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Abstract

Vitamin D is a neuroactive steroid hormone with multiple functions in the brain. Numerous clinical and experimental data link various Vitamin
D-related dysfunctions to epilepsy. Here, we study the role of Vitamin D receptors (VDRs) in experimental epilepsy in mice. To examine this
problem, we assessed the seizure profiles in VDR knockout mice following a systemic injection of pentylenetetrazole (70 mg/kg). Overall, compared
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o the wild-type (WT) 129S1 mice (n = 10 in each group), the VDR knockout group significantly demonstrated shorter latencies to the onse
acine scores and increased mortality rates. Our findings suggest that VDRs modulate seizure susceptibility in mice, and that the Vita
ndocrine system may be involved in the pathogenesis of epilepsy.
2005 Elsevier Ireland Ltd. All rights reserved.
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itamin D is a steroid hormone with multiple functions in the
ervous system including the regulation of differentiation, Ca2+

omeostasis, neurotrophins release and activity of the key brain
enes[4,7,12,14,21]. The functions of Vitamin D are mediated

hrough the Vitamin D receptor (VDR), a member of the nuclear
eceptors superfamily of ligand-activated transcription factors
9,26,29,30]. VDR are widespread in the brain and spinal cord,
mplying that they have a role in the regulation of brain functions
7,14,21].

A growing body of literature suggests a link between Vita-
in D-related disorders and epilepsy[1,2,7,25]. Seizures due

o low Vitamin D, common in patients with hereditary or nutri-
ional rickets[1,2,16,19,20,40,41], are reduced by Vitamin D,
nderlining the possibility of the anticonvulsant properties of

his hormone[8,10,39]. Moreover, direct anticonvulsant effects
f 1,25-dihydroxyvitamin D, an active hormonal form of Vita-
in D, have been reported in rats and mice[25,42] in various

xperimental models of epilepsy, further confirming the role of
he Vitamin D/VDR system in epilepsy.

Genetically targeted animals provide a powerful tool to s
the neural mechanisms of epilepsy[36,47]. Mice with geneti-
cally impaired VDR (knockout mice, KO) are currently availa
for biomedical research focusing on the biological funct
of Vitamin D and VDR. Several groups have generated
VDR KO mice strains (Tokyo, Munich, Boston and Leuv
mice) by the targeted disruption of different fragments of
VDR gene[11,26,27,30,45,48]. VDR KO mice generated
Tokyo [48] express truncated VDR (with intact ligand-bind
domains but ablated DNA-binding domains), unable to act
gene expression[5]. Since the absence of functional VDR res
in target-tissue insensitivity to Vitamin D, testing these VDR
mutant mice in different models of epilepsy may be an im
tant tool to assess the role of the Vitamin D/VDR system
epileptogenesis.

The unique physiology of these mice (lacking fu
tional VDR and characterized by elevated plasma Vitam
[26,30,48]) allows us to dissect different mechanisms of V
min D action in epilepsy. Given its anticonvulsant proper
[8,42], reduced seizure activity in these mutants would indi
VDR-independent anti-epileptic action of Vitamin D. In co
∗ Corresponding author. Tel.: +358 3 2156640; fax: +358 3 2156170.
E-mail address: avkalueff@inbox.ru (A.V. Kalueff).

trast, higher seizure activity in these mice would support the
role of VDR and VDR-mediated mechanisms in epilepsy.
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Here, we tested the Tokyo VDR KO mice in the model of
chemically induced seizures. Pentyleneterazole (PTZ), a potent
blocker of the chloride ionophore at the gamma-aminobutyric
acid (GABA-A) receptors, was chosen for its common use in
epilepsy research[22,35]. Our study shows that genetic disrup-
tion of the VDR gene increases the severity of PTZ-induced
seizures and mortality in mice.

Subjects were adult female mice (20–25 g; 3–3.5 months
old; University of Tampere, Finland) maintained in a standard
virus/parasite-free facility (temperature, 22± 2◦C; humidity,
55± 5%) and exposed to a 12-h light and 12-h dark cycle. Lights
were turned off at 18:00 and turned on at 06:00 h. VDR KO
mice were bred from the line initially generated in the Univer-
sity of Tokyo [48], and compared to their WT littermates of
129S1 mouse strain (n = 10 in each group). Mice of both the
genotypes were produced by four to five heterozygous crosses.
Tail clips were taken for genotyping performed using the poly-
merase chain reaction (PCR) on DNA prepared from tail tissue.
Four primers were used to amplify a 130 bp VDR band and a
450 bp Neo band from the targeted gene[6]. On day 21, post-
partum pups were weaned and assigned to different cages based
on their genotype and gender. The animals were experimentally
näıve and housed individually, with food and water freely avail-
able. To normalize mineral homeostasis in the VDR KO mice,
they were fed a special rescue diet (2% Ca, 1.25% P and 20%
lactose supplemented with 2.2 IU Vitamin D/g; Lactamin AB,
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6, death. Clonic seizures consisted of rhythmic contractions of
forelimbs and/or hindlimbs. Tonic seizures consisted of rigid
extension of the forelimbs and/or hindlimbs with or without pos-
ture loss. Mortality in both the groups was also assessed over
a 30-min period. An animal was considered dead if the heart
was not beating upon manual checkup (the latency of death
was reckoned as 1800 s if the animals remained alive after a
30-min observation period). In addition, blood samples were
taken after PTZ injection in nine KO and seven WT mice, to
measure the baseline plasma Ca2+ levels by atomic absorption
spectroscopy (Yhtyneet Laboratoriot, Helsinki, Finland). Blood
was taken immediately for those mice of both genotypes, which
died from the seizures within 10± 5 min (Racine score, 6); oth-
ers were duly sacrificed and the same procedure was performed.

All animal care and experimental procedures in the present
study were conducted in accordance with the European legis-
lation and the guidelines of the National Institutes of Health.
All animal experiments reported here were approved by the
Ethical Committee of the University of Tampere. All results
are expressed as mean± S.E.M. Data were analysed using the
Mann–WhitneyU-test for independent samples. Correlation
between the plasma Ca2+ levels and seizure measures was anal-
ysed using the Spearman rank-order correlation coefficient (R).
In all the tests, a probability of less than 0.05 was considered
statistically significant.

The results of this study are summarized inTable 1. While
t ll as
t ups,
t roup
f l
s ay
a with
t clonic
s

T
I izures
i their
w

M

L
L
L
L
L
N
N
N
N
M
D
D
D
T
A

e
m tages
o

weden)[31]. Since a Ca-rich diet may lead to several ph
ological alterations in the WT but not the VDR KO anim
e.g.,[3]), which may confound our results, an additional c
rol group (WT fed with the rescue diet) was not used in
resent study.

In all these mice, the occurrence of spontaneous sei
as assessed daily during the homecage observ

30 min/animal/day) for 5 days prior to the testing. The t
ng was conducted between 14:00 and 18:00 h. On the d
he experiments, the animals were transported to the exper
al room and left undisturbed for 1 h for acclimation. During
eriod, the occurrence of spontaneous seizures was also

ored in all these mice. One hour later, each animal recei
olus of i.p. injection of PTZ (Sigma, UK; 70 mg/kg), and w
laced in a clean glass cylinder (diameter, 20 cm; height, 30

or observation of the seizure profile. The convulsant dos
TZ (70 mg/kg) was chosen for our experiments, based o
se in epilepsy research in mice[35] and its ability to induce pro
ounced seizures in 129S1 mice (own systematic observat
etween the subjects, the cylinder was thoroughly cleaned
et/dry cloths and 70% ethanol to remove any olfactory c
eizures and seizure latency times were observed visually
30-min observation period and analysed by a trained obs

intra-rater reliability >0.9) sitting in front of, and 1 m aw
rom, the testing cylinder. The latencies of the first twitch, o
acial, clonic and tonic seizures were analysed in both the gr
f mice, and reckoned as 1800 s (total observation time) i
ice not showing the respective behaviours. The intensity o

eizures was registered using a modified Racine’s scoring
em[22]: 0, no response; 1, freezing; 2, head nodding or iso
witches; 3, orofacial seizure; 4, clonic seizure; 5, tonic seiz
s
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he durations of orofacial, clonic and tonic seizures (as we
otal duration of the seizures) were similar in both the gro
he latency measures were significantly shorter in the KO g
or twitches and tonic (P < 0.05, U-test) but not for orofacia
eizures (P > 0.05,U-test), suggesting that VDR mutation m
ffect seizures in this study at the threshold level. In line

his, there was a clear tendency to shorter latencies to the
eizures (P = 0.08,U-test) and higher mortality rate (P = 0.06,

able 1
ncreased susceptibility to pentylenetetrazole (70 mg/kg i.p.)-induced se
n the Vitamin D receptor knockout (VDR KO) female mice, compared to
ild-type (WT) littermates

easures WT (n = 10) VDR KO (n = 10)

atency to the first twitch (s) 66.9± 4.5 50.4± 4.4*

atency to orofacial seizure (s) 73.8± 5.3 63.2± 4.9
atency to clonic seizure (s) 521± 220 179± 74&

atency to tonic seizure (s) 701± 246 201± 80*

atency to death (s) 1259± 226 429± 167*

umber of mice with twitches 10/10 10/10
umber of mice with orofacial seizures 10/10 10/10
umber of mice with clonic seizures 8/10 10/10
umber of mice with tonic seizures 7/10 10/10
ortality rate 4/10 9/10&

uration of orofacial seizures (s) 9± 1.4 8.7± 1.6
uration of clonic seizures (s) 10± 3 13 ± 3
uration of tonic seizures (s) 12± 4.6 14± 3
otal duration of seizures (s) 31± 5.8 35.7± 5.5
verage Racine’s score 4.9± 0.4 5.9± 0.10*

* P < 0.05; difference between the groups (U-test). Data are th
eans± S.E.M. Fractions represent the number of mice showing different s
f seizures (of the total number of mice in the group).
& Robust trend (P = 0.05–0.08,U-test).
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U-test) in these mutants. The average Racine’s score was sig-
nificantly higher in the mutant group (P < 0.05,U-test), clearly
indicating increased sensitivity to PTZ seizures in the VDR KO
mice. There was also a significantly shorter latency to death
compared to the WT controls (P < 0.05,U-test;Table 1), further
confirming more severe seizures in the VDR KO group.

No spontaneous seizures were observed in any of these mice
in the present study (data not shown). Plasma Ca2+ levels,
effectively normalized by rescue diet, were only slightly lower
(2.22± 0.10 mmol/l KO, 2.64± 0.09 mmol/l WT,P > 0.05,U-
test) in the VDR KO group, and similar to the normal levels
(2.35–2.37 mmol/l) typical for the background 129S1 strain
[36]. In addition, Spearman correlation analysis showed no sig-
nificant correlation between the plasma Ca2+ levels and total
duration of seizures (R = 0.14 and−0.43 for WT and KO, respec-
tively; P > 0.05), average Racine scores (R = 0.67 and 0.65 for
WT and KO, respectively;P > 0.05) and mortality rate (R = 0.67
and 0.05 for WT and KO, respectively;P > 0.05).

Overall, the present study is the first report analysing the
seizure sensitivity in VDR KO mice. Interestingly, these mice
did not show spontaneously occurring seizures here, nor during
the extensive testing in a battery of behavioural tests in our pre-
vious studies[23,24]. However, our present results using the
chemically induced seizures directly link genetic ablation of
VDR to increased seizure susceptibility in mice, and confirm
the role of VDR in the brain mechanisms underlying epilepsy.
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endogenous convulsants and anticonvulsants in these mice may
contribute to the overall increase in the seizure susceptibility
observed here (Table 1). In addition, VDRs are involved in the
multiple mechanisms of neuroprotection, see refs.[7,14,21].
Since the link between the neuroprotective and anti-epileptic
mechanisms has long been recognized[15], the reduction of
VDR-mediated neuroprotective tone in VDR KO may also con-
tribute to their increased seizure susceptibility.

The existence of non-nuclear (membrane) VDR (VDRm) has
been widely debated[14,38], but still remains obscure[9]. If the
anti-epileptic action of Vitamin D[21,42]is mediated via VDRm
independently of VDR, mice with high Vitamin D levels, no
VDR and intact VDRm, such as VDR KO, might be expected
to display reduced seizures phenotype. Our results reporting
increased seizure profiles in VDR KO mice, negate this pos-
sibility, suggesting that VDR-independent mechanisms are not
involved in the altered seizure phenotype reported here. Interest-
ingly, recent data suggest that VDR and VDRm may represent
the same receptor protein, and show that VDR are required for
both genomic and non-genomic effects of Vitamin D[18,37,49].
Our results do not contradict these findings, and it is therefore
possible to assume that both genomic and non-genomic VDR-
dependent mechanisms (affected in the VDR KO mice) may
contribute to the phenomenon reported here.

Furthermore, since both Vitamin D and VDR play an impor-
tant role in the regulation of Ca2+ homeostasis[7,9,33], another
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es, showing the anticonvulsant effects of Vitamin D in differ
odent models of the seizures[25,42], and in patients wit
ypovitaminosis D and rickets[8,10].

In general, several potential physiological mechanisms
xplain our findings. For example, since PTZ acts via the GA
receptors[22,35,43], it was possible to link higher seizur

n VDR KO mice to the altered GABAergic system. Indeed,
itamin D status has been recently reported to be positively
elated with the expression of�4, and slightly correlate with th
xpression of�1, subunits of GABA-A receptors[12]. Thus,
he lack of Vitamin D/VDR signalling in our VDR KO mic
ay disrupt such upregulation, leading to the altered ex

ion of these subunits in the brain. Given the crucial role o
ABAergic system in epilepsy pathogenesis and the key
f alpha subunits in GABA-A receptor functioning, modulat

heir sensitivity to GABA-lytic convulsants, such as PTZ[43],
his possibility seems indeed likely.

It was also possible to assume that VDR genetic abla
ay affect seizures by disrupting VDR-mediated modulatio

ertain brain genes[7,12,14]. For example, Vitamin D down
egulates proconvulsant cytokine IL-6, and upregulates ant
ulsant growth factors GDNF (glial cell derived neurotrop
actor) and NT3 (neurotrophin-3)[14,21,22,34,46]. Likewise,
itamin D stimulates the expression of Ca-binding prote
uch as parvalbumin and calbindins[14,21], also known to exe
nti-epileptic effects[28]. Thus, genetic disruption of the VD
ene in mice may affect Vitamin D-modulated expressio

hese molecules. Indeed, a reduction in the expression of
albindin D9k has already been shown in VDR KO mice[31].
hus, it is tempting to speculate that altered baseline leve
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ossibility for the increased seizure susceptibility in our V
O mice can be hypocalcemia[3,6,48], contributing to an ove
ll increase in neuronal excitation. To minimize this factor,
sed a special diet, normalizing Ca2+ metabolism in VDR KO
ice[31]. In the present study, both the groups were essen
ormocalcemic and showed plasma Ca2+ levels close to the no
al levels reported for the WT 129S1 strain[36]. Furthermore

here was no correlation between the plasma Ca2+ and seizur
ntensity in any of the two groups, indicating that hypocalce

ay not be involved in the phenomenon reported here. L
ise, although not directly tested here, it is possible to ass

hat VDR KO mice may have several additional physiolog
nomalies (such as altered biochemistry and metabolism) w
ould alter drug pharmacokinetics, thus contributing to the g
ype difference observed here in response to PTZ. Clearly
ossibility requires further indepth investigation in these mu
ice.
Moreover, analysing our data, we note that the genes of b

round strains may influence mouse sensitivity to PTZ[13,36];
hus, interacting with the mutation effects. The WT 129S1 s
s known to be relatively sensitive to seizures[13,36], and was
herefore appropriate for the present study. However, it
lso be interesting to assess seizures in VDR KO on a m
e.g., [6]), or other isogenic (e.g.,[27]) genetic background
specially those which differ markedly in their seizure pro

13,36,44]. We are currently transferring the VDR null mu
ion to several new genetic backgrounds (C57Bl/6, Balb/c
MRI), in order to perform such comparative studies. Mo
ver, it may also be important to examine the role of VDR
pilepsy by analysing the seizure susceptibility in mutant m
ith other abnormalities in the Vitamin D system. For exam
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mice lacking 1�-hydroxylase, a key enzyme of Vitamin D bioac-
tivation[9], are currently available for biomedical research[26].
Displaying the phenotypes resembling the clinical abnormalities
observed in the patients with rickets[26], these mice may be a
useful tool to further dissect the role of the Vitamin D system in
epilepsy. Moreover, it may also be feasible to assess the seizures
in mice or rats chronically deprived of Vitamin D—another use-
ful animal model of Vitamin D-related dysfunctions[12].

Finally, we would underline that our findings are limited to
only one (PTZ) model of seizures. It is widely accepted that PTZ-
induced seizures are an experimental model of human myoclonic
and absence epilepsy[17,32]. Therefore, testing other convul-
sant drugs (e.g., pilocarpine or kainate) in our VDR KO mice, as
well as using other experimental models of epilepsy, would help
to delineate the generalizability of the potential role of Vitamin
D and VDR in various types of epilepsy disorder.

In conclusion, we show that VDR KO mice display increased
susceptibility and higher mortality in the model of PTZ-induced
seizures (Table 1). These data are consistent with the previously
published clinical and preclinical data[7,8,25,42]linking Vita-
min D to epilepsy, and may be associated with the disturbed
VDR-mediated signalling pathways. Overall, this study further
supports the notion that the Vitamin D/VDR endocrine system
may play a significant role in the physiological mechanisms
underlying epilepsy[42].
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