by increasing the vitamin D con-
centration using a dietary regimen. For this experiment we
used the strain A/J because it had the same Vdr genotype as
B6 but a higher airway resistance when maintained under
the same condition (i.e., on same diet). We observed that
higher and lower dietary vitamin D concentrations for
7 weeks (4-11 weeks of age) lead to higher and lower
serum vitamin D concentrations, respectively. However,
we did not observe significant airway resistance differences
between the mouse groups on different diets. A previous
study showed that dietary vitamin D deficiency during
pregnancy causes decreased lung growth and, thus, lung
volume, which caused the change in lung function (Zosky
et al. 2011). Therefore, it can be assumed that dietary
vitamin D manipulation may improve lung function when
administered during pregnancy but not during adulthood.

Finally, we observed significant QTLs for airway
resistance on Chr 2 and 3. The Chr 2 QTL was found
previously in two B6 and A/J crosses for airway respon-
siveness (De Sanctis et al. 1995; Ackerman et al. 2005).
Using the genetic information of parental strains from
overlapping QTLs genomic regions can be narrowed to
possible candidates, such as the cDNA sequence
BCO018465, matrix metallopeptidase 9 (Mmp9), and Cd40
antigen (Cd40). On the contrary, the Chr 3 QTL has not
been reported before and, therefore, represents a novel
locus that likely influences airway resistance. Toll-like
receptor 2 (TIr2), which has been associated with asthma
phenotypes, is located within the Chr 3 QTL boundaries.
Verification of these molecules will be necessary in future
studies.

In summary, we found genetic evidence that Vdr in
combination with at least one other genomic variation on
Chr X contributes to the phenotypic variation in dynamic
resistance. We found that airways of Vdr knockout mice
are more responsive than wild-type mice. Yet, dietary
vitamin D supplementation during adulthood does not
rescue the phenotype. Therefore, other molecules in the
Vdr pathway and extended network [i.e., Chr X gene(s)]
may contribute to the regulation of dynamic and airway
resistance.
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