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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 Vitami
D-related dysfunctions to epilepsy. Here, we study the role of Vitamin D receptors (VDRS) in experimental epilepsy in mice. To examine th
problem, we assessed the seizure profiles in VDR knockout mice following a systemic injection of pentylenetetrazole (70 mg/kg). Overall, compa
to the wild-type (WT) 129S1 mice:E 10 in each group), the VDR knockout group significantly demonstrated shorter latencies to the onset, highe
Racine scores and increased mortality rates. Our findings suggest that VDRs modulate seizure susceptibility in mice, and that the Vitamin D/V
endocrine system may be involved in the pathogenesis of epilepsy.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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Vitamin D is a steroid hormone with multiple functions in the  Genetically targeted animals provide a powerful tool to study
nervous system including the regulation of differentiatior?’Ca the neural mechanisms of epilepi86,47] Mice with geneti-
homeostasis, neurotrophins release and activity of the key bratallyimpaired VDR (knockout mice, KO) are currently available
gened4,7,12,14,21] The functions of Vitamin D are mediated for biomedical research focusing on the biological functions
through the Vitamin D receptor (VDR), a member of the nuclearof Vitamin D and VDR. Several groups have generated four
receptors superfamily of ligand-activated transcription factor8/DR KO mice strains (Tokyo, Munich, Boston and Leuven
[9,26,29,30] VDR are widespread in the brain and spinal cord,mice) by the targeted disruption of different fragments of the
implying that they have a role in the regulation of brain functionsVDR gene[11,26,27,30,45,48]VDR KO mice generated in
[7,14,21] Tokyo [48] express truncated VDR (with intact ligand-binding
A growing body of literature suggests a link between Vita-domains but ablated DNA-binding domains), unable to activate
min D-related disorders and epilepgly,2,7,25] Seizures due gene expressidb]. Since the absence of functional VDR results
to low Vitamin D, common in patients with hereditary or nutri- in target-tissue insensitivity to Vitamin D, testing these VDR KO
tional rickets[1,2,16,19,20,40,4]1]are reduced by Vitamin D, mutant mice in different models of epilepsy may be an impor-
underlining the possibility of the anticonvulsant properties oftant tool to assess the role of the Vitamin D/VDR system in
this hormond8,10,39] Moreover, direct anticonvulsant effects epileptogenesis.
of 1,25-dihydroxyvitamin D, an active hormonal form of Vita-  The unique physiology of these mice (lacking func-
min D, have been reported in rats and m[i26,42]in various tional VDR and characterized by elevated plasma Vitamin D
experimental models of epilepsy, further confirming the role 0f{26,30,48) allows us to dissect different mechanisms of Vita-
the Vitamin D/VDR system in epilepsy. min D action in epilepsy. Given its anticonvulsant properties
[8,42], reduced seizure activity in these mutants would indicate
VDR-independent anti-epileptic action of Vitamin D. In con-
* Corresponding author. Tel.: +358 3 2156640; fax: +358 3 2156170. trast, higher seizure activity in these mice would support the
E-mail address: avkalueff@inbox.ru (A.V. Kalueff). 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 6, death. Clonic seizures consisted of rhythmic contractions of
chemically induced seizures. Pentyleneterazole (PTZ), a potefdrelimbs and/or hindlimbs. Tonic seizures consisted of rigid
blocker of the chloride ionophore at the gamma-aminobutyrie@xtension of the forelimbs and/or hindlimbs with or without pos-
acid (GABA-A) receptors, was chosen for its common use inture loss. Mortality in both the groups was also assessed over
epilepsy researcl22,35] Our study shows that genetic disrup- a 30-min period. An animal was considered dead if the heart
tion of the VDR gene increases the severity of PTZ-inducedvas not beating upon manual checkup (the latency of death
seizures and mortality in mice. was reckoned as 1800s if the animals remained alive after a

Subjects were adult female mice (20-25g; 3-3.5 month80-min observation period). In addition, blood samples were
old; University of Tampere, Finland) maintained in a standardaken after PTZ injection in nine KO and seven WT mice, to
virus/parasite-free facility (temperature, 22°C; humidity, = measure the baseline plasm&Ckvels by atomic absorption
55+ 5%) and exposed to a 12-h light and 12-h dark cycle. Lightspectroscopy (Y htyneet Laboratoriot, Helsinki, Finland). Blood
were turned off at 18:00 and turned on at 06:00h. VDR KOwas taken immediately for those mice of both genotypes, which
mice were bred from the line initially generated in the Univer-died from the seizures within 285 min (Racine score, 6); oth-
sity of Tokyo [48], and compared to their WT littermates of ers were duly sacrificed and the same procedure was performed.
129S1 mouse straimE 10 in each group). Mice of both the All animal care and experimental procedures in the present
genotypes were produced by four to five heterozygous crossestudy were conducted in accordance with the European legis-
Tail clips were taken for genotyping performed using the poly-lation and the guidelines of the National Institutes of Health.
merase chain reaction (PCR) on DNA prepared from tail tissueAll animal experiments reported here were approved by the
Four primers were used to amplify a 130 bp VDR band and d&thical Committee of the University of Tampere. All results
450 bp Neo band from the targeted gg6k On day 21, post- are expressed as me#&rs.E.M. Data were analysed using the
partum pups were weaned and assigned to different cages basddnn—Whitney U-test for independent samples. Correlation
on their genotype and gender. The animals were experimentallyetween the plasma €alevels and seizure measures was anal-
naive and housed individually, with food and water freely avail- ysed using the Spearman rank-order correlation coefficint (
able. To normalize mineral homeostasis in the VDR KO mice/n all the tests, a probability of less than 0.05 was considered
they were fed a special rescue diet (2% Ca, 1.25% P and 20%iatistically significant.
lactose supplemented with 2.2 U Vitamin D/g; Lactamin AB,  The results of this study are summarizedlable 1 While
Sweden)[31]. Since a Ca-rich diet may lead to several phys-the durations of orofacial, clonic and tonic seizures (as well as
iological alterations in the WT but not the VDR KO animals total duration of the seizures) were similar in both the groups,
(e.g.,[3]), which may confound our results, an additional con-the latency measures were significantly shorter in the KO group
trol group (WT fed with the rescue diet) was not used in thefor twitches and tonic £ < 0.05, U-test) but not for orofacial
present study. seizures P > 0.05, U-test), suggesting that VDR mutation may

In all these mice, the occurrence of spontaneous seizuresfect seizures in this study at the threshold level. In line with
was assessed daily during the homecage observationiis, there was a clear tendency to shorter latencies to the clonic
(30 min/animal/day) for 5 days prior to the testing. The test-seizures £ =0.08, U-test) and higher mortality rate®& 0.06,
ing was conducted between 14:00 and 18:00 h. On the day of
the experiments, the animals were transported to the experimefspie 1
tal room and left undisturbed for 1 h for acclimation. During this increased susceptibility to pentylenetetrazole (70 mg/kg i.p.)-induced seizures
period, the occurrence of spontaneous seizures was also moithe Vitamin D receptor knockout (VDR KO) female mice, compared to their
tored in all these mice. One hour later, each animal received %!d-type (WT) littermates

bolus of i.p. injection of PTZ (Sigma, UK; 70 mg/kg), and was Measures WTH{=10) VDR KO (=10)
placed in a clean glass cylinder (diameter, 20 cm; height, 30 cn]_)atency to the first twitch (s) 663 45  504% 44
for observation of the seizure profile. The convulsant dose 0f gency to orofacial seizure (s) 73853  63.2+ 4.9
PTZ (70 mg/kg) was chosen for our experiments, based on itsatency to clonic seizure (s) 52¢ 220 179+ 74%
use in epilepsy research in mi@b] and its ability to induce pro-  Latency to tonic seizure (s) 70k 246 201+ 80

nounced seizures in 129S1 mice (own systematic observations) .te’l‘)cy tof death (,St)ht o 11%5/_’1&0226 453;—10167
Between the subjects, the cylinder was thoroughly cleaned wit umpber ot mice wirn witehes

umber of mice with orofacial seizures 10/10 10/10
wet/dry cloths and 70% ethanol to remove any olfactory cueSyymoer of mice with clonic seizures 8/10 10/10
Seizures and seizure latency times were observed visually oveiumber of mice with tonic seizures 7/10 10/10
a 30-min observation period and analysed by a trained observéfortalityrate 4110 9/18
(intra-rater reliability >0.9) sitting in front of, and 1 m away B“ra:!on OI O{Ofﬁc'a'_se'zure(fs)(s) ]ﬁ é-“ i;i é-s

. f . . . uration of clonic seizures (S

from, the t_estlng cyll_nder_. The latencies of the_ﬂrst twitch, OO~ ration of tonic seizures (s) 1246 141 3
facial, clonic and tonic seizures were analysed in both the groupgta; duration of seizures (s) 3458 357+ 55
of mice, and reckoned as 1800 s (total observation time) in th@verage Racine’s score 498 0.4 5.9+ 0.10

mice not showing the respective behaviours. The intensity of the; —

. . . e ., : P<0.05; difference between the groupd/-fest). Data are the
seizures was registered using a_ modified Racme_s scorlng SYRieanst S.E.M. Fractions represent the number of mice showing different stages
tem[22]: 0, no response; 1, freezing; 2, head nodding or isolategf seizures (of the total number of mice in the group).
twitches; 3, orofacial seizure; 4, clonic seizure; 5, tonic seizure;* Robust trend# =0.05-0.08 J-test).
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U-test) in these mutants. The average Racine’s score was signdogenous convulsants and anticonvulsants in these mice may
nificantly higher in the mutant groug?& 0.05, U-test), clearly  contribute to the overall increase in the seizure susceptibility
indicating increased sensitivity to PTZ seizures in the VDR KOobserved hereT@ble 1. In addition, VDRs are involved in the
mice. There was also a significantly shorter latency to deatmultiple mechanisms of neuroprotection, see r§fsl4,21]
compared to the WT control®& 0.05,U-test;Table 1), further  Since the link between the neuroprotective and anti-epileptic
confirming more severe seizures in the VDR KO group. mechanisms has long been recognif#sl], the reduction of

No spontaneous seizures were observed in any of these mi#R-mediated neuroprotective tone in VDR KO may also con-
in the present study (data not shown). Plasm&*Qavels, tribute to their increased seizure susceptibility.
effectively normalized by rescue diet, were only slightly lower  The existence of non-nuclear (membrane) VDR (VDRm) has
(2.22+ 0.10 mmol/l KO, 2.64+ 0.09 mmol/l WT,P>0.05,U- been widely debatefd 4,38], but still remains obscui®]. If the
test) in the VDR KO group, and similar to the normal levels anti-epileptic action of Vitamin [21,42]is mediated via VDRm
(2.35-2.37mmol/l) typical for the background 129S1 strainindependently of VDR, mice with high Vitamin D levels, no
[36]. In addition, Spearman correlation analysis showed no sig¥DR and intact VDRm, such as VDR KO, might be expected
nificant correlation between the plasma?Céevels and total to display reduced seizures phenotype. Our results reporting
duration of seizuref(=0.14 and-0.43 for WT and KO, respec- increased seizure profiles in VDR KO mice, negate this pos-
tively; P>0.05), average Racine scordgs=0.67 and 0.65 for sibility, suggesting that VDR-independent mechanisms are not
WT and KO, respectively? > 0.05) and mortality rateR=0.67  involved in the altered seizure phenotype reported here. Interest-
and 0.05 for WT and KO, respectively;> 0.05). ingly, recent data suggest that VDR and VDRm may represent

Overall, the present study is the first report analysing theéhe same receptor protein, and show that VDR are required for
seizure sensitivity in VDR KO mice. Interestingly, these miceboth genomic and non-genomic effects of VitamifilB,37,49]
did not show spontaneously occurring seizures here, nor durin@ur results do not contradict these findings, and it is therefore
the extensive testing in a battery of behavioural tests in our prepossible to assume that both genomic and non-genomic VDR-
vious studieq23,24] However, our present results using the dependent mechanisms (affected in the VDR KO mice) may
chemically induced seizures directly link genetic ablation ofcontribute to the phenomenon reported here.
VDR to increased seizure susceptibility in mice, and confirm Furthermore, since both Vitamin D and VDR play an impor-
the role of VDR in the brain mechanisms underlying epilepsytant role in the regulation of G&homeostasig7,9,33] another
These findings are consistent with the previously published stugzossibility for the increased seizure susceptibility in our VDR
ies, showing the anticonvulsant effects of Vitamin D in differentKO mice can be hypocalcem|ia,6,48] contributing to an over-
rodent models of the seizurg25,42] and in patients with all increase in neuronal excitation. To minimize this factor, we
hypovitaminosis D and ricke{8,10]. used a special diet, normalizing €ametabolism in VDR KO

In general, several potential physiological mechanisms maynice[31]. In the present study, both the groups were essentially
explain our findings. For example, since PTZ acts via the GABAormocalcemic and showed plasm&Ciavels close to the nor-
A receptorg22,35,43] it was possible to link higher seizures mal levels reported for the WT 129S1 str§@®]. Furthermore,
in VDR KO mice to the altered GABAergic system. Indeed, thethere was no correlation between the plasm&*@ad seizure
Vitamin D status has been recently reported to be positively corintensity in any of the two groups, indicating that hypocalcemia
related with the expression a4, and slightly correlate with the may not be involved in the phenomenon reported here. Like-
expression otxl, subunits of GABA-A receptorfl2]. Thus, wise, although not directly tested here, it is possible to assume
the lack of Vitamin D/VDR signalling in our VDR KO mice that VDR KO mice may have several additional physiological
may disrupt such upregulation, leading to the altered expressnomalies (such as altered biochemistry and metabolism) which
sion of these subunits in the brain. Given the crucial role of thecould alter drug pharmacokinetics, thus contributing to the geno-
GABAergic system in epilepsy pathogenesis and the key roléype difference observed here in response to PTZ. Clearly, this
of alpha subunits in GABA-A receptor functioning, modulating possibility requires further indepth investigation in these mutant
their sensitivity to GABA-lytic convulsants, such as PT3], mice.
this possibility seems indeed likely. Moreover, analysing our data, we note that the genes of back-

It was also possible to assume that VDR genetic ablatioground strains may influence mouse sensitivity to PTZ 36}
may affect seizures by disrupting VDR-mediated modulation othus, interacting with the mutation effects. The WT 129S1 strain
certain brain genefr,12,14] For example, Vitamin D down- is known to be relatively sensitive to seizufé8,36], and was
regulates proconvulsant cytokine IL-6, and upregulates anticortherefore appropriate for the present study. However, it may
vulsant growth factors GDNF (glial cell derived neurotrophic also be interesting to assess seizures in VDR KO on a mixed
factor) and NT3 (neurotrophin-314,21,22,34,46] Likewise,  (e.g.,[6]), or other isogenic (e.g[27]) genetic backgrounds,
Vitamin D stimulates the expression of Ca-binding proteins.especially those which differ markedly in their seizure profiles
such as parvalbumin and calbind[ig,21], also known to exert [13,36,44] We are currently transferring the VDR null muta-
anti-epileptic effect$28]. Thus, genetic disruption of the VDR tion to several new genetic backgrounds (C57Bl/6, Balb/c and
gene in mice may affect Vitamin D-modulated expression ofNMRI), in order to perform such comparative studies. More-
these molecules. Indeed, a reduction in the expression of brabver, it may also be important to examine the role of VDR in
calbindin D9k has already been shown in VDR KO m[8&]. epilepsy by analysing the seizure susceptibility in mutant mice
Thus, it is tempting to speculate that altered baseline levels akith other abnormalities in the Vitamin D system. For example,
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mice lacking -hydroxylase, a key enzyme of Vitamin D bioac- [9] H.F. DeLuca, Overview of general physiologic features and functions of
tivation[9], are currently available for biomedical reseaj28]. Vitamin D, Am. J. Clin. Nutr. 80 (2004) 1689S-1696S. _
Displaying the phenotypes resembling the clinical abnormalitiego] MK Drezner, Treatment of anticonvulsant drug-induced bone disease,

. . . . . Epilepsy Behav. 5 (2004) 41-47.
observed in the patients with rickd@s], these mice may be & ;1) g Erben, D.W. Soegiarto, K. Weber, U. Zeitz, M. Lieberherr, R.
epilepsy. Moreover, it may also be feasible to assess the seizures cleic acid binding domain of the Vitamin D receptor abrogates genomic
in mice or rats chronically deprived of Vitamin D—another use- ~ and nongenomic functions of Vitamin D, Mol. Endocrinol. 16 (2002)
ful animal model of Vitamin D-related dysfunctiofik?]. 1524-1537. )

Finally, we would underline that our findings are limited to [L2] . Feron, TH. Bume, J. Brown, E. Smith, J.J. McGrath, A. Mackay-
Ys . o 9 Sim, D.W. Eyles, Developmental Vitamin D3 deficiency alters the adult
only one (PTZ) model of seizures. Itis widely accepted thatPTZ- 14t prain, Brain Res. Bull. 65 (2005) 141-148.
induced seizures are an experimental model of human myoclonit3] W.N. Frankel, L. Taylor, B. Beyer, B.L. Tempel, H.S. White, Elec-
and absence epilep$%7,32] Therefore, testing other convul- troconvulsive thresholds of inbred mouse strains, Genomics 74 (2001)
sant drugs (e.g., pilocarpine or kainate) in our VDR KO mice, as, _ 306-312. _ . .

. . . 14] E. Garcion, N. Wion-Barbot, C.N. Montero-Menei, F. Berger, D. Wion,
well a_s’ using other eXpe_“me_r?tal models of epllepsy, quld h_el New clues about Vitamin D functions in the nervous system, Trends.
to delineate the generalizability of the potential role of Vitamin Endocrinol. Metab. 13 (2002) 100-106.

D and VDR in various types of epilepsy disorder. [15] P. Halasz, G. Rasonyi, Neuroprotection and epilepsy, Adv. Exp. Med.
In conclusion, we show that VDR KO mice display increased  Biol. 5 (2004) 91-109.
susceptibility and higher mortality in the model of PTZ-induced[16] C.C. Hoecker, J.T. Kanegaye, Recurrent febrile seizures: an unusual

. . . . resentation of nutritional rickets, J. Emerg. Med. 23 (2002) 367-
seizuresTable J). These data are consistent with the previously 270 g (2002)

pU_b”Shed C“_nical and preclinical da@13,25,42]!inking Vi_ta' [17] D.A. Hosford, Y. Wang, Utility of the lethargic (Ih/lh) mouse model
min D to epilepsy, and may be associated with the disturbed of absence seizures in predicting the effects of lamotrigine, vigabatrin,

VDR-mediated signalling pathways. Overall, this study further tiagabin_e, gabapentin, and topiramate against human absence seizures,
supports the notion that the Vitamin D/VDR endocrine system__ EPilepsia 38 (1997) 408-414.

m | ignificant role in th hvsiological mechani m418] J.A. Huhtakangas, C.J. Olivera, J.E. Bishop, L.P. Zanello, A.W. Norman,
ay play a significa ole € physiological mechanis The Vitamin D receptor is present in caveolae-enriched plasma mem-

underlying epilepsy42]. branes and bindsal25(OH)2-Vitamin D3 in vivo and in vitro, Mol.
Endocrinol. 18 (2004) 2660—2671.
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