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bstract

Vitamin D is a seco-steroid hormone with multiple actions in the brain, mediated through the nuclear vitamin D receptor (VDR). We have
ecently shown that mutant mice lacking functional VDR demonstrate altered emotional behavior and specific motor deficits. Here we further
xamine phenotype of these mice, testing their novelty responses, as well as cognitive and sensory (olfactory and gustatory) functions in the
ovel food, two-trial Y-maze and tastant consumption tests. In addition, we study depression-like behavior in these mice, using anhedonia-
ased sucrose preference test. Overall, VDR mutant mice showed neophobic response in several different tests, but displayed unimpaired
lfactory and gustatory functions, spatial memory and baseline hedonic responses. Collectively, these data confirm that mutation of VDR in

ice leads to altering emotional/anxiety states, but does not play a major role in depression, as well as in the regulation of some sensory and

ognitive processes. These results support the role of the vitamin D/VDR neuroendocrine system in the regulation of behavior, and may have
linical relevance, enabling a better focus on psychiatric and behavioral disorders associated with dysfunctions in this neuroendocrine system.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The most active hormonal form of vitamin D is 1,25-
ihydroxyvitamin D (calcitriol), which is implicated in both
rain development and adult brain functioning [1–6]. Biolog-
cal effects of this seco-steroid hormone are mediated through
he nuclear vitamin D receptor (VDR), a ligand-activated
ranscription factor [7,8] widely expressed in the central ner-
ous system [1,9–13]. Numerous brain disorders are linked
o vitamin D deficits and/or VDR dysfunctions [13–15]. In
oth animals and humans, this hormone regulates behavioral
nd neuronal activity [13,16].
We have recently shown that mice lacking functional VDR
VDR mutant mice) display several behavioral abnormalities,

� Poster paper presented at the 17th International Symposium of the Jour-
al of Steroid Biochemistry and Molecular Biology, ‘Recent Advances in
teroid Biochemistry and Molecular Biology’ (Seefeld, Austria, 31 May–03
une 2006).
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ncluding high anxiety and specific motor deficits [15,17],
upporting the role of VDR in the regulation of behavior. In
ine with this, relatively high concentrations of VDR were
ound in the limbic system [1,9,10], the brain area that regu-
ates emotional behaviors. Several other studies using VDR

utant mice [18,19] further strengthen the notion that vitamin
and VDR are involved in behavioral regulation.
Notably, high levels of VDR have been detected in multi-

le hippocampal areas [1,9–11]. As hippocampus is directly
mplicated in the regulation of cognitive processes, such as

emory and learning, this raises the possibility that vita-
in D and VDR may be involved in the regulation of these

unctions [2]. Indeed, while Altemus et al. [20] reported no
ignificant impairment of cognitive functions in young adult
ats deprived of vitamin D, transient prenatal vitamin D deple-
ion has been found to affect learning and memory in rats [2].
o elucidate the role of VDR in cognitive functions further,
he present study aimed to assess memory in VDR mutant
ice in a two-trial Y-maze.
Since the assessment of general physiological status and

ensory systems is a key part of behavioral phenotyping of

mailto:anna.minasyan@uta.fi
dx.doi.org/10.1016/j.jsbmb.2007.03.032
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utant animals [21,22], these factors had to be considered
n our VDR mutant mice. Indeed, several lines of evidence
uggest that vitamin D and VDR may be involved in the
egulation of sensory processes. For example, VDR is also
idely distributed throughout the olfactory system [23], indi-

ectly supporting the possibility that vitamin D and VDR may
odulate olfaction. Likewise, VDR genetic partial ablation

eads to hearing defects in mice [24], consistent with clini-
al data [25,26] on hearing deficits associated with vitamin

dysfunctions [27]. Other recent data have shown that in
ome tissues vitamin D up-regulates transient receptor poten-
ial (TRP) vanilloid calcium-selective cation channels, such
s TRPV5 and TRPV6 [28,29]. Representing cellular sen-
ors responding to temperature, touch, pain, osmolarity, taste
nd other stimuli [28,29], these vitamin D-regulated channels
ay underlie the role of this hormone in potential modulation

f sensory pathways. Therefore, the second aim of the present
tudy was to examine whether VDR gene mutation may affect
he mouse sensory functions, such as olfaction and gustation.

Finally, the psychotropic mood-elevating effects of vita-
in D have also been reported in the literature [14,30–35].
ignificantly lower levels of vitamin D were found in psychi-
tric patients suffering from depression [33,36], and there was
predictable positive correlation between serum vitamin D

evels and the reduction of affective symptoms [36,37]. From
his point of view, it was interesting to assess depression-like
henotype in VDR mutant mice in the present study. Since
pecific motor deficits [17] preclude testing depression-like
ehavior in VDR mutant mice in several traditional depres-
ion tests (such as, the forced swim and tail suspension tests
21,22]), in the present study we subjected these mice to an
nhedonia-based depression paradigm, the sucrose prefer-
nce test [21,38]. This well-validated and popular depression
est was chosen for its insensitivity to motor activity levels,
nd performed in the present study in conjunction with testing
he mouse gustatory functions.

. Material and methods

.1. Animals

Subjects were adult (3–5 months) wild type (WT, +/+;
= 10) and VDR mutant (−/−; n = 10) male mice on 129S1
enetic background. The animals were littermates obtained
y heterozygous crosses (for at least eight generations) from
he VDR mutant mouse strain initially generated in the Uni-
ersity of Tokyo, Japan [39]. Mice were maintained in a
irus/parasite free facility on a 12-h light–dark cycle, and
oused one to two mice per cage, with food and water ad
ibitum (unless noted otherwise). To normalize blood calcium
evels, VDR mutant mice received a special diet (Lactamin

B, Sweden) containing 2% Ca, 1.25% P, and 20% lac-

ose supplemented with 2.2 IU vitamin D/g. The genotype
f the animals was confirmed by polymerase chain reaction
PCR) on DNA prepared from tail tissue. Primers were used

a
c

o
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o amplify a 400-bp Neo band and 166-bp VDR band from the
argeted allele. All animal care and experimental procedures
n this study were conducted in accordance with European
egislation.

.2. Apparatus and procedures

All behavioral tests were performed between 12.00 and
9.00 h in a dimly lit room. To assess the mouse working
emory (Experiment 1), we used a two-trial version [40] of

he Y-maze test, a traditional model of spatial working mem-
ry and exploration [13]. The Y-maze, made of Plexiglas, was
levated to a height of 70 cm and consisted of three walled
rms (30 cm long, 10 cm wide, walls: 15 cm), radiating at an
ngle of 120◦ from each other. The study of spatial mem-
ry consisted of two Y-maze trials, with a 30-min interval
etween trials. During trial 1 (acquisition phase), one arm
f the Y-maze (chosen randomly among the three arms) was
losed, and remained unavailable for mice to explore. Each
ouse was placed in one of the other two arms, and allowed

o explore them for 5 min. The duration (s) and the number of
isits (four-paw criterion) to the two arms were recorded by
n experienced observer sitting 2 m away from the apparatus.
he apparatus was thoroughly cleaned with ethanol solution
fter each animal. During trial 2 (retrieval phase), the ani-
als had free access to all three arms, and the number and

he duration (s) of visits to each arm were recorded for 5 min,
s described earlier.

In a separate study (performed 2 weeks later, Experiment
), we food-deprived the mice for 24 h, and then analyzed
heir spatial memory in the two-trial Y-maze with food rein-
orcement and a 2-h inter-trial interval. To minimize novelty
actor in this experiment, the animals were allowed to explore
he Y-maze freely for 10 min prior to testing. During the first
rial, a 0.2-g pellet of familiar food (chow) was placed in a
andomly selected arm, and the latency (s) to eat food, as
ell as the number of correct entries (arm with food), incor-

ect entries (empty arm) and total number of entries were
ecorded for 5 min. In addition, we calculated the percentage
f incorrect entries (correct/total entries × 100%) for each
nimal in both trials. During trial 2, the location of food pel-
ets was the same for each animal as during the initial trial.
ood pellets were changed between animals and trials.

To study behavioral response to novel food (Experiment
), we used a combination of familiar food versus novel food.
piece of white bread (2.3 g), vanilla (1.6 g) or onion (1.7 g)
as used as novel food in this study. The protocol was as used
reviously in Experiment 2. Two weeks later, the animals
ere re-tested, using a combination of novel food (vanilla)
ersus familiar food. In the last test, performed 2 weeks later,
novel aversive food (onion) was given in combination with

he familiar food (chow). The procedures were as described

bove, with a 4-h interval between trials. All food pellets were
hanged between animals and trials.

To determine whether the VDR mutant mice have altered
lfactory function, we assessed their performance in the
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uried food pellet test [41] (Experiment 4). Briefly, the mice
ere placed on a food-restricted diet (0.2 g standard chow
er mouse) for 24 h. On the following day, a food pellet was
uried approximately 0.5 cm deep under the bedding in a
lean cage. The mouse was then placed in the diagonally
pposite corner, and the latency (s) to find the buried food (as
n index of olfactory function) was measured with a 5-min
ut off time. The food was considered found if the animal was
olding it in its forepaws (the mice were then allowed to con-
ume food, and returned to their home cages). The bedding
aterial was changed between animals.
To assess in parallel the mouse gustatory function and their

aseline hedonic responses (Experiment 5), we used the two-
ottle “preference” test [38], in which individually housed
nimals were given a free choice between two bottles (one
ith taste solution and another one with tap water). The solu-

ions used in the present study included: sweet (1% sucrose,
DH Laboratory Supplies, England; 7 days), sour (50 mM
itric acid 1-hydrate, Riedel-de Haen A.G., Germany), bit-
er (100 �M cycloheximide, Sigma–Aldrich, Germany), and
alty (0.3 M NaCl, J.T. Baker, Holland), 4 days each. The
osition of bottles was switched every 24 h to avoid side pref-
rences. The consumption of water and taste solutions was
stimated simultaneously in both genotypes by weighing the
ottles daily, and calculating daily preference (%) as total
astant solution/total water intake × 100%. No food or water
eprivation was used in this experiment.

.3. Statistical analyses

All results are expressed as mean ± S.E.M. Differences

etween genotypes were analyzed by the Mann–Whitney
-test. Difference between trials was analyzed using the
ilcoxon signed ranks test. A probability less than 0.05 was

onsidered statistically significant in all tests.

d
s

m

able 1
ehavioral performance (spatial memory and exploration) in the two-trial Y-maz
utant mice

abituation, 5 min WT (n =

atency (s) to enter arm 1 78.9 ±
atency (s) to enter arm 2 62.0 ±
umber of entries to arm 1 10.4 ±
umber of entries to arm 2 11.0 ±
umber of total entries 21.4 ±

est phase, 5 min (30 min interval between trials) WT

atency (s) to enter arm 1 89.0 ± 2
atency (s) to enter arm 2 119 ± 3
atency (s) to enter arm 3 99.4 ± 2
umber of entries to arm 1 6.10 ± 1
umber of entries to arm 2 3.70 ± 0
umber of entries to novel three arms 6.70 ± 1

otal number of entries 16.5 ± 3
ntries to novel arm 3 (%) 40.6 ± 4
ime (s) spent in novel arm 3 57.9 ± 1

ata are presented as mean ± S.E.M. Statistical significance was set at P < 0.05. NS
& Molecular Biology 104 (2007) 274–280

. Results

Table 1 summarizes the results of Experiment 1. In the
patial memory test, there were no genotype differences in
he latency to enter the novel arm, the number of entries to
he novel arm, and time spent exploring the novel arm.

In Experiment 2, using the Y-maze task with food rein-
orcement, there were also no genotype differences in the
atency to eat in either trial (Table 2). However, during the
rst trial, the VDR mutant mice demonstrated significantly
ore “incorrect” entries to empty arms, and displayed more

otal entries, than did their WT littermates. In contrast, dur-
ng the second trial, the number of entries was similar in both
enotypes (Table 2).

Assessing behavioral responses to novel food (Experiment
), we found no differences between the groups in the latency
o eat bread on trial 1, whereas this measure on trial 2 was
ignificantly shorter in the WT mice than in the mutant group
Table 3). Total number of entries was unaltered in both geno-
ypes in all trials. As can be seen in Table 3, testing the mouse
esponse to vanilla food revealed no genotype differences in
he latency to eat on trial 1. In contrast, during the second
rial, VDR mutant mice showed a shorter latency to eat com-
ared to their WT controls. WT mice also displayed more
ntries to the food arm (correct entries) and to the empty
rms (incorrect entries) during the initial trial, compared to
he mutant group. In both trials, the WT mice demonstrated

ore total entries than did the VDR mutant mice (Table 3).
inally, in test with onion, the WT mice showed a longer

atency to eat food, and made more entries, compared to
he VDR mutant mice. Again, these behavioral parameters

id not differ significantly between the genotypes during the
econd trial (Table 3).

In Experiment 4, we assessed olfactory functions in our
ice, using the buried food pellets test. Overall, both geno-

e (Experiment 1) in male wild type (WT) and vitamin D receptor (VDR)

10) VDR mutants (n = 10) U-test

25.8 92.3 ± 25.7 NS
23.3 97.0 ± 29.5 NS
1.61 7.50 ± 1.46 NS
2.04 6.10 ± 1.52 NS

3.35 13.6 ± 2.90 NS

VDR mutants U-test

7.9 81.4 ± 26.1 NS
7.2 148 ± 32.4 NS
6.5 147 ± 29.3 NS
.03 4.20 ± 0.63 NS
.87 3.10 ± 0.62 NS
.37 4.70 ± 1.13 NS

.02 12.0 ± 2.12 NS
5.5 39.2 ± 53.1 NS
3.3 52.9 ± 12.6 NS

: statistically not significant.
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Table 2
Behavioral performance of male wild type (WT) and vitamin D receptor (VDR) mutant mice in the familiar food test (two-trial Y-maze with a 2 h inter-trial
interval; Experiment 2)

WT (n = 10)a VDR mutants
(n = 10)a

WT (n = 10)b VDR mutants
(n = 10)b

Between genotypesc Between trialsd

Trial 1 Trial 2 WT VDR mutant

Y-maze + food pellets interval time 2 h
Latency (s) to eat the food 19.3 ± 3.07 57.5 ± 21 46.1 ± 20.4 22.1 ± 4.43 NS NS NS P < 0.04
Entries to the food arm 1.00 ± 0.00 1.60 ± 0.16 1.00 ± 0.00 1.00 ± 0.00 NS NS NS P < 0.014
Entries to the empty arms 0.60 ± 0.22 3.00 ± 0.79 0.60 ± 0.22 0.30 ± 0.15 P < 0.02 NS NS NS

Total number of entries 1.60 ± 0.20 4.60 ± 0.80 1.60 ± 0.22 1.30 ± 0.15 P < 0.02 NS NS P < 0.011
Incorrect entries (%) 26.7 ± 9.00 51.2 ± 9.60 26.7 ± 9.03 15.0 ± 7.64 P < 0.05 NS NS P < 0.011

Data are presented as mean ± S.E.M (NS: P > 0.05).
a Trial 1.
b Trial 2.
c U-test.
d Wilcoxon signed ranks test.

Table 3
Behavioral performance of male wild type (WT) and vitamin D receptor (VDR) mutant mice in the novel food test (two-trial Y-maze; Experiment 3)

Habituation, 10 min WT (n = 10)a VDR mutants
(n = 10)a

WT (n = 10)b VDR mutants
(n = 10)b

Between genotypesc Between trialsd

Trial 1 Trial 2 WT VDR mutants

Food pellets + bread bread, interval time 2 h
Latency (s) to eat the food 152.0 ± 35.0 156.0 ± 40.0 67.0 ± 17.0 194.0 ± 38.0 NS P < 0.05 NS NS
Total number of entries 8.00 ± 1.00 9.00 ± 1.00 5.50 ± 1.20 9.00 ± 2.40 NS NS NS NS
Incorrect entries (%) 47.1 ± 6.5 55.6 ± 1.7 52 ± 7.6 51.5 ± 9.1 NS NS NS NS

Food pellets + vanilla interval time 4 h
Latency (s) to eat the food 110.7 ± 27.3 96.7 ± 34.2 102.3 ± 29.2 53.7 ± 25.5 NS P < 0.03 NS NS
Entries to the food arm 4.30 ± 0.70 2.40 ± 0.37 2.10 ± 0.59 1.10 ± 0.10 P < 0.03 NS P < 0.011 P < 0.01
Entries to the empty arms 5.60 ± 1.07 2.60 ± 0.37 4.20 ± 1.81 1.20 ± 0.36 P < 0.02 NS NS P < 0.017
Total number of entries 9.90 ± 1.72 5.00 ± 0.70 6.30 ± 2.35 2.30 ± 0.45 P < 0.02 P < 0.02 NS P < 0.007
Incorrect entries (%) 55 ± 3.1 52.00 ± 3.5 4 60.31 ± 4.28 43.33 ± 7.54 NS NS NS NS

Food pellets + onion interval time 4 h
Latency (s) to eat the food 233.1 ± 29.0 138.0 ± 32.7 277.0 ± 21.7 116.6 ± 36.4 P < 0.04 P < 0.008 NS NS
Entries to the food arm 6.30 ± 0.90 3.30 ± 0.68 6.80 ± 1.08 2.60 ± 0.65 P < 0.03 P < 0.01 NS NS
Entries to the empty arms 12.3 ± 1.58 5.60 ± 1.54 13.2 ± 2.13 3.80 ± 1.25 P < 0.007 P < 0.002 NS NS
Total number of entries 18.6 ± 2.38 8.90 ± 2.16 20.0 ± 3.15 6.40 ± 1.78 P < 0.01 P < 0.004 NS NS
Incorrect entries (%) 66.02 ± 1.96 56.94 ± 4.19 65.83 ± 2.23 55.6 ± 2.9 NS P < 0.01 NS NS

Results are presented as mean ± S.E.M (NS: P > 0.05).
a Trial 1.

t
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b Trial 2.
c U-test.
d Wilcoxon signed ranks test between trials.
ypes showed similar latencies to find (WT: 55 ± 9 s; VDR
utant mice: 76 ± 16 s, NS) and eat (WT: 138 ± 32 s; VDR
utant mice: 83 ± 16 s, NS) familiar food, confirming unim-

aired olfaction in VDR mutant mice.

h
m
g

able 4
ntake of different tastants in the wild type (WT) and vitamin D receptor (VDR) mu

aste solutions WT VDR mutants

% sucrose 52.15 ± 1.99 (n = 9) 60.22 ± 5.25 (n
.3 M NaCl 28.99 ± 2.18 (n = 9) 29.81 ± 6.74 (n
0 mM citric acid 46.27 ± 1.04 (n = 9) 43.01 ± 2.59 (n
0 �M cyclohexamide 22.71 ± 1.05 (n = 9) 20.22 ± 1.86 (n

ata are presented as mean ± S.E.M. (NS; P > 0.05), calculated as the preference p
taste solution intake + water intake) × 100).
This study of mouse gustatory function and baseline
edonic responses (Table 4; Experiment 5) showed no impair-
ents in tastant discrimination in VDR mutant mice, as both

enotypes demonstrated similar consumption of sweet, salt,

tant mice (Experiment 5)

U-test Wilcoxon signed ranks test

WT VDR mutants

= 10) NS NS NS
= 7) NS P < 0.008 P < 0.018
= 10) NS P < 0.018 P < 0.001
= 10) NS P < 0.008 P < 0.005

ercentage (daily intake (%) = taste solutions daily intake/total liquid intake



2 emistry

s
N
c
s
i

4

s
s
b
c

m
d
a
Y
e
T
i
i
h
s
t
a
(
f

m
i
m
(
m
t
t
b
f
f
n
i
b
o
h
a
a

m
V
n
i
n
I
n
t

i
o
w
a
a

m
a
t
w
d
2
fi
a
f
a
e
i
d
a
f
i
i
r
b
p
h
c
i
t
m

m
t
i
o
f
c
m
o

k
c
d
T
s
H
n
d
W
s
t

78 A. Minasyan et al. / Journal of Steroid Bioch

our or bitter solutions. All mice consumed markedly less
aCl solution (≈30%), whereas the intake of citric acid was

lose to 50% in both genotypes, with a similar (≈20%) aver-
ion of cyclohexamide. Both genotypes showed unaltered
ntake of sucrose solution and water (Table 4).

. Discussion

In general, the main findings of the present study can be
ummarized as follows: VDR mutant mice display unaltered
patial memory, olfaction, gustation and hedonic responses,
ut demonstrate aberrant responses to novel food in different
ontexts.

Despite the fact that numerous VDR were found in
emory-controlling brain areas [10,11], and cognitive

eficits were reported to be due to low vitamin D in both
nimals [2,20] and humans [35], our results showed that in
-maze spatial memory task, both WT and VDR mutant mice
xplored novel arms equally well on both trials (Table 1).
hese findings are generally consistent with observations

n VDR mutant mice tested in several other memory tasks,
ncluding spontaneous alternation and open field within-trial
abituation [42,43]. Moreover, both genotypes demonstrated
imilar inter-trial habituation (reflecting their unaltered long-
erm memory) in the open field test [43]. Collectively, these
nd our present data support the notion that memory domain
unlike locomotion and anxiety [15,42]) is most likely unaf-
ected by the VDR mutation in mice.

Importantly, the number of Y-maze arm entries in VDR
utant mice was similar or even higher (than in the WT mice)

n some tests here (Table 2), indicating unimpeded general
otor functions in these mice. Earlier studies have shown

rev. in: [44]) that increased motivation, such as hunger,
ay alter the animal exploratory performance in different

ests, influencing both their cognitions and emotionality. In
he Y-maze task with food reinforcement (Experiment 2),
oth groups of hungry mice showed similar ability to find
amiliar food in both trials, again suggesting that motor
unctions of VDR mutant mice in this test were relatively
ormal. However, the trial 1 data of this experiment, report-
ng higher locomotion in the VDR mutant mice, seem to
e consistent with the above-mentioned effects of hunger
n exploration, and may be explained by their somewhat
igher initial stress–reactivity (compared to the WT mice),
lso in line with their increased anxiety phenotype (also see
tendency to a longer latency to eat food in trial 1, Table 2).

Since memory testing using familiar food as reinforce-
ent (Experiment 2), revealed elevated trial 1 activity in the
DR mutant mice, we wanted to assess their responses to
ovel versus familiar food. As unfamiliar food is known to
nduce strong neophobic responses, the latency to consume

ovel food can be used as a measure of anxiety [45,46].
n Experiment 3, using white bread as a novel food, we
oted that latency to eat was reduced in the WT mice on
rial 2, but not in VDR mutant mice (showing a tendency to

a
k

t

& Molecular Biology 104 (2007) 274–280

ncrease; Table 3). These observations suggest that upon sec-
nd novel food exposure the VDR mutant mice were less
illing to consume novel food—the response which may

gain be best explained by their high anxiety phenotype, as
lready reported [15].

Likewise, in tests with vanilla and onion, the VDR mutant
ice showed reduced exploration—a profile generally seen

s a sign of stress and anxiety in rodents [22]. Interestingly,
he latency data from these tests yielded conflicting results,
ith no genotype difference on trial 1 for vanilla (resembling
ata from bread exposure), but not for onion, and shorter trial
latencies in the mutant group (Table 3). Although it is dif-
cult to interpret such latency data, in our present study we
imed at a more accurate interpretation of mouse phenotypes,
ollowing recommendations to avoid conclusions based on

single measure [21], and trying to assess several differ-
nt indices. It is also possible that varying latency responses
n this experiment represent a complex interplay between
ifferent factors (not fully explored here), such as baseline
nxiety, aversive/attractive properties of different types of
ood, neophopic responses, and the effects of repeated test-
ng (including a combination of two trials, and a test battery
nvolving several different food exposures). Importantly, as
ich Ca “rescue” diet (used here in the VDR mutant mice) has
een shown to normalize their plasma Ca levels [8,47], it was
ossible conclude that the behavioral differences reported
ere were not due to non-specific factors, such as hypocal-
aemia. Olfactory functions of VDR mutant mice, tested here
n the buried food test (Experiment 4), also appear to be unal-
ered, confirming that behavioral responses of these mutant

ice in the novel food tests are not due to olfactory deficits.
Can genotype differences in gustatory functions affect the

ouse behaviors in our study? Assessing the mouse gusta-
ory function, we found no overt impairments in gustation
n the VDR mutant mice, with a predictably strong aversion
f salty and bitter solutions in all genotypes (Table 4). The
act that gustatory functions, including TRP-mediated per-
eption of bitter taste [28,29] were normal in VDR mutant
ice, suggests that VDR do not affect the TRPV system or

ther signaling pathways relevant to sensory mechanisms.
Finally, as human vitamin D deficiency has long been

nown to be accompanied by irritability, depression and psy-
hoses [13,16], it was possible to expect altered baseline
epression-like behaviors in mice lacking functional VDR.
o the best of our knowledge, the present study was the first
tudy assessing depression domain in VDR mutant mice.
owever, the VDR mutant mice showed unaltered hedo-
ic responses (Table 4), negating the possibility that genetic
efect in VDR per se may lead to anhedonic depression.
hile these data seem to contradict reports on antidepres-

ant effects of vitamin D [14,31,32,34,35] it is also possible
hat such effects of vitamin D are not mediated through VDR,

nd may be due to its other (steroid-like) effects, resembling
nown antidepressant effects of other neurosteroids [48].

In conclusion, the results of the present study show that
he VDR system is neither crucially important for cognitive
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unctions (such as memory), nor involved in the regulation
f some major sensory functions. VDR genetic ablation is
lso unable to alter depression-like behaviors in these mice,
s assessed by their unimpaired hedonic responses. However,
ur data demonstrate that VDR mutant mice consistently dis-
lay neophobic anxiety-like responses to novelty in several
ifferent tests. Accompanied by normal motor activity levels
n all these tests, our data confirm increased vulnerability to
tress in VDR mutant mice, as has already been suggested
15].

Collectively, these data contribute to our understanding
f the complexity of VDR mutant mouse behavioral pheno-
ype, warranting their further in-depth analyses and the use in
ehavioral neuroscience as a potentially interesting genetic
nimal model of vitamin D-related brain disorders. These
ata may also be clinically relevant (enabling a better focus
n human brain/behavioral disorders associated by vitamin
/VDR deficits), and contribute to the growing recognition
f the importance of a neurosteroid hormone vitamin D in
he regulation of brain functions and behavior [27,49].
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