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Die vorliegende Habilitationsschrift fasst die wesentlichen Aussagen meiner Arbeiten zur
Rolle des Ca,2.3 Ca’"-Kanals bei der neuronalen Rhythmogenese, Hyperexzitabilitit und
Neurodegeneration zusammen. Die wichtigsten zu Grunde liegenden eigenen Publikationen

finden sich in Kapitel 3. Eine Gesamtiibersicht aller Arbeiten ist im Anhang dargelegt.

Anmerkung

In der vorliegenden Schrift werden, soweit sinnvollerweise mdglich, Termini technici in der
deutschen Fassung verwendet. In einigen Bereichen sind allerdings deutsche Bezeichnungen
entweder nicht existent oder zumindest ungebrauchlich; in diesen Fillen finden die engli-
schen, franzosischen bzw. lateinischen Pendants Verwendung und werden als solche durch

kursiven Schriftsatz gekennzeichnet.



Videmus nunc per speculum in aenigmate. ..

... die Wahrheit verbirgt sich im Rdtsel,
bevor sie sich uns von Angesicht zu Angesicht offenbart,
und nur fiir Rurze Augenblicke tritt sie hervor im Irrtum der Welt,
weshalb wir ihre getreulichen Zeichen entziffern miissen,

auch wo sie uns dunkel erscheinen. ..

Adson von Melk,
aus dem Prolog ,Der Name der Rose*
(Umberto Eco)
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Abkiirzungsverzeichnis

ADJME autosomal dominant juvenile myoclonic epilepsy
ADNFLE autosomal dominant nocturnal frontal lobe epilepsy
ADP afterdepolarisation

ADPEAF autosomal dominant partial epilepsy with auditory features
BFNIS benign familial neonatal-infantile seizures

CA cornu ammonis

CAE childhood absence epilepsy

CAI Carboanhydraseinhibitor

CNG cyclic nucleotide gated

CORDX3 x-linked cone-rod dystrophy type 3

DAG Diazylglycerol

DHP Dihydropyridin

EA2 episodische Ataxie Typ 2

FHM1 familidre hemiplegische Migréine Typ 1

FS febrile seizures

GEFS’ generalized epilepsy with febrile seizures plus
HVA high-voltage activated

HypoPP1 hypokalidgmische periodische Paralyse Typ 1
IGE ideopathic generalized epilepsy

1P3 Inositoltrisphosphat

JAE Jjuvenile absence epilepsy

JME Jjuvenile myoclonic epilepsy

LVA low-voltage activated

MH maligne Hyperthermie

PDS paroxysmaler Depolarisationsshift

PKC Proteinkinase C

PLC Phospholipase C

PNS Peripheres Nervensystem

PP Plateau-Potential

SCA6 spinozerebelldre Ataxie Typ 6

SMEI severe myoclonic epilepsy of infancy

TLE Temporallappenepilepsie

XCSNB2 x-linked congenital stationary night blindness type 2

ZNS Zentrales Nervensystem



Zusammenfassung

Spannungsgesteuerte Ca**-Kanile sind Schliisselelemente in Atiologie und Pathogenese neu-
ronaler und neuromuskulirer Erkrankungen. Bislang sind eine Reihe sog. Ca**-Kanalopathien
sowohl beim Menschen als auch in Tiermodellen beschrieben, die sich auf Mutationen der L-
Typen Cay1.2 und Ca,1.4, des Non-L-Typ Ca,2.1 sowie des T-Typ Ca,3.2 zuriickfiihren las-
sen. Im Bereich epileptiformer Krankheitsbilder sind innerhalb der Familie spannungsgesteu-
erter lonenkanéle bislang nur Mutationen im Ca,2.1 und Ca,3.2 Ca’"-Kanal bekannt gewor-
den. Dies ist umso bemerkenswerter, als von den zehn porenbildenden ionenleitenden Cay-a.;-
Untereinheiten neun zentralnervds exprimiert werden. Eigene radiotelemetrische, zellulér-
elektrophysiologische, immunologische und molekularbiologische Studien zeigen jedoch
deutlich, dass auch der Ca,2.3 E/R-Typ Ca**-Kanal eine entscheidende Rolle bei der Genese
iktiformer/epileptiformer Aktivitit spielt. So weisen Ca,2.3” Miuse eine verminderte An-
fallssuszeptibilitit gegeniiber PTZ und 4-AP induzierten generalisiert tonisch-klonischen so-
wie NMDA- und Kainat-induzierten hippokampalen Anféllen auf. Bei letzteren zeigt sich
dariiber hinaus, dass die Anfallsresistenz mit einer Resistenz gegeniiber Hyperexzitabilitéts-
vermittelter Exzitotoxizitit vergesellschaftet ist. Dies legt den Schluss nahe, dass eine phar-
makologische Blockade von Ca,2.3 Ca’"-Kanilen auch neuroprotektiv wirksam ist. Mit
Ca,2.3 getriggerten Plateau-Potentialen existiert weiterhin ein zelluldr-epileptiformes Korrelat
fiir die gewonnenen systemisch-elektrophysiologischen Daten. Interessanterweise fand sich
im GHB-Modell der Absencenepilepsie, dass Ca,2.3-Defizienz die Anfallssuszeptibilitit ge-
geniiber spike-wave Graphoelementen deutlich erhoht. Dies legt nahe, das Ca,2.3 Aktivierung
entsprechend seiner mittel- bis hochspannungsaktivierten Charakteristik den tonischen Aktivi-
tatsmodus in retikuldr-thalamischen Neuronen favorisiert und damit Absencen-protektive Ka-
pazitit in sich trdgt. Studien mit dem Inhalationsnarkotikum Isofluran bestitigen die funktio-
nelle Bedeutung der Ca,2.3 Kanalentitdt im thalamokortikalen System. So inhibiert Isofluran
nicht nur Ca,2.3 im Nucleus reticularis thalami, sondern beeinflusst auf diese Weise auch
komplex das Isofluran-mediierte kortikale burst und burst-suppression Muster. Die pharma-
kologische Interaktion mit Ca,2.3 Ca*"-Kanilen eréffnet somit vielfiltige Perspektiven in der

Therapie konvulsiver und nicht-konvulsiver Anfille, aber auch neurodegenerativer Prozesse.



Summary

Voltage-gated Ca®" channels are key elements in the etiology and pathogenesis of neuronal
and neuromuscular diseases. Up to now, various Ca”'-channelopathies have been described in
both humans and animal models which are related to mutations in Ca,1.2 and Ca,1.4 L-type,
Ca,2.1 non-L-type and Ca,3.2 T-type Ca’" channels. Regarding epilepsy, there are mainly
two Ca,-a; subunits involved, the Ca,2.1 and Ca,3.2 channels. This is a striking result as nine
out of ten pore-forming a,;-subunits are actually expressed within the central nervous system.
Own radiotelemetric, cellular-electrophysiological, immunological and molecular-biology
studies demonstrate that Ca,2.3 E/R-type Ca®* channels play an essential role in the genesis of
ictiform/epileptiform activity. In particular, Ca,2.3” mice exhibt reduced susceptibility to
PTZ and 4-AP induced generalized tonic-clonic seizures and NMDA and kainic acid induced
hippocampal seizures. Interestingly, kainic acid related limbic seizure resistance in Cay2.3"
mice is clearly accompanied by resistance in hyperexcitability mediated excitotoxicity. These
results indicate that pharmacological blockade of Ca,2.3 Ca** channels can be neuroprotective
as well. The recently described Ca,2.3 triggered hippocampal plateau-potentials display an
interesting cellular-epileptiform correlate for the above mentioned systemic electrophysio-
logical data. Interestingly, Ca,2.3” mice turned out to be more susceptible to GHB induced
petit-mal seizures of the absence type resulting in increased spike-wave discharge activity.
These data suggest that Ca,2.3 activation favors the tonic mode of action in reticular thalamic
nucleus neurons thus exerting absence-protective effects upon channel activation. Studies
using the inhalative narcotic isoflurane further strengthen the role of Ca,2.3 in the thalamo-
cortical system demonstrating that isoflurane is a potent blocker of Ca,2.3 Ca’" channels that
modulates isoflurane mediated cortical burst and burst suppression patterns. Consequently,
pharmacological interaction with Ca,2.3 Ca®" channels provides new perspectives in the ther-

apy of convulsive and non-convulsive seizures and neurodegenerative diseases.



1. Einleitung

1.1. Kalzium-Kanalopathien - Spannungsgesteuerte Ca*"-Kanile in Atiologie,

Pathogenese und Pharmakotherapie neurologischer Krankheitsbilder

1.1.1. Spannungsgesteuerte Ca**-Kaniile — Struktur und Funktion

Spannungsgesteuerte Ca® -Kanile gehdren zu einer Familie transmembranirer Kanalproteine,
die in Reaktion auf eine Membrandepolarisation mit einer Erh6hung ihrer Offenwahrschein-
lichkeit reagieren und Ca*"-Tonen selektiv entlang ihres elektrochemischen Gradienten in Zel-
len einstrémen lassen. Entsprechend der globalen Funktion des Ca**-Ions spielen spannungs-
gesteuerte Ca*'-Kaniile eine entscheidende Rolle bei der Regulation einer Vielzahl zellulirer
Prozesse, wie z.B. der Exzitations-Kontraktionskopplung (Bers, 2002), der Exzitations-
Sekretionskopplung (Yang and Berggren, 2005), der Hormon- und Transmitterfreisetzung
(Catterall, 1999), sowie der Regulation der Genexpression (Bito et al., 1997;Hofmann et al.,
1999). Spannungsgesteuerte Ca*"-Kanalkomplexe sind hochmolekulare Strukturen (> 400
kDa), die aus mindestens drei Untereinheiten (ot;-, a20— und B-Untereinheit) in einer 1:1:1
Stochiometrie zusammengesetzt sind. Gewebsabhingig kann der Ca**-Kanalkomplex eine

zusitzliche y-Untereinheit umfassen (Abb.1, Catterall et al., 2005).

Abb. 1: Heteromere Struktur spannungs-

o g/ © Q/ ? gesteuerter Ca’*-Kaniile (o.;0,,0By), darge-
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Abb. 2: Schematische Darstellung der porenbildenden, ionenleitenden o,-Untereinheit und zu-
gehoriger Hilfsuntereinheiten. Die zentrale o,;-Untereinheit umfasst vier Doménen aus jeweils sechs
transmembrandren o-Helices sowie einer Schleife fiir die Porenregion zwischen Insertionssegment 5
und 6. Die akzessorischen Untereinheiten (o,0,p,y) wurden in den Proteinkomplexen einiger Kanal-

komplexe vorgefunden und durch Homologie-Screening komplettiert (modifiziert nach Yang and

Berggren, 2005).

Zehn verschiedene porenbildende, ionenleitende Cay-o;-Untereinheiten sind bis heute identi-
fiziert worden, welche strukturelle Homologien mit spannungsgesteuerten Na'- und K'-
Kanilen aufweisen. Wihrend sich bei den klassischen spannungsgesteuerten K'-Kanilen vier
separate Peptid-Untereinheiten mit jeweils sechs transmembraniren o-Helices zu einem Po-
renkomplex (Quartirstruktur) vereinen, findet sich bei spannungsgesteuerten Na'- und K'-
Kanidlen eine Vier-Doménenstruktur zu jeweils sechs a-Helices, die iiber intrazellulére
Schleifen (loops) kovalent verkniipft sind (Abb. 2). Spannungsgesteuerte Na'- und Ca*'-
Kanile sind offensichtlich das Resultat von Genduplikationen und somit phylogenetisch jiin-
ger. Nach klassischen pharmakologischen und elektrophysiologischen Gesichtspunkten lassen
sich die Cay-a;-Untereinheiten in hochspannungsaktivierte (high-voltage activated, HVA) und
niederspannungsaktivierte (low-voltage activated, LVA) differenzieren, wobei sich die hoch-
spannungsaktivierten Kanéle weiter in Dihydropyridin (DHP)-sensitive L-Typ (,,L* flir long-
lasting) Kanile Ca,1.1.-1.4 und DHP-,,unempfindlichere* Non-L-Typ Ca*"-Kanile Ca,2.1-
2.3 untergliedern lassen. Die niederspannungsaktivierten T-Typ (,,T fiir transient/tiny) Ca* -
Kanile umfassen Ca,3.1-3.3 (Ertel et al., 2000;Perez-Reyes, 2003;Catterall et al., 2005) (Abb.

3). Diese Kanile aktivieren bereits bei vergleichsweise negativen Potentialen (V, = -44 mV
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bis -46 mV; 1, = 1 - 7 ms; Klockner et al., 1999) und inaktivieren in der Folge sehr schnell
(Vh =-72 mV bis -73 mV; t, = 11 — 69 ms; Klockner et al., 1999). Thre Einzelkanalleitfdhig-
keit ist niedrig (7,5 - 11 pS; Klockner et al., 1999;Catterall et al., 2005) und die Deaktivierung
langsam. Hochspannungsaktivierte Ca**-Kanile dagegen aktivieren erst bei stirkerer Depola-
risation (Cayl.1: V, = +8 bis +14 mV; 1, = > 50 ms; Dirksen and Beam, 1995;Freise et al.,
2000; Cay1.2: V, = -17 mV; 1, = 1 ms; Hu and Marban, 1998;Koschak et al., 2001), weisen
eine vergleichsweise hohe Einzelkanalleitfahigkeit auf (Cay1.1: 13 - 17 pS; Dirksen et al.,
1997;Freise et al., 2000; Ca,1.2: ~25 pS; Tsien and Nilius, 1987) und zeigen eine schnelle
Deaktivierung. Der Inaktivierungsprozess verlduft langsam (Vy, = -50 bis -60 mV; Ty fase = 150
ms; Thsow = 1100 ms; Hu and Marban, 1998), im Gegensatz zu T-Typ Ca2+-Kanéilen, die eine

schnelle Inaktivierung aufweisen (Perez-Reyes, 2003;Catterall et al., 2005).

: 'Y'atChing Plerce"tagel ' Clone, Function IUPHAR
20 40 60 80 100
——— a1S, L-type Ca,l.1
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HVA ikt _l_i__ olF, L-type Ca 1.4
_E alA, P/Q-type CaVZ.l
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C54ad2

Abb. 3: Klassifikation spannungsabhiingiger Ca**-Kanile. Die ilteren Bezeichnungen fiir die L-
Typ, Non-L-Typ sowie T-Typ Ca’"-Kanile wurden durch die TUPHAR-Terminologie ersetzt. Die
Bestimmung verwandtschaftlicher Beziehungen erfolgte mittels Aminoséuresequenzvergleich. Die
Bezeichnungen C48a7, unc2 und C54d2 entsprechen den urspriinglich in C. elegans identifizierten

Klonen (modifiziert nach Catterall et al., 2005).

Wie andere Ionenkanalfamilien umfasst auch ein Ca**-Kanalkomplex nicht nur eine porenbil-

dende o;-Untereinheit, sondern weitere Hilfsuntereinheiten, die sich aus den bislang klonier-

ten 02014-, Pi4-, und y;s-Untereinheiten rekrutieren und die elektrophysiologischen und

pharmakologischen Eigenschaften der zentralen o,-Untereinheit des Ca’’-Kanalkomplexes

sowie deren Plasmamembran-Expression zu modulieren vermdgen (Catterall, 2000;Arikkath

and Campbell, 2003;Lacinova, 2005) (Abb. 1, 2). Die a,0-Untereinheit entsteht aus einem
3



Vorlaufer (precursor)-Protein, welches nach proteolytischer Prozessierung in zwei separate
Peptide (o, und 8) gespalten wird, die iiber eine Disulfidbriicke verkniipft bleiben. Diese a26-
Untereinheit kann direkt mit der porenbildenden Ca,-a,-Untereinheit interagieren und dient
bemerkenswerterweise auch als Zielstruktur einer Reihe neuerer Antiepileptika, wie z.B. Ga-
bapentin oder Pregabalin (Klugbauer et al., 2003;Felix, 2005). Die intrazellulér lokalisierte 3-
Untereinheit interagiert unmittelbar mit dem I-II-/oop und scheint von besonderer Wichtigkeit
fiir die Signalvermittlung und die kinetischen Eigenschaften der Ca,-a,-Untereinheit zu sein
(Walker and De Waard, 1998;Dolphin, 2003) und somit auch dtiopathogenetische Relevanz
zu haben (Herzig et al., 2007). Die duBlerst wichtige Funktion der B-Untereinheiten wird da-
durch unterstrichen, dass knock-out Mause entsprechend schwere physiologische Beeintrich-

tigungen aufweisen (Khosravani and Zamponi, 2006).

Subunit Gene name Chromosomal Accession number
location
81 CACNA2D1 7921-q22 NM_000722
0282 CACNA2D2 3p21.3 NM_006030
0203 CACNA2D3 3p21.1 NM_ 018398
0204 CACNA2D4 12p13.33 NM_172364
B1 CACNBI 17q11.2-q22 NM_000723
B2 CACNB2 10p12 NM_000724
B3 CACNB3 12q13 NM_ 000725
B4 CACNB4 2q22-q23 NM 000726
vl CACNGI 1724 NM_000727
v2 CACNG2 22ql3.1 NM_006078
v3 CACNG3 16p12-p13.1 NM_006539
v4 CACNG4 17q24 NM_ 014405
Y5 CACNGS5 17q24 NM 145811
v6 CACNGS6 19q13.4 NM 031897
v7 CACNG7 19q13.4 NM_031896
v8 CACNGS 19q13.4 NM 031895

Tab. 1: Zusammenfassende Darstellung der verschiedenen, bislang klonierten akzessorischen

Untereinheiten spannungsgesteuerter Ca**-Kanile (Kamp et al., 2005).

Ebenso wie die a,;-Untereinheit liegen auch die y-Untereinheiten als membranintegrale Prote-
ine vor, die als Hilfsuntereinheit modulierende Funktionen iibernehmen. So konnen sie die
Ca”"-Kanalaktivitit in Myozyten und Neuronen reduzieren, was vermutlich iiber eine Reduk-
tion der Zahl funktioneller Ca**-Kanalkomplexe in der Plasmamembran erfolgt (Black, III,
2003;Felix, 2005) oder auch mit einer Reduktion der Offenwahrscheinlichkeit selbst in Ver-

bindung stehen konnte. Des Weiteren bewirken die y-Untereinheiten eine Verschiebung der
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spannungsabhingigen Inaktivierungskurve zu negativeren Potentialen und begiinstigen so
thermodynamisch die inaktivierte Kanalkonformation (Kang and Campbell, 2003).

L-Typ Ca*"-Kanile zeigen eine weite Verbreitung im ZNS, Skelettmuskel, Herzen und ande-
ren Geweben und sind klassischerweise durch Dihydropyridine, wie z.B. Nifedipin, Nitrendi-
pin oder Isradipin (ICsy = 13 nM; Glossmann and Striessnig, 1988) blockierbar. Ferner spre-
chen sie auf Phenylalkylamine wie Verapamil, Gallopamil und Devapamil (ICsp < 1 uM),
aber auch Benzothiazepine wie Diltiazem (ICsp < 80 uM; Glossmann and Striessnig, 1988)
an. Als experimentell eingesetzter Aktivator fungiert BayK8644 (Dirksen, 2002) (Tab. 2).
Die Non-L-Typ Ca*"-Kanile werden vorwiegend im ZNS und PNS exprimiert und sind durch
eine Reihe von Schnecken- und Spinnentoxinen inhibierbar. So ldsst sich Ca,2.1 durch -
Agatoxin IVA (aus Agelenopsis aperta, ICso = 1 - 90 nM; Randall and Tsien, 1995) und -
Conotoxin MVIIC hemmen, Ca,2.2 durch ®-Conotoxin GVIA (aus Conus geographus) sowie
ebenfalls w-Conotoxin MVIIC (Catterall et al., 2005).

Type ay subunit Tissue expression Function Deficiency model Drugs/Toxins
L Cayl.Tay [049) skeletal muscle excitationcontraction coupling muscular dysgenic mouse Dihydropyridines
(mdg/mdg) (Nifedipine)
Cay1.204 (0,C) cardiac/smooth muscle excitation-contraction coupling Cayl.20,” Phenylalkylamines
neurons excitation-tfranscription coupling, LTP (Verapamil)
endocrine cells stimulus-secretion coupling Benzothiazepines
Cay1.304 (D) sinoatrial node, AV-node,  sinoatrial heart rate control, AV conduction Cayl.30,7" (Diltiazem)
heart atria
neurons excitation transcription coupling;
modulation of firing patterns, pacemaking
endocrine cells stimulus-secretion coupling
sensory cells stimulus-secretion coupling (IHCs)
Cayl1.40y (o4F) retina stimulus-secretion coupling CSNB2 (human)
P/Q  Cay2.1a; (o)A neurons stimulus-secretion coupling Cay2.10,7 w-Aga-lVA
endocrine cells
N Cay2.2a4 (B) neurons stimulus-secretion coupling Cay2.2a,” o-CgTX-GVIA
endocrine cells
R Cay2.3a; (oyE) neurons stimulus-secretion coupling, LTP Cay2.30,7" SNX-482
+ Cay 20, endocrine cells stimulus-secretion coupling
cardiac/smooth muscle
T Cay3.104 (0, G) neurons burst-firing; automaticity Cay3.10,7 (Kurtoxin, Mibefradil)
sinoatrial node sinoatrial heart rate control Cay3.20;7 (+}-ECN

Cay3.2a; fogH)

DRGs

firing patterns, excitability

vascular smooth muscle vasodilation
cardiac muscle
kidney, liver
Cay3.3a; (oy) neurons automaticity

Tab. 2: Nomenklatur, Physiologie und Pharmakologie der Ca,-a;-Untereinheiten spannungsge-
steuerter Ca**-Kaniile. Die Tabelle zeigt das Expressionsmuster sowie wichtige pharmakologische
Details. Man beachte, dass Ca,2.3 Ca**-Kanile nur einen SNX-482 sensitiven Teil des iirspriinglich
als R-Typ definierten Ca®"-Stromes vermitteln. Die Identitit des SNX-482 insensitiven R-Typ Stromes
ist weiterhin ungeklart (modifiziert nach Striessnig and Koschak, 2008).

Mit Ziconotid (SNX-111) wird seit Kurzem ein Ca,2.2 Ca’’-Kanalblocker zur Therapie
schwerer chronischer Schmerzzustéinde eingesetzt, insbesondere bei Patienten, die gegeniiber
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Opiaten refraktér erscheinen oder mit Unvertriglichkeit reagieren. Es handelt sich um ein 25
Aminosiuren umfassendes polybasisches Peptid, welches ein synthetisches Aquivalent zum
o-Cenotoxin M-VII-A der piscivoren Meeresschnecke Conus magnus darstellt (Klotz, 2006)
(Tab. 2).

Fiir den lange Zeit als R-(resistant) Typ bezeichneten Ca,2.3 Ca**-Kanal fand sich erst 1998
mit dem Taranteltoxin SNX-482 (aus Hysterocrates gigas) ein vergleichsweise spezifischer
Blocker (ICso = 15 - 30 nM; Newcomb et al., 1998). Weiterhin besteht eine hohe Empfind-
lichkeit gegentiber Ni**-Ionen (ICsp = 27 uM; Catterall et al., 2005), welche der Kanal mit
Ca,3.2 teilt (ICsp = 12 uM; Lee et al., 1999). Obwohl es mit Mibefradil (ICso = 1,5 uM) und
dem Skorpiontoxin Kurtoxin (ICsp = 15 nM (Ca,3.1); Chuang et al., 1998;Perez-Reyes, 2003)
erste erfolgsversprechende Ansdtze fiir vergleichsweise selektive T-Typ Blocker gab
(Lacinova, 2004), erreichen diese bis heute noch nicht das gewiinschte pharmakologische

Profil und finden daher v.a. in der Forschung Verwendung (Tab. 2).

1.1.2. Humane Ca**-Kanalopathien - eine Ubersicht

Innerhalb des letzten Jahrzehnts hat die Zahl der als sog. Ca*’-Kanalopathien definierten
Krankheitsentititen, die v.a. das neuronale und muskulidre System affizieren, deutlich zuge-
nommen. Beim Menschen finden sich hierbei v.a. Mutationen in den L-Typ Ca,1.2 und
Ca,1.4 Ca*"-Kanilen sowie in den Non-L-Typ Ca,2.1 und T-Typ Ca,3.2 Untereinheiten. Der-
artige Mutationen sind mit Alterationen grundlegender elektrophysiologischer Parameter as-
soziiert und somit von dtiopathologischer Relevanz. Basierend auf ihrer dominanten Expres-
sion im ZNS sind Ca*"-Kanile aber auch fiir Epilepsien sowie Erkrankungen aus dem neuro-
psychiatrischen Formenkreis von besonderer Bedeutung. Eine ausfiihrliche Darstellung hu-

maner Ca2+-Kana10pathien findet sich auch in Weiergriber et al. (2008b).

1.1.2.1. Hochspannungsaktivierte L-Typ Kalziumkandle (Ca,1.1-1.4)

Bislang sind in der Gruppe der L-Typ Ca**-Kanile nur Mutationen der Ca,1.1-, Ca,1.2- und
Cay1.4-, nicht aber der Ca,1.3-Untereinheit bekannt. Beim Menschen sind zwei neurologische
Krankheitsbilder dtiopathogenetisch mit Cay1.1 assoziiert: die hypokalidmische periodische
Paralyse Typ 1 (HypoPP1) sowie die maligne Hyperthermie (MH) Typ 5 (Ptacek et al.,
1994;Fontaine et al., 1994;Monnier et al., 1997). Erst kiirzlich wurde mit dem sog. Timothy-

Syndrom auch die erste Mutation der Ca,1.2-Untereinheit beim Menschen detektiert. Es han-



delt sich hierbei um eine Multisystem-Erkrankung, die durch maligne kardiale Arrhythmien
(u.a. LQT8), komplexe Entwicklungsstorungen, Immundefizienz und neurologische wie neu-
ropsychiatrische Komplikationen gekennzeichnet ist. So zeigen Timothy-Patienten rezidivie-
rende epileptische Anfille (21 %), autistische Storungen (80 %) sowie mentale Retardierung
in 25 % der Fille (Splawski et al., 2004;Splawski et al., 2005). Die zu Grunde liegenden mis-
sense-Mutationen haben eine gain-of-function Charakteristik. Die groBte Zahl bekannter Mu-
tationen (> 73) vereinigt die Ca, 1.4 Ca*"-Kanaluntereinheit auf sich. Entsprechend ihrer reti-
nalen Expression fithren Mutationen zur X-chromosomal gebundenen angeborenen Form der
Nachtblindheit (x-linked congenital stationary night blindness, X-CSNB2,; Bech-Hansen et al.,
1998) sowie zur X-chromosomal gebundenen Stibchen-Zapfen Dystrophie Typ 3 (X-linked
cone-rod dystrophy type 3, CORDX3, Jalkanen et al., 2006). Weiterhin bestehen Hinweise auf
eine Assoziation zwischen Schizophrenie und dem CACNAIF Genlokus (Wei and Hem-
mings, 2000).

1.1.2.2. Hochspannungsaktivierte Non-L-Typ Kalziumkandle (Ca,2.1-2.3)

Der Ca,2.1 Ca’"-Kanal stellt derzeit die wohl bedeutendste o.1-Untereinheit dar, die mit Ca®'-
Kanalopathien in Verbindung gebracht werden konnte (McKeown et al., 2006). Eine weite
Verbreitung im ZNS und seine Involvierung in die schnelle Neurotransmitterfreisetzung un-
terstreichen dessen Relevanz. Aber auch in den Dendriten ausgewihlter Neurone lésst sich
Ca,2.1 nachweisen und spielt hier bei integrativen dendritischen Prozessen eine wichtige Rol-
le. Die Zahl beschriebener Mausmodelle mit Ca,2.1-Mutationen ist grof3, wobei die pathophy-
siologischen Mechanismen der entsprechenden Phéanotypen wie Ataxie, Absencen etc. noch
weitgehend unbekannt sind (Pietrobon, 2005). Die wichtigsten Krankheitsbilder sind die epi-
sodische Ataxie Typ 2 (EA2), die familidre hemiplegische Migrdne Typ 1 (FHM1), die spino-
zerebelldre Ataxie Typ 6 (SCA6) sowie idiopathische generalisierte Epilepsieformen (IGE)
(Ophoft et al., 1996;0phoft et al., 1998). Idiopathische generalisierte Formen der Epilepsie
umfassen generalisiert tonisch-klonische Anfille, myoklonische Anfille wie die juvenile My-
oklonusepilepsie (JME), aber auch typische und atypische Absencen (Khosravani and Zam-
poni, 2006). Die Assoziation der Ca,2.1 Untereinheit mit einzelnen Epilepsieentititen beim
Menschen ist noch weitgehend unklar, wéhrend es eine Vielzahl von Mausmodellen mit ei-
nem Absencen-dhnlichen Phinotyp gibt (Pietrobon, 2002;Felix, 2002;Pietrobon, 2005;Felix,
2006). Es ist allerdings eine Tatsache, dass man EA2-Patienten mit generalisierten epilepti-
schen Anfillen vorgefunden hat (Jouvenceau et al., 2001;Strupp et al., 2004). Dennoch, die
Koinzidenz von EA2 und Absencen-Epilepsien ist eine Raritit. Das gemeinsame Auftreten
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von FHM1 und Absencen ist bislang nicht beschrieben, wohl jedoch Koinzidenz mit anderen
Anfallsformen. Fiir den N-Typ Ca,2.2 liegen bislang keine Informationen iiber Mutationen
beim Menschen vor. Fiir den Ca,2.3 E/R-Typ Ca®"-Kanal gibt es Hinweise, dass Alterationen
in der 5’-untranslatierten Region (5’-UTR) sowie Polymorphismen im CACNA1E-Gen mit
Typ II-Diabetes assoziiert sind (Holmkvist et al., 2007; Muller et al., 2007). Auf die Rolle des
Ca,2.3 Ca*"-Kanals bei Iktogenese/Epileptogenese und Neurodegeneration wird weiter unten

im Detail eingegangen.

1.1.2.3. Niederspannungsaktivierte T-Typ Kalziumkandile (Ca,3.1-3.3)

Bislang konnten in der Gruppe der niederspannungsaktivierten T-Typ Ca®-Kanile nur
Ca,3.2-Mutationen nachgewiesen werden, nicht jedoch Mutationen in Ca,3.1 und Ca,3.3
(Khosravani et al., 2004;Khosravani and Zamponi, 2006). Dies ist umso erstaunlicher, als
Ca,3.1 im Rahmen der Absencen-Epileptogenese in Tiermodellen eine wichtige Stellung ein-
nimmt. So weisen Ca,3.1 defiziente Méuse eine Resistenz gegeniiber der Induktion von spike-
wave Graphoelementen (Kim et al., 2001) sowie Storungen des slow-wave Schlafes und der
REM/NREM-Schlafarchitektur auf (Lee et al., 2004). Ca,3.2-Mutationen hingegen konnen
beim Menschen Epilepsien triggern. So werden missense-Mutationen in Ca,3.2, die den Ca®'-
Einstrom faszilitieren uv.a. fiir die childhood absence epilepsy (CAE) aber auch andere idio-
pathische generalisierte Anfallsformen beim Menschen verantwortlich gemacht (Chen et al.,
2003;Khosravani et al., 2004). Viele der beschriebenen Mutationen befinden sich im I-1I-loop
des Kanals. Es ist bemerkenswert, dass nicht nur Ca,1.2-Mutationen beim Timothy-Syndrom,
sondern auch Ca,3.2 mit autistischen Stérungen in Verbindung gebracht worden ist (Splawski

et al., 2006).

1.1.2.4. Akzessorische Ca’*-Kanaluntereinheiten

Wihrend im Tiermodell eine Reihe von Mutationen akzessorischer Untereinheiten gefunden
wurden, ist bislang beim Menschen nur eine einzelne Familie mit juveniler Myoklonusepi-
lepsie beschrieben, die eine trunkierte Form der Bs-Untereinheit aufweist (Escayg et al.,
2000). Des Weiteren wurde erst kiirzlich eine Mutation in der a,84-Untereinheit des Men-
schen gefunden, die mit einer autosomal-rezessiven Form der Nachtblindheit, basierend auf
einer Stibchendystrophie, einhergeht (Wycisk et al., 2006). Mutationen in der y-Untereinheit

des Menschen sind nicht bekannt.



Untereinheit Pharmakologie Verteilung Humane Kalziumkanalopathien
Cay1.1 Dihydropyridne, Benzothi- Skelettmuskel Hypokalidmische periodische Paralyse Typ 1 (HypoPP1)
azepine, Phenylalkylamine, Maligne Hyperthermie Typ 5 (MH5)

Ca,1.2 TaiCatoxin, Calciseptine, Ubiquitar Timothy-Syndrom (LQT8, Epilepsien)

Ca,1.3 Calcicludine, FS-2 Ubiquitér Nicht bekannt

Ca,1.4 Retina X-linked congenital stationary night blindness 2 (xCSNB2), X-linked cone-rod
dystrophy type 3 (CORDX3), Aland Island eye disease (AIED)

Cay2.1 w-Agatoxin VA ZNS Absencen-Epilepsie, Episodische Ataxia Typ 2 (EA2), spinozerebellare Ataxie
Typ 6 (SCA6)
Familidre hemiplegische Migrane (FHM1)
Lambert-Eaton Myastenie-Syndrom (LEMS)

Ca,2.2 w-Conotoxin GVIA ZNS/PNS Lambert-Eaton-Myastenie-Syndrom (LEMS)

Ca,2.3 SNX-482, Niz* ZNS/PNS Young onset Typ 2 Diabetes mellitus

Ca,3.1 Mibefradil, Kurtoxin, Niz* ZNS/PNS Nicht bekannt

Ca,3.2 ZNS/Herz Absencen-Epilepsie (CAE), idiopathisch generalisierte Epilepsien (IGE),
autistischer Formenkreis

Ca,3.3 ZNS Nicht bekannt

ZNS zentrales Nervensystem, PNS peripheres Nervensystem.

Tab. 3: Kanalopathien der Ca,-o;;-Untereinheiten. Mit einem epileptischen Phinotyp konnten bis-
lang die Ca,1.2, Ca,2.1 und Ca,3.2 Untereinheiten in Verbindung gebracht werden (Weiergriber et al.,
2008Db).

1.1.3. Alterationen spannungsgesteuerter Ca’*-Kaniile im Tiermodell

Tiermodelle haben in der Vergangenheit viel zum Verstdndnis pathophysiologischer Prozesse
beigetragen und somit die Moglichkeiten rationaler Therapieansdtze geschaffen. Bis zum heu-
tigen Zeitpunkt sind fiir die verschiedenen porenbildenden Cay-a- sowie akzessorischen Un-
tereinheiten v.a. in Tiermodellen diverse Mutationen bekannt, die mit einem neurologischen
Phénotyp assoziiert sind (Felix, 2002;Striessnig et al., 2004;Pietrobon, 2005). Interessanter-
weise finden sich eine Vielzahl von Ca,2.1-Mutationen im Mausmodell, wie z.B. die fottering

rol

(tg), tottering leaner (tg"), rolling Nagoya (tg"') oder rocker (rkr) Maus, wobei sich dhnlich
wie beim Menschen eine komplexe neurologische Symptomatik bestehend aus zerebelldrer
Ataxie, paroxysmaler Dyskinesie und Absencen-Epilepsie darstellt. Anders als beim Men-
schen sind jedoch bei der Maus auch eine Reihe von Mutationen akzessorischer Ca®'-
Kanaluntereinheiten bekannt. Beispiele hierfiir sind das /lethargic (lh) Mausmodell (B4-
Leserastermutation), stargazer (stg) Mausmodell (y,-Mutation) sowie Mutationen in der o,0,-
Untereinheit (ducky (du) und entla (ent)-Phianotyp) (Felix, 2002;Felix, 2006). Ca,2.1-
Mutationen im Bereich funktioneller Doménen rufen bei Nagern regelméBig eine Funktions-
einschrinkung des Kanals hervor mit Beeintrachtigung der synaptischen Neurotransmission
(McKeown et al.,, 2006). Es ist wichtig hervorzuheben, dass in keinem der Ca,2.1-
Mausmodelle Absencen isoliert auftreten, sondern stets in Kombination mit Ataxie, zerebella-

rer Atrophie oder Dyskinesien. So bleibt die funktionelle Involvierung des Ca,2.1 Ca*'-

Kanals bei Absencen noch immer ein Enigma.



1.1.4. Spannungs- und ligandengesteuerte Ionenkaniile in Atiologie und Pathogenese von
Epilepsien

Epilepsien stellen weltweit eine neurologische Krankheitsentitit dar, die von hoher medizi-
nisch-0konomischer aber auch soziokultureller Relevanz ist. So finden sich manifeste Epilep-
sien bei ca. 0,5 - 1 % der Bevolkerung, die Lebenszeit-Inzidenz fiir einen singuldren Anfall
betrigt ca. 5 % und etwa 10 % der Bevolkerung weist eine erhdhte Anfallssuszeptibilitdt auf
(Jacobs et al., 2001). Ein Teil der Epilepsien ist symptomatischen Charakters, d.h. das Resul-
tat eines sekundiren ZNS-gebundenen Prozesses wie z.B. neuronaler Entwicklungsstorungen,
Traumata, Ischdmien und Neoplasmen (Sun et al., 2002). In vielen Fillen wird eine strukturel-
le Lasion vermutet, entzieht sich aber dem Nachweis und man spricht dann von sog. krypto-
genen Formen. Ubrig bleiben die sog. idiopathischen Epilepsien, die einen primér genetischen
Hintergrund zu haben scheinen, wobei bis zu 70 % sog. komplexe generalisierte Anfallsfor-
men darstellen, die polygenetischen Charakter aufweisen (Mulley et al., 2005). Zu letzteren
kann man heute u.a. die CAE (childhood absence epilepsy), JAE (juvenile absence epilepsy),
JME (juvenile myoclonic epilepsy) und GEFS' (generalized epilepsy with febrile seizures
plus) rechnen. Die Zahl der monogenen idiopathischen Epilepsien, die v.a. in den letzten 10 -
15 Jahren aufgekldrt wurden und recht einfache Vererbungsmuster aufweisen, ist noch ver-
héltnismaBig klein, zeigt aber deutlich die pathophysiologische Relevanz spannungs- und li-
gandengesteuerter lonenkanile (Tab. 4) (Kullmann, 2002;Mulley et al., 2005). Charakteristi-
scherweise reicht bei einem polygenen Vererbungsmodus das Auftreten eines einzelnen Sus-
zeptibilititsgens nicht aus, sondern es miissen eine Vielzahl von Suszeptibilititsfaktoren addi-
tiv koinzidieren, um zu neuronaler Hyperexzitabilitit zu fiihren und die Anfallsschwelle zu
iiberwinden (Mulley et al., 2005). Etwa 70 % der Epilepsiepatienten sind unter addquater
Pharmakotherapie anfallsfrei, wiahrend sich etwa 30 % als pharmakoresistent erweisen und
eine grofle Herausforderung fiir die weitere Behandlung darstellen (Remy and Beck, 2006).

In der letzten Dekade hat die Zahl der durch Screening-Verfahren und Mutationsanalyse ent-
mystifizierten Epilepsieentititen eine sprunghafte Zunahme erfahren und gezeigt, dass eine
Vielzahl von Proteinen funktionelle Relevanz nicht nur fiir die Genese spontaner epileptifor-
mer Aktivitdt, sondern auch fiir die Anfallssuszeptibilitit aufweist. Hierzu zdhlen Neu-
rotransmitterrezeptoren und Transporter, Signaltransduktionskomponenten, vesikuldre do-
cking-Proteine und Neuropeptide, Zellzyklus- und Proliferationsregulatoren sowie Transkrip-
tionsfaktoren. Wahrend mittlerweile auch extrazellulire Matrixproteine zunehmend an Bedeu-
tung gewinnen (Kohling et al., 2006), sind es aber v.a. die spannungs- und ligandengesteuer-

ten Ionenkanile, die eine Schliisselstellung in Atiologie und Pathogenese von Epilepsien ein-
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nehmen und einen GrofBteil der bekannten Kanalopathien darstellen (Rogawski and Loscher,

2004).

Monogene ideopathische Epilepsien (Kanalopathien)

Epilepsie-Gen Epilepsie-Syndrom Entdeckungsjahr
CHRNA4 ADNFLE 1995
KCNQ2 BFNS 1998
KCNQ3 BFNS 1998
SCN1B GEFS® 1998
SCN1A GEFS'/(SMEI) 2000/(01)
CHRNB2 ADNFLE 2000
GABRG2 CAE/FS/GEFS* 2001
SCN2A GEFS™?/BFNIS 2001/02
GABRA1 ADJME 2002
CLCN2 IGE 2003

Monogene ideopathische Epilepsien (keine Kanalopathien)

LGI1 ADPEAF 2002
EFHCA1 JME 2004

Polygene (komplexe) ideopathische Epilepsien (Kanalopathien)

CACNA1H CAE, IGE 2003/04
GABRD IGE, GEFS” 2004

Tab. 4: Monogene und polygene idiopathische Epilepsien — Gene und Suszeptibilititsloki. Ver-
wendete Abkiirzungen: Ionenkanédle: CHRNA4: nikotinerger Azethylcholinrezeptor, o4-Untereinheit;
KCNQ2: K"-Kanal; KCNQ3: K'-Kanal; SCN1B: Na'-Kanal, B,-Untereinheit; SCN1A: Na'-Kanal, o-
Untereinheit; CHRNB2: nikotinerger Azetylcholinrezeptor, B,-Untereinheit; GABRG2: GABAa-
Rezeptor, y,-Untereinheit; SCN2A: Na'-Kanal, a,-Untereinheit; GABRA1: GABA,-Rezeptor, o-
Untereinheit; CLCN2: CI'-Kanal-Gen 2; LGI1: Leuzin-reiches, Glioma-inaktiviertes Gen 1, EFHCI:
EF-Hand-Protein C1; CACNAIH: T-Typ Ca*"-Kanal; GABRD: GABA,-Rezeptor, 3-Untereinheit.
Syndrome: ADNFLE: autosomal dominant nocturnal frontal lobe epilepsy; BFNS: benign familial
neonatal seizures ; GEFS™: generalized epilepsy with febrile seizures plus; SMEI: severe myoclonic
epilepsy of infancy; CAE: childhood absence epilepsy; FS: febrile seizures; BFNIS: benign familial
neonatal-infantile seizures; ADIME: autosomal dominant juvenile myoclonic epilepsy; 1GE: id-
eopathic generalized epilepsy; ADPEAF: autosomal dominant partial epilepsy with auditory features;
IME: juvenile myoclonic epilepsy (Mulley et al., 2005).

Hier spielen sowohl sog. gain-of-function als auch loss-of-function Mutationen eine entschei-
dende Rolle. So sind derzeit u.a. eine Vielzahl von Mutationen in spannungsgesteuerten Na -,

K'- und CI'-Kanilen bekannt, die mit einem epileptischen Phénotyp assoziiert sein konnen.
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Nicht zuletzt durch Forschungsansitze unter Verwendung transgener Tiere (knock-in und
knock-out Studien) konnte ein detaillierter Einblick in die Molekularbiologie, Elektrophysio-
logie und pathophysiologische Relevanz beteiligter lonenkanéile gewonnen werden

(McKeown et al., 2006;Bidaud et al., 2006).
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1.2. Physiologie und Pathophysiologie des spannungsgesteuerten Ca,2.3 E/R-
Typ Ca®*"-Kanals

1.2.1. Grundlegende Aspekte des Ca,2.3 E/R-Typ Ca**-Kanals

Der Ca,2.3 Ca**-Kanal zeigt eine weites Expressionsmuster im Organismus und beeinflusst
vielfaltige physiologische und pathophysiologische Mechanismen. Ein GroBteil unserer heuti-
gen Erkenntnisse beruht auf Studien an Ca,2.3 defizienten Méusen, die unabhéngig voneinan-
ger in den Laboratorien von R. Miller (Chicago), T. Tanabe (Tokyo), H.-S. Shin (Seoul) so-
wie T. Schneider (Kdln) generiert wurden. Detaillierte Untersuchungen haben u.a. gezeigt,
dass Ca,2.3”" Tiere eine verinderte Spermienmotilitit aufweisen (Sakata et al., 2002), eine
alterierte zerebelldre Funktion (Osanai et al., 2006), modifizierte Schmerzperzeption (Saegusa
et al., 2000), erhohte Empfindlichkeit gegeniiber ischdmischem Hirnschaden (Toriyama et al.,
2002), erhohtes Angstniveau (Lee et al., 2002) sowie verminderte Glukosetoleranz und Insu-
linsekretion (Matsuda et al., 2001;Pereverzev et al., 2002). In pankreatischen B-Zellen trigt
Ca,2.3 nur zu einem Viertel zum totalen Ca*’-Einstroms bei (Jing et al., 2005), wobei Ca,2.3
v.a. die zweite, langsame Phase der Insulinsekretion unterstiitzt (Jing et al., 2005), ein Effekt,
welcher auch durch SNX-482 inhibierbar ist. Wahrend der Ca,1.2 Ca’"-Kanal dominant die
erste Phase der Insulinsekretion steuert, dient Ca,2.3 eher der Rekrutierung neuer Insulin-
haltiger Vesikel zum Zwecke deren Freisetzung. Genetische Analysen deuten darauf hin, dass
Polymorphismen im Ca,2.3 Gen mit einem erhdhten Risiko zur Entwicklung eines Typ-II
Diabetes vergesellschaftet sind (Holmkvist et al., 2007).

Eine Beteiligung des R-Typ Ca*"-Kanals wurde auch an der myoneuralen Synapse (Matsuda
et al., 2001) sowie bei hippokampalen Neuronen beschrieben. Untersuchungen an der Moos-
faser-CA3 Synapse von Ca,2.3”" Miusen zeigte zweifelsfrei, dass Ca,2.3 Ca’’-Kanile eine
entscheidende Rolle bei der Mossfaser-Langzeitpotentzierung und posttetanischen Potenzie-
rung als Folge kurzer tetanischer Stimuli spielen (Dietrich et al., 2003;Breustedt et al., 2003).
Anders als Ca,2.1 P/Q-Typ und Ca,2.2 N-Typ Ca**-Kanile, trigt Ca,2.3 nicht unmittelbar an
der durch ein einzelnes Aktionspotential vermittelten Transmitterfreisetzung bei, sondern erst
nach repetitiver Stimulation (Dietrich et al., 2003). Ursache hierfiir scheint u.a. die mehr distal
vom synaptischen Freisetzungsareal gelegende Ca,2.3-Lokalisation zu sein (Dietrich et al.,
2003). Ubereinstimmend mit den obigen Resultaten Resultaten wurde bei Ca,2.3 defizienten
Maiusen auch eine Beeintrdchtigung des Ortsgedidchtnis beschrieben (Kubota et al., 2001),
wobei das erhohte Angstniveau (Kubota et al., 2001;Saegusa et al., 2001;Lee et al., 2002)

dieses Ergebnis relativieren mag. Eine Alteration der Langzeitpotenzierung in der CA1 Regi-
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on konnte bei Ca,2.3 knock-out Mausen nicht nachgewiesen werden (Kubota et al., 2001).
Auch bei neuropathischen Schmerzen spielen Ca,2.3 Ca*"-Kanile offensichtlich eine Rolle.
So fiihrt intraspinale Applikation von SNX-482 zu einer Dosis-abhéngigen Inhibition der
durch C- und Ad-Schmerzfasern vermittelten Aktivitdt (Matthews et al., 2007). Zuletzt zeigte
sich auch im kardiovaskuldren System (Weiergrdber et al., 2005b), im Gastrointestinaltrakt
(Grabsch et al., 1999) sowie bei der angiovasospastische Aktivitit in der Folge subarachnoi-
daler Blutungen beim Menschen (Ishiguro et al., 2005;Link et al., 2008) die funktionelle Re-
levanz des Ca,2.3 Ca*"-Kanals.

Die Generierung Ca,2.3 defizienter Méduse hat nicht zuletzt auch die Moglichkeit erdffnet,
neue Erkenntnisse iiber die dem R-Typ Ca**-Strom zu Grunde liegende molekulare Identitit
zu gewinnen. So versteht man klassischerweise unter einem R-Typ Strom die nach pharmako-
logischer Blockade von L-Typ, P/Q-Typ und N-Typ Ca*"-Kanilen verbleibende Stromkom-
ponente, die typischerweise Ca,2.3 zugeschrieben wurde. Die Ca,2.3 knock-out Mausmodelle
haben jedoch gezeigt, dass der Anteil des Ca,2.3 getragenen R-Typ Stroms zwischen 30 % in
zerebelldren Kornerzellen (Wilson et al., 2000) und 81 % in zentralen Amygdalaneuronen
(Lee et al.,, 2002) betrdgt und dieser die SNX-482 empfindliche Komponente darstellt
(Tottene et al., 2000). Die Identitdt der SNX-482 inresistenten R-Typ Stromkomponente hin-
gegen ist weiterhin ein Enigma (Tab. 1). Inwiefern die Nomenklatur als R-Typ Strom adéquat
ist, bleibt fraglich. In den eigenen Publikationen sowie in dieser Arbeit wird daher vom E/R-

Typ Ca*-Kanal gesprochen.

1.2.2. Spannungsgesteuerte Ca’*-Kaniile in der Atiopathogenese hippokampaler Epilep-

sien

1.2.2.1. Die hippokampale Epilepsie — eine konvulsive Anfallsform im Uberblick

Epidemiologische Studien haben gezeigt, dass etwa 40 % aller Epilepsiepatienten unter einer
Temporallappenepilepsie (TLE) leiden, weitere ca. 40 % an generalisierten konvulsiven An-
fallsformen und etwa 10 % an einer Epilepsie vom Absencen-Typ. Temporallappenepilepsien
lassen sich in laterale und mediale (mesiale) Formen differenzieren und sind fiir die Entste-
hung typischer komplex-partieller Anfille beim Menschen verantwortlich. Haufig mit olfak-
torischen, gustatorischen, visuellen oder psychischen Auren, wie mentale Diplopie, vergesell-
schaftet, schliefen sich typische automatistische Handlungsablédufe im orofazialen Bereich
sowie der oberen Extremitdt an, in deren Verlauf es regelméBig zu einer Bewusstseinsein-
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schrankung kommt. Der Hippokampus ist eine sehr vulnerable, Ischdmie- und Anoxie-
suszeptible Struktur. Bei Patienten mit langer TLE-Anamnese findet sich oft eine ein- oder
beidseitige Hippokampussklerose. Bei Therapieresistenz und hippokampalem Status epilepti-
cus kommt als ultima ratio die Hippokampektomie als epilepsiechirurgischer Eingriff in Frage

(Buzsaki, 20006).

1.2.2.2. Hippokampale neuronale Verschaltung

Der Hippokampus stellt morphologisch und funktionell eine der bestuntersuchten Strukturen
des menschlichen Zentralnervensystems dar. Zusammen mit weiteren Strukturen, wie dem
Subiculum, Prasubiculum, Parasubiculum und entorhinalen Kortex bildet er die hippokampale
Formation. Diese ist funktionell integriert in eine Reihe komplexer Systeme, wie z.B. den
Papez-Neuronenkreis oder das basolaterale limbische System. Der Hippokampus spielt eine
Schliisselrolle bei deklarativen (expliziten) und nicht-deklarativen (impliziten) Lernprozessen,
Kontextlernen und Kontextverhalten, Konsolidierung von Engrammen zur Langzeitgedacht-
nisformation sowie Gefiihlsentstehung und Emotionalitit, wie Freude und Angst. Unter pa-
thophysiologischen Gesichtspunkten erscheint interessant, dass der Hippokampus eine hohe
Anfallssuszeptibilitdit und die niedrigste Anfallsschwelle aller Hirnregionen {iberhaupt auf-
weist (Green, 1964).

Die Abb. 4 zeigt die Verschaltung des Hippokampus mit seiner Eingliederung in das System
der assoziativen Kortizes, des parahippokampalen, perirhinalen und entorhinalen Kortex.
Vom entorhinalen Kortex erfolgt eine Projektion iiber den Tractus perforans zu den Kdrner-
zellen des Gyrus dentatus, von hier weiter tiber die Moosfasern zu CA3-Neuronen mit Kon-
taktierung im Stratum lucidum. Schaffer-Kollateralen der CA3-Neurone projizieren weiter auf
CAl-Neurone, die iiber das Subiculum u.a. zum entorhinalen Kortex zuriickfithren. Diese
simplifizierte Betrachtungsweise darf nicht dariiber hinwegtiduschen, dass der Hippokampus
morphologisch und funktionell duflerst komplex ist. So hat sich z.B. gezeigt, dass die Infor-
mationspropagationswege unmittelbar von der Frequenz des entorhinalen Inputs abhéngen. So
filhren im sog. trisynaptischen Modell Stimulationsfrequenzen von 5 — 20 Hz primir zu se-
quentieller Propagation von Information, wihrend niedrigere oder hohere Stimulationsfre-
quenzen zu einer monosynaptischen Aktivierung von CA3- oder CAl-Neuronen fiihren
(Yeckel and Berger, 1998). Des Weiteren sind hier auch unterschiedliche Formen synapti-

scher Plastizitit anzutreffen.
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CAT1 output back to entorhinal cortex ~ Abb. 4: Darstellung der hippokampalen
CA1 pyramidal cell »

T - . @Herederos de Santiago'Ramon y Ca}al\
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Jitiaterels , sern aus dem entorhinalen Kortex (II, III) pro-

{ jizieren in Richtung des Gyrus dentatus, der
Y. CA3- und CAl-Neurone. Kdrnerzellen des
Gyrus dentatus kontaktieren iiber Moosfasern
\ : CA3-Neurone, die ihrerseits iiber Schaffer-
AN Kollaterale CAl-Neurone ansprechen. CAIl-

i N R Pyramidenzellen innervieren iiber die Fimbri-
bt Eggoéi?ér%?rtglﬁcb;% ac subkortikale Zielstrukturen, zum groflen
Teil verlassen CAl-Axone iiber das Subicu-
lum den Hippokampus und kontaktieren die
tiefen Schichten des entorhinalen Kortex. Un-
ten: Schnitt durch den menschlichen Hippo-
kampus (o: Stratum oriens; p: Stratum pyra-
midale; r: Stratum radiatum; Im: Stratum lacu-
nosum-moleculare; m: stratum moleculare des
Gyrus dentatus; gc: Kornerzellen (granule

cells); DG: Gyrus dentatus; SUB: Subiculum)
(Buzsaki, 2006).

1.2.2.3. Zelluldr-elektrophysiologische Korrelate epileptiformer Aktivitdit

Das grundlegende Aktivitétsprofil eines ,,epileptischen” Neurons wird als paroxysmaler De-
polarisationsshift (PDS) bezeichnet. Eine durch verschiedene liganden- und spannungsgesteu-
erte Tonenkanile getriggerte Depolarisation flihrt zu iiberschiessender neuronaler Aktivitit,
die sich auf angrenzende, aber auch entfernt liegende Areale ausbreiten kann, ein Vorgang,
der als Anfallspropagation bezeichnet wird. Zwei wichtige Spannungsentititen mit iktogener
Potenz sind die sog. Nachdepolarisationen (afterdepolarisation, ADPs) und Plateau-Potentiale
(PP). Beide vermogen auf der Grundlage einer persistierenden Depolarisation variabler Dauer
durch Aktivierung schneller Na'-Kanile sog. burst-Aktivitit, d.h. superpositionierte Na'-
spikes zu induzieren. Paroxysmale Depolarisationsshifts vermitteln u.a. einen Ca**-Einstrom
und konnen eine strukturelle und funktionelle Remodellierung juveniler und maturer neurona-
ler Schaltkreise sowie eine Alteration synaptischer Transmission zur Folge haben. Experimen-
tell lassen sie sich durch verschiedenartige Manipulationen induzieren: hierzu gehoren u.a.

eine Inhibition der GABA- oder eine Verstirkung der Glutamat-Neurotransmission (Segal
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and Furshpan, 1990;Segal, 1991;Segal, 1994). Neben diesen synaptischen Mechanismen der
PDS-Genese sind es aber v.a. somatodendritische lonenstrome, welche die Morphologie und
Frequenz von paroxysmalen Depolarisationshifts maBgeblich prigen (Straub et al.,
1990;Momiyama et al., 1995;Schiller, 2002). Die ionalen Mechanismen paroxysmaler Depo-
larisationsshifts sind ein wichtiges Forschungsgebiet zur Identifizierung neuer pharmakologi-

scher Zielstrukturen und kausaler Therapieansitze.

1.2.2.4. Plateau-Potentiale im Hippokampus — molekulare und ionale Grundlagen

Bevorzugtes Untersuchungsobjekt fiir Plateau-Potentiale sind Pyramidalzellen in der CAl-
Region des Hippokampus. In CA1-Neuronen lassen sich Plateau-Potentiale durch Stimulation
muskarinerger M-, Ms-Rezeptoren, z.B. mittels Pilokarpin oder Carbachol (20 uM) stimulie-
ren (Abb. 5). Dies hat eine leichte Membrandepolarisation (von -66 mV auf -60 mV) sowie
eine Extinktion der Nachhyperpolarisation (afterhyperpolarization, AHP) zur Folge. In Ab-
hiangigkeit von der Hohe des applizierten Testpulses bilden sich langsame Nachdepolarisatio-
nen (SADP) oder Plateau-Potentiale aus. Die Bedeutung der cholinergen Stimulierbarkeit ik-
togener Plateau-Potentiale wird dadurch offenbar, dass cholinerge Hyperexzitabilitét bei der
Genese limbischer Epilepsien wirksam ist (Vosu and Wise, 1975;Cassel et al., 1987;Kawasaki
et al., 1996) und die systemische Administration zentralgingiger Cholinergika, z.B. des Pilo-
karpins, als Model der Temporallappenepilepsie fungiert (Lothman et al., 1991). Beobachtun-
gen einer verminderten hippokampalen Anfallssuszeptibilitit nach Pilokarpin-Gabe in M;-
Rezeptor defizienten Méusen belegen dies deutlich (Hamilton et al., 1997). Umso schwerer
wiegt die Frage, welche ionalen Grundlagen Plateau-Potentiale und Nachdepolarisationen
tatsdchlich haben. Schon friih konnten Fraser und MacVicar (1996) zeigen, dass zyklisch-
Nukleotid gesteuerte (CNG) Kanéle wesentlich zu den z.T. Sekunden andauernden Plateau-
Potentialen im Hippokampus beitragen. Die im Hippokampus exprimierten Subtypen
CNGAT, CNGA2 und CNGAA4 unterliegen hierbei einer indirekten muskarinergen Kontrolle.
So fithrt M;- und M;-Rezeptoraktivierung zu einem durch hochspannungsaktivierte Ca*'-
Kanile vermittelten Ca**-Einstrom, der mittels Aktivierung einer 16slichen Guanylatzyklase
(sGC) und konsekutivem cGMP-Anstieg eine Offnung der CNG-Kanile mediiert (Fraser and
MacVicar, 1996;Kuzmiski and MacVicar, 2001;Kuzmiski et al., 2005) (Abb. 6, 7). Plateau-
Potentiale sind also ein sekundires Phidnomen und werden durch einen transienten Ca®'-
Einstrom getriggert. Somit entpuppt sich das regelgerechte Feintuning des Ca**-Einstroms als

kritische Komponente der Plateau-Potentialgenese und damit der Genese zellulér-
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proepileptiformer Aktivitit im ZNS. Wie im Folgenden dargelegt, ist der Ca,2.3 E/R-Typ

Ca”*-Kanal eine solche wichtige Komponente bei der Feinregulation des Ca**-Einstroms.

a control Abb. 5: Provokation von Plateau-Potentialen in

hippokampalen CA1-Neuronen durch Admi-

nistration von Carbachol. A) Charakteristisches

20 mv]|

Al Antwortverhalten hippokampaler CA1-Neurone

25 msec

auf verschiedene hyper- und depolarisierende

= S

Stromreize in artifizieller zerebrospinaler Fliissig-

keit (ACSF). B) Nach Applikation von Carbachol

<

b 20 uM carbachol

(20 uM) kommt es zur Ausbildung eines mehrere
Sekunden andauernden Plateau-Potentials. Die
anschlieBende Applikation von Topiramat (50
uM, C) fiihrt zu einer kompletten Inhibition der

c , Plateau-Potentiale (Kuzmiski et al., 2005).
+ 50 uM topiramate

20 mV
0.5nA

1.0s

Interessanterweise zeigten Kuzmiski et al. (2005), dass Topiramat, ein Breitspektrum-
Antiepileptikum, welches zur Therapie partieller Anfille, primérer generalisiert tonisch-
klonischer Anfille und des Lennox-Gastaut Syndroms eingesetzt wird (LaRoche and Hel-
mers, 2004), Plateau-Potentiale im therapeutisch relevanten Konzentrationsbereich (50 uM)
vollstdndig zu inhibieren vermag (Abb. 5, 6). Wie sich in einer Reihe pharmakologisch-
elektrophysiologischer Studien zeigte, beruht dieser Topiramat-Effekt in CA1-Neuronen we-
der auf einer Inhibition der CNG-Kanéle, noch auf einem Antagonismus an muskarinergen
oder ionotropen NMDA-, Kainat- oder AMPA-Rezeptoren. Auch das GABAerge System und
Ca”"-abhingige K'-Strome zeigten sich von therapeutischen Topiramat-Dosen unbeeinflusst,
obwohl es sich bei Ca’"-abhingigen K -Kanilen an anderer Stelle, wie z.B. in olfaktorischen
kortikalen Neuronen, um eine wirksame Zielstruktur dieses Antiepileptikums handelt (Russo
et al., 2004). In einer Serie von Experimenten konnten Kuzmiski et al. (2005) zunichst zei-
gen, dass Topiramat pharmakologisch ,,isolierte®, origindre Ca*"-spikes nicht zu modifizieren

vermag. Erst nach muskarinerger Stimulation kommt es zu einer deutlich alterierten Ca”'-
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spike-Morphologie und ein signifikanter Anteil des Ca*"-Einstroms kann nun durch Topira-
mat gechemmt werden (Abb. 8, 9). Eine Erkldrung hierfiir liegt in der komplexen, gegenldufig

gerichteten muskarinergen Regulation spannungsgesteuerter Ca**-Kaniile.

AED

Topiramate,

Ca23 L-, other Non-L-Type LVA

Lamotrigine, R-Type HVA HVA
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Abb. 6: Neue funktionelle Aspekte des Ca,2.3 E/R-Typ Ca’*-Kanals in hippokampalen CA1l-
Neuronen. Muskarinerge Stimulation der CA1-Neurone fiihrt zu Inhibition von L-, Non-L- und T-Typ
Caz+—Kanéilen, wihrend Ca,2.3 selektiv augmentiert wird. Der resultierende Ca’"-Einstrom bewirkt
tiber einen cGMP-abhéngigen Mechanismus die Aktivierung von CNG-Kanélen, welche konsekutiv
zur Ausbildung von Plateau-Potentialen und epileptiformem bursting fiihren. Ca,2.3 hat weiterhin
Auswirkungen auf die neuronale Apoptose. So bindet der II-I1I-/loop des Kanals z.B. das Chaperon
HSP70 und ist an der Vermittlung der PKC-Effekte beteiligt. Mutationen in EFHCI1, einem C-
terminalen Interaktionspartner von Ca,2.3 fiihren zu verminderter neuronaler Apoptose wihrend der
frithkindlichen Hirnentwicklung mit Ausbildung juveniler Myoklonusepilepsie (JME) (Suzuki et al.,
2004). SchlieBlich haben pharmakologische Studien gezeigt, dass eine Reihe von Antiepileptika (To-
piramat, Lamotrigin, Sipatrigin etc.) Ca,2.3 potent zu inhibieren vermogen. Abk.: AED: antiepileptic
drug; CAI: Carboanhydraseinhibitor; EFHC1: EF-Hand Protein C1; S-GC: 16sliche Guanylatzyklase;
PDE: Phosphodiesterase.

Wihrend muskarinerge Stimulation eine Reduktion von L-, P/Q- und N-Typ vermittelten

Ca**-Stromen bewirkt (Gahwiler and Brown, 1987;Toselli et al., 1989;Toselli and Lux,

1989;Shapiro et al., 1999;Shapiro et al., 2001), fiihrt selbige zu einer Aktivierung des hoch-
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spannungsaktivierten Ca,2.3 E/R-Typ Ca’"-Kanals in CAl-Neuronen (Kuzmiski et al.,
2005;Tai et al., 2006). Interessanterweise unterliegt der Ca,2.3 Ca’"-Kanal hierbei einer dua-
len, bidirektionalen muskarinergen Modulation, die im Detail beschrieben (Meza et al.,
1999;Melliti et al., 2000;Bannister et al., 2004) und schematisch in Abb. 6 dargestellt ist. Un-
ter stimulativen Bedingungen fiihrt die Aktivierung von M;- und Ms-Rezeptoren in CAl-
Neuronen (Levey et al., 1995) zur Freisetzung von aktiviertem Goagqi. Nach PLC-
Stimulierung kommt es zur Bildung von IP; und DAG. Das so gebildete Diazylglycerol akti-
viert in der Folge Mitglieder einer Ca®"-unabhingigen Gruppe II Proteinkinase C (PKC)-
Fraktion (9,€,1n,0), mit hoher Wahrscheinlichkeit PKCS. Die Proteinkinase Co weist eine star-
ke Expression in hippokampalen CA1 Neuronen auf (McNamara et al., 1999;Tang et al.,
2004) und wird nach muskarinerger Stimulation aktiviert und zur Plasmamembran transloziert
(Brown et al., 2005). In Gegenwart von PKC-Inhibitoren kann jedoch auch ein inhibitorischer
Prozess liberwiegen, in dessen Verlauf die Stimulation von M;- und My-Rezeptoren zur Akti-
vierung von Pertussistoxin-sensitiven G-Proteinen fiihrt, deren Gg,-Untereinheiten Ca,2.3 zu
inhibieren vermogen (Meza et al., 1999;Bannister et al., 2004). Dieser Mechanismus kann
somit fiir die in Gegenwart von PKC-Inhibitoren auftretende Hemmung von E/R-Typ Stro-

men nach muskarinerger Stimulation von CA1-Neuronen verantwortlich gemacht werden.

Abb. 7: Funktionelle Integration des Ca,2.3
CAS pyramidalcellsoma Ca’*-Kanals, Glutamat-Rezeptoren und

GABAR Schwermetallkationen (Zn2+) in der CA3-

Stratum

pyramidale Region. Sowohl Ca,2.3 als auch Kainat-

Rezeptoren sind prd- wie postsynaptisch

ZEN J./°% ° e  exprimiert und neben physiologischen Prozes-
/ ° ca?+caz23 C ) . ] ) )

° % channel [Cazqf s sen, wie priasynaptischer Langzeitpotenzierung

fiber
terminal

e [an"], .° ~ °

. e o auch an der postsynaptischen Integration be-
Zn2+ ° o _ g 490
e a“2'3 teiligt. Ca’"-mediierte Kosekretion von Glu-
- ° Str?tum
lweidum — tamat und Zn>* vermag nicht nur diese Prozes-

se, sondern auch exzitotoxische und neurode-

generative Vorginge iiber komplexe intrazel-
SITaTan o Mitochondria . . .
radiatum luldre Signaltransduktionskaskaden zu steuern

CA3 pyramidal cell dendrite (modiﬁziert nach Li et al., 2003)
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Pharmakologisch oder mittels elektrischer Stimulation induzierte epileptische Aktivitit ver-

mag die Expression von M- und M3-Rezeptoren zu verstiarken sowie die Effizienz muskarin-

ger Kopplung zu den beteiligten G-Proteinen zu erhéhen. Hier liegt ein weiterer moglicher

Mechanismus zur Potenzierung der Ca,2.3 Aktivitdt wéhrend epileptiformen Geschehens

(Mingo et al., 1998;Potier et al., 2005).

Isolierte man E/R-Typ Ca’"-spikes unter Verwendung von TTX, Nifedipin (DHP), w-

Conotoxin MVIIC, ®-Conotoxin GVIA und w-Agatoxin IVA, so lie} sich auch hier der resi-

duale, resistente Ca®"-Stromanteil mit 50 pM Topiramat signifikant hemmen (Abb. 9). Auch

* (50 puM) fiihrte zu einer vollstindigen Extinktion von Plateau-Potentialen nach Carba-

chol-Gabe (20 uM).

control + 50 uM topiramate

20 mV
100 ms

carbachol + 50 1M topiramate wash topiramate

20 uM carbachol
+ VSCC toxins, nif, TTX 50 uM topiramate

20 mV
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Abb. 8: Topiramat-Wirkung auf Ca’*-spikes
A) Kontroll-
spike in Gegenwart von Cs™ und TTX. B) Unter

hippokampaler CA1-Neurone.

Kontrollbedingungen hat Topiramat (50 pM)
keinen Effekt. Erst nach Stimulation durch Car-
bachol (20 uM) zeigt sich eine deutliche Ande-
rung der Ca*"-spike-Morphologie (C). Sie ist auf
die muskarinerge Inhibition der L-, P/Q- und N-
Typ Ca*-Kanile sowie die Stimulation des
Ca,2.3 E/R-Typs zuriickzufiihren. Erst jetzt be-
wirkt Topiramat-Applikation eine signifikante
Reduktion der Ca**-spike Amplitude (D). Der
Effekt ist reversibel (E) (Kuzmiski et al., 2005).

Abb. 9: Isolation von E/R-Typ Ca**-spikes in
hippokampalen CA1 Neuronen. Topiramat (50
pM) ist in der Lage, den Ca,2.3 vermittelten
Ca’"-spike (A) signifikant zu inhibieren (B).
Ni**-Ionen (50 uM) vermégen Ca,2.3 Kanile zu
hemmen und fiihren in Konsequenz zu einer
kompletten Eliminierung Carbachol-induzierter
Plateau-Potentiale (C, D) (Kuzmiski et al.,
2005).



In extrazelluliren Ableitungen aus der CA1-Region zeigt sich nach Carbacholgabe (40 uM)
eine deutliche Zunahme der Theta-Aktivitit im EEG, die ebenfalls durch Ni** (100 pM) na-
hezu vollstindig inhibierbar ist (Abb. 10). Elektrophysiologische Untersuchungen an rekom-
binanten Ca,2.3 Ca*"-Kanilen (koexprimiert mit 3, und o,01) im heterologen Expressions-
system (tsA-201 Zellen) erbrachten einen ICsp-Wert von 50.9 uM Topiramat und eine Ver-
schiebung der spannungsabhingigen Inaktivierungskurve zu negativeren Potentialen (gemes-
sen bei 100 uM Topiramat), was fiir eine Verschiebung in Richtung der inaktivierter Kanal-
konformation spricht. Erste Hinweise eines Topiramat-Effektes auf Ca,2.3 lieferte zuvor be-
reits McNaughton et al. (2004). In einer Folgepublikation konnten Tai et al. (2006) detailliert
zeigen, dass muskarinerge Stimulation in CA1-Neuronen tatsichlich Ca,2.3 getragene Ca”'-
spikes augmentiert. Auch hier erfolgte die pharmakologische Isolierung der einzelnen Strom-
komponenten iiber Cd** (30 pM) und Ni**-Tonen (50 puM). Prinzipiell ist auch der Ca,3.2 T-
Typ Ca**-Kanal Ni*"-empfindlich (ICso = 12 pM) und kime somit als mégliche Topiramat-
Zielstruktur in Frage. Wie Untersuchungen von Tai et al. (2006) gezeigt haben, lassen sich
allerdings T-Typ Ca”’-Stréme, anders als E/R-Typ Strome, iiber muskarinerge Aktivierung
via Carbachol nicht stimulieren. Ein Versuch, den Ca,2.3 vermittelten Ca**-Strom durch
SNX-482 zu hemmen, wurde nicht unternommen. Hierbei ist anzumerken, dass 80 % der
Blocker-resistenten Ca2+—Stromkomponente in CA1l-Neuronen auf Ca,2.3 beruht und auch
Ni*"-sensitiv ist (Sochivko et al., 2002).

Plateau-Potentiale konnen mehrere hundert Millisekunden bis Sekunden andauern, bevor es
zur Termination kommt, und zu einer deutlichen Erhdhung des intrazelluliren Ca®"-Spiegels
fiihren ([Ca®']; > 200 nM) (Andrew and Dudek, 1984). Bei den fiir die Termination verant-
wortlichen Mechanismen handelt es sich u.a. um eine Ca*"-vermittelte K -getragene Hyperpo-
larisation (Hlubek and Cobbett, 2000;Roper et al., 2003). Auch eine Ca*"-abhingige Verlage-
rung von Ca’-abhingiger Faszilitierung zu Ca*"-abhingiger Inaktivierung erscheint wahr-
scheinlich. Der interne Ca*-Spiegel, der u.a. durch Ca,2.3 mit getragen wird (Dietrich et al.,
2003), ist somit bedeutsam, da er nicht nur die K'-getragene Nachhyperpolarisation mediiert,
sondern auch in direktem Zusammenhang mit der somatisch und dendritischen bursz-Aktivitat
steht.

Da muskarinerge Rezeptoren und cholinerge Mechanismen eine wichtige Rolle in der Epilep-
togenese spielen wird deutlich, dass Ca,2.3 auch hier eine entscheidende Funktion zukommt.
So hemmt der M;-Rezeptorantagonist Pirenzepin elektrisches kindling bei Ratten (Eskazan et
al., 1999). Des Weiteren haben elektrisch und pharmakologisch induzierte Anfille gezeigt,

dass es zu lang anhaltender Hochregulation der M;- und Mj-Rezeptoren im Hippokampus

22



kommen kann, die u.a. mit einer gesteigerten Effizienz G-Protein gekoppelter Signaltransduk-

tion assoziiert ist (Mingo et al., 1998;Potier et al., 2005).
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Abb. 10: Carbachol induzierte Theta-burst Aktivitiit. A) Extrazelluldre Aufzeichnung aus der CA1-
Region unter Carbachol (40 pM) und anschlieBender Applikation von Ni*" (100 puM). a, b) Aus-
schnittsvergroBBerung der Pfeilregionen in A. B) Die Power-Spektrumanalyse der EEG-
Frequenzbiander zeigt eine deutliche Zunahme der Theta-Frequenz nach Carbachol-Applikation sowie

deren Inhibition durch Ni**-Ionen (Tai et al., 2006).

Die hier beschriebenen Phanomene wurden an Sprague-Dawley-Ratten erforscht. Ob die iona-
le Grundlage der Plateau-Potentiale in anderen Spezies, v.a. beim Menschen, vergleichbare
Entitdten umfasst, ist zur Zeit offen und auch der direkte Nachweis der Bedeutung von Ca,2.3
beim Triggern von Plateau-Potentialen anhand von Ca,2.3 defizienten Méusen steht noch aus.
Weniger eindeutig stellt sich die Situation fiir das Phdnomen der Nachdepolarisationen dar.
Mittels nucleated patch-Technik fiihrten Metz et al. (2005) diese auf die Aktivitit des Ca,2.3
Ca®"-Kanals zuriick. Die residuale, resistente Stromkomponente lieB sich jedoch nicht mittels

SNX-482 hemmen, so dass sie als SNX-482 resistente E/R-Typ Stromkomponente interpre-
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tiert wurde. Demgegeniiber favorisieren Yue et al. (2005) einen persistierenden Na'-Einstrom
als ursidchliche Komponente fiir das Auftreten von Nachdepolarisationen. Grundsétzlich muss

man hierbei die andersartigen experimentellen Kautelen beriicksichtigen.

1.2.2.5. Ca,2.3 getriggerte Plateau-Potentiale in hippokampalen CAI-Neuronen — ein Einzel-

fall oder funktionelles Organisationsprinzip?

Die Ca,2.3 Ca’'-Kanalentitit ist trotz markanter Fortschritte in den letzten Jahren immer noch
eine der am wenigsten charakterisierten Untereinheiten innerhalb der Gruppe spannungsge-
steuerter Ca*'-Kanile. Im Gegensatz zu anderen Vertretern dieser Familie sind sie resistent
gegeniiber klassischen Cono- und Agatoxinen (Catterall et al., 2005). Erst 1998 wurde aus
dem Venom der Tarantel Hysterocrates gigas das Peptidtoxin SNX-482 isoliert, dass sich als
vergleichsweise spezifischer Ca,2.3 Blocker erwiesen hat (ICso = 15 — 30 nM, Newcomb et
al., 1998). Besonders die Generierung Ca,2.3 defizienter Mduse hat einen tieferen Einblick in
die Bedeutung des Ca,2.3 Ca*-Kanals ermdglicht. Neben der Modulation von Angst- und
Schmerzverhalten (Saegusa et al., 2000;Lee et al., 2002) sowie der Myelinogenese (Chen et
al., 2000), ist Ca,2.3 im ZNS auf zelluldrer, prasynaptischer Ebene an der Neurotransmit-
terfreisetzung und synaptischen Plastizitit beteiligt (Abb. 11, 12; Dietrich et al.,
2003;Breustedt et al., 2003;Bloodgood and Sabatini, 2007).

Auf zelluldrer Ebene zeigt Ca,2.3 eine dominante Expression prisynaptisch, z.B. in den
Moosfasern des Hippokampus (Day et al., 1996) sowie im Globus pallidus (Hanson and
Smith, 2002), aber auch in geringem Grade an der myoneuralen Synapse (Day et al., 1997).
Anders als Ca,2.1 und Ca,2.2 befindet sich nur ein kleiner Teil der prasynaptisch lokalisierten
Ca,2.3 Ca?'-Kanile in der sog. aktiven Zone der Vesikel-Fusionsmachinerie, wihrend der
weitaus groBite Teil der Kanéle weiter distal lokalisiert ist (Wu et al., 1999) und fiir synapti-
sche Plastizitidt wie z.B. die Langzeitpotenzierung (LTP) von Bedeutung ist (Dietrich et al.,
2003) (Abb. 12). Interessanterweise hat sich gezeigt, dass auf prisynaptischer Ebene der
Moosfasern neben Ca,2.3 eine ganze Reihe von anderen priasynaptischen Rezeptoren zu fin-
den sind, die fiir Prozesse der Langzeitpotenzierung aber auch Langzeitdepression wichtig
sind. So hemmen z.B. prisynaptisch-lokalisierte Adenosin (A)-Rezeptoren die Glutamat-
Freisetzung, ebenso wie metabotrope Glutamat-Rezeptoren, wihrend prisynaptisch lokalisier-
te Kainat-Rezeptoren die Glutamatfreisetzung fordern (Nicoll and Schmitz, 2005). Dies konn-
te fiir die bei Ca,2.3” Miusen beobachtete Kainat-Resistenz eine entscheidende Rolle spielen

(Weiergriber et al., 2007).
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Abb. 11: Strukturelle und funktio-
nelle Topologie eines reprisentati-
ven Neurons. Nervenzellen verfligen
tiber vier Hauptregionen (Dendriten-
baum, Soma, Axon und Synapsen)
und fiinf Funktionsstrukturen. Elektro-
tonische Ausbreitung ist fiir die funk-
tionelle Koordination der Regionen
von grofler Wichtigkeit. Der Ca,2.3
Ca’**-Kanal findet sich sowohl prisy-
naptisch, wo er flir Neurotransmit-
terfreisetzung und synaptische Plasti-
zitdt von Bedeutung ist, als auch in
somatisch-dendritischen Arealen, und
somit in der rezeptiv-integrativen Zo-
ne. Hier ist er an oszillatorischen Vor-
gingen sowie epileptiformen burst-
Prozessen beteiligt (Byme and Ro-
berts, 2004).

Abb. 12: Modell prisynaptischer
Langzeitpotenzierung an  einer
Moosfaser-Synapse.  Verschiedene
a;-Untereinheiten befinden sich in der
aktiven Zone der Transmitterfreiset-
zung. Ein GroBteil der Ca,2.3 Ca*'-
Kanéle ist hingegen distal dieser Zone

lokalisiert (Kamp et al., 2005).



In anderen ZNS-Regionen und Kernstrukturen zeigt sich hingegen eine prominente Expressi-
on im Bereich der Somata und des Dendritenbaumes (Abb. 11). Diese Verteilung ist Zelltyp-
spezifisch, hochorganisiert und unterscheidet sich von dem eher homogenen somatischen und
dendritischen Distributionsmuster anderer Ca®’-Kanile (Westenbroek et al., 1995). Es ist
nicht verwunderlich, dass Ca,2.3 fiir die Generierung komplexer Aktionspotentiale entlang
der Dendriten und Somata von besonderer Bedeutung ist, die letztlich auch die Genese epilep-
tiformer/iktiformer Aktivitit zu triggern vermogen (Tank et al., 1988). Prdsynaptische und
somatisch/dendritische Lokalisation sind somit distinkt und bedingen verschiedene funktio-
nelle Relevanz.

Die intrazellulire Ca®"-Konzentration spielt eine zentrale Rolle bei der Genese epileptiformer
Prozesse und wird durch eine Vielzahl von liganden- und spannungsgesteuerten lonenkanilen
sowohl zeitlich als auch rdumlich hochorganisiert reguliert. Das u.a. durch spannungsgesteu-
erte Ca*-Kanile in die Neuronen einstrdomende Ca®>" kann eine Vielzahl zelluldrer Prozesse,
wie Signaltransduktionskaskaden, Neurotransmitterfreisetzung, Gentranskription und natiir-
lich auch die Regulation von Ionenkanalaktivitit nach sich ziehen. Die sog. Ca*"-Hypothese
der Epileptogenese legt dar, dass Anderungen der internen Ca**-Konzentration eine kritische
Rolle in der Epilepsieentstehung einnehmen (Albowitz et al., 1997;DeLorenzo et al.,
1998;Sun et al., 2002). Nach Dietrich et al. (2003) tragen Ca,2.3 Ca*"-Kanile wesentlich zur
,Hintergrund“-Ca*"-Konzentration von ca. 0,5 uM bei (Brenowitz and Regehr, 2003). Folg-
lich kommt es wahrend epileptiformer Aktivitit zu einer Abnahme der extrazelluldren und
einer Zunahme der intrazelluldren Ca*"-Konzentration (Hamon and Heinemann, 1986). Hoch-
spannungsaktivierte Ca**-Kanile stellen wichtige Komponenten bei einer Erhdhung des intra-
zelluldren Ca®” wihrend epileptiformer Aktivitit dar und tragen damit sowohl zur Anfallsini-
tiation wie Propagation bei (Albowitz et al., 1997;Pisani et al., 2004). So zeigt sich im Hippo-
kampus, dass die interne Ca**-Konzentration wihrend der Epileptogenese steigt und eine Blo-
ckade spannungsgesteuerter Ca’’-Kanile eine Depression dieser epileptiformen Aktivitit zur
Folge hat (Straub et al., 1990;Beck et al., 1998). Ahnliches ist auch von der prokonvulsiven
Wirksamkeit des Kainats im Hippokampus bekannt, wobei die Effekte auch hier stark von der
internen Ca”"-Konzentration abhingen ebenso wie das vergesellschaftete Phianomen der Exzi-
toxizitét (Sullivan, 2005). Somit ist es nicht verwunderlich, dass eine Vielzahl von Antiepilep-
tika, wie z.B. Lamotrigin, auch neuroprotektive Effekte aufweisen, indem sie u.a. als Ca'-
Kanalblocker inhibitorisch in die potentiell exzitotoxische Kaskade eingreifen.

Obwohl bis zum heutigen Zeitpunkt weder im Tiermodell noch beim Menschen Mutationen

des Ca,2.3 Ca*"-Kanals bekannt sind, gibt es deutliche Belege dafiir, dass dieser Ionenkanal
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eine wichtige Funktion beim Triggern epileptiformer Aktivitit und damit bei der Anfallssus-
zeptibilitit spielen konnte. Wie sich bisher gezeigt hat, kann dies auf Ebene elektrischer Phé-
nomene, aber auch auf Ebene neuronaler Degenerationsvorgénge erfolgen. Im Jahre 2004
berichteten Suzuki et al. iiber das Auftreten von Missense-Mutationen in EFHC1, einem EF-
Hand Protein, welches selektiv mit dem C-Terminus von Ca,2.3 interagiert und iiber die Re-
gulation des Ca”"-Influx neuronale Apoptose zu vermitteln vermag. Diese Beobachtung wur-
de unterstiitzt durch die Tatsache, dass 30 nM SNX-482 Apoptose in einer Kultur hippokam-
paler Mauszellen zu inhibieren vermag. Interessanterweise findet sich bei Patienten mit derar-
tigen EFHC1-Mutationen eine juvenile Myoklonusepilepsie (JME). Mutationen in EFHCI
beeintrachtigen die Interaktion mit Ca,2.3 Ca*"-Kanilen und verhindern auf diese Weise eine
normale, entwicklungsphysiologisch relevante neuronale Apoptose wéhrend der frithkindli-
chen Hirnentwicklung. Dies fiihrt zu erhohter neuronaler Zelldichte und zur Etablierung mo-
difizierter neuronaler Verschaltung und hyperexzitabler Schaltkreise (Suzuki et al., 2004).
Wihrend epileptogene Prozesse hdufig mit primiren und sekundidren Formen neuronaler De-
generation vergesellschaftet sind, stellt dies einen vollig anderen Mechanismus der Epilepto-
genese bei der JME dar. Erhohte neuronale Dichte als iktogener Faktor ist ein bemerkenswer-
ter Befund (Andres et al., 2005). Apoptose beinhaltet eine komplexe genetische Reprogram-
mierung der Zelle sowie die Induktion biochemischer sowie morphologischer Verdnderungen,
die schlieBlich im geregelten Zelltod und der Elimination der Zelle resultieren. Unterschiedli-
che Stimuli, u.a. auch Ca**-Influx durch spannungsgesteuerte Ca’"-Kanile, sind hierbei von
Bedeutung. Feststeht, dass Ca,2.3 defiziente Méduse im Spontan-EEG unauffillig sind und
eine geringere Anfallssuszeptibilitdt als Kontrolltiere aufweisen (Weiergrdber et al.,
2006a;Weiergriber et al., 2007). Die funktionelle Relevanz des Ca,2.3 Ca’**-Kanals im Rah-
men neuronaler Apoptose ist duBBerst komplex und zeigt sich eindrucksvoll bei der Kainat-
vermittelten hippokampalen Exzitotoxizitdt (Weiergraber et al., 2007).

Spannungsgesteuerte Ca>-Kanile haben die Eigenschaft, elektrische Phianomene zu provozie-
ren, die epileptiforme Aktivitdt zu triggern vermdgen. Hierzu gehoren neben der Tatsache, zu
einer Erhhung der intrazelluliren Ca®*-Konzentration beizutragen, auch komplexe elektro-
physiologische Vorgéinge wie z.B. die oben bereits beschriebenen Nachdepolarisationen oder
Plateau-Potentiale. Es handelt sich hierbei um weit verbreitete elektrische Phinomene im
ZNS und betreffen eine Vielzahl von Zelltypen, z.B. spinale und Hirnstamm-Motorneurone,
spinale Interneurone, Hinterhornneurone, Neurone des Nucleus subthalamicus, des Nucleus
suprachiasmaticus, cholinerge Neurone im Striatum, hippokampale Pyramidenzellen, subiku-

lare und entorhinale kortikale Zellen (Pierson et al., 2005;Weiergriber et al., 2006b).
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Wihrend die Bedeutung spannungsgesteuerter Ca> -Kanile, v.a. des Ca,2.3 E/R-Typs, bei der
Genese von Nachdepolarisationen kontrovers diskutiert wird (Metz et al., 2005;Yue et al.,
2005), hat sich gezeigt, dass Ca,2.3 Ca**-Kanile fiir die Initiation von Plateau-Potentialen von
besonderer Bedeutung sind (Kuzmiski et al., 2005;Pierson et al., 2005;Tai et al., 2006). Lange
Zeit herrschte die Meinung vor, dass Plateau-Potentiale in diversen ZNS-Neuronen primér
durch L-Typ Ca*"-Kanile getriggert werden (Hounsgaard and Kiehn, 1989;Zhang and Harris-
Warrick, 1995;Mills and Pitman, 1997;Morisset and Nagy, 1999;Voisin and Nagy,
2001;Simon et al., 2003).

Aus der Gruppe der L-Typ Ca*"-Kanile exprimieren ZNS-Neurone Ca,1.2 und Ca,1.3, die
1.d.R. eine distinktes Expressionsmuster aufweisen und sich auch in Hinblick auf ihre subzel-
lulidre Distribution, Funktion und Beteiligung an Ca®"-abhingigen Signaltransduktionskaska-
den unterscheiden. So findet sich Ca,1.3 primér dendritisch, wahrend Ca,1.2 ein hohes Ex-
pressionsniveau im somatischen Bereich aufweist. Studien im Neokortex und Hippokampus
der Ratte wiesen nach, dass 75 % des L-Typ Ca”"-Stromes auf Ca,1.2 und nur 20 % auf
Cay1.3 beruhen (Hell et al., 1993).

Simon et al. (2003) zeigten, dass in lumbalen spinalen Motorneuronen dendritische Plateau-
Potentiale durch L-Typ Ca**-Kanalaktivitit vermittelt werden. Li and Bennett (2003) fiihrten
ursichlich eine TTX-sensitive persistierende Na'-Stromkomponente sowie ebenfalls einen L-
Typ Ca**-Strom an. Sowohl Cd*" (400 uM) als auch Nimodipin (10 - 20 pM) waren in der
Lage, das TTX-resistente Plateau zu hemmen. In Ubereinstimmung mit Kuzmiski et al.
(2005) sowie Tai et al. (2006) konnten auch Li and Bennett (2003) einen signifikanten Beitrag
der Ca,2.1 und Ca,2.2 Ca’'-Kanile zur Plateau-Potentialgenese ausschlieBen. Interessanter-
weise handelt es sich bei dem verantwortlich gemachten ,,L“-Typ Ca’"-Strom um eine nieder-
bis mittelspannungsaktivierte (Aktivierungsschwelle -55 bis -40 mV), niedrig-DHP-sensitive
Ca®*-Stromkomponente, dessen elektrophysiologischen wie pharmakologischen Eigenschaf-
ten deutliche Ahnlichkeiten mit denen der Ca,2.3 Untereinheit aufweisen (Li and Bennett,
2003). Neurologische, aber auch kardiovaskuldre Studien haben gezeigt, dass Ca,1.3 ein po-
tentieller Kandidat fiir eine niederspannungsaktivierte Ca®’-Stromkomponente sein konnte
(Xu and Lipscombe, 2001;Koschak et al., 2001;Michna et al., 2003). Derartige Eigenschaften
wurden allerdings in der Vergangenheit auch Ca,2.3 zugeschrieben (Soong et al., 1993) und
eine Reihe der im Folgenden dargelegten Untersuchungen bestétigen dies. So haben Studien
an rekombinanten Ca,2.3 Kanélen gezeigt, dass die in der Literatur zur Hemmung von Pla-
teau-Potentialen verwendeten DHP-Konzentrationen die 1Cso-Werte verschiedener Ca,2.3-

Spleiflvarianten z.T. deutlich liberschreiten. So finden sich Konzentrationen von 10 uM Ni-

28



modipin (Li and Bennett, 2003), 15 uM Nifedipin (Hounsgaard and Kiehn, 1989), 10 uM
Nifedipin (Voisin and Nagy, 2001) oder 50 uM Nifedipin (Mills and Pitman, 1997). Obwohl
in vitro slice-Experimente hdufig erhdhte Dihydropyridin-Spiegel erfordern, muss beriicksich-
tigt werden, dass rekombinante L-Typ Ca**-Kanile bereits bei Konzentrationen < 1 uM kom-
plett inhibierbar sind (McCarthy and TanPiengco, 1992;Fanelli et al., 1994). Auch die von Li
and Bennett (2003) verwendete Cd”*"-Konzentration (400 uM) liegt deutlich iiber dem ICsg
und stellt damit ebenso wie die vergleichsweise hohen Dihydropyridin-Konzentrationen kein
diagnostisches Mal3 zur Selektionierung von L-Typ-Stromen dar. So konnten wir fiir die
Ca,2.3d- und Ca,2.3e-Spleiflvarianten unter Verwendung von Isradipin 1Cso-Werte von 9,1
uM und 14,6 uM (Abb. 13, Lu et al., 2004) ermitteln. Durch Koexpression mit o0 und B, in
COS-7 Zellen erhohte sich die Empfindlichkeit betrdchtlich auf Inhibitionswerte von 51 + 7
% bei 1 uM Nicardipin (Stephens et al., 1997). In Oozyten-Expressionsstudien hingegen
misslang der Nachweis eines inhibitorischen Effektes von Nifedipin oder Nicardipin auf
Ca,2.3 (Soong et al., 1993;Williams et al., 1994;Wakamori et al., 1994), was nahe legt, dass
das Expressionssystem, die Spleiflvarianten- und Untereinheitenverteilung eine zentrale Rolle
bei der Dihydropyridin-Empfindlichkeit einnehmen. Dennoch muss die diagnostische Potenz
der in einer Reihe von Studien verwendeten Dihydropyridin-Konzentrationen fiir L-Typ Ca**-
Kanile angezweifelt werden.

In der Folge konnte auch in hypothalamischen, suprachiasmatischen Neuronen gezeigt wer-
den, dass niedrige Dosen eines Dihydropyridins (2 uM Isradipin) keine Reduktion von Pla-
teau-Potentialen nach sich ziehen (Pierson et al., 2005). Da auch ®-Conotoxin GVIA (1 uM)
und w-Agatoxin IVA (200 nM) nur eine marginale Reduktion der Plateau-Potentialdauer her-
vorriefen, folgerten Pierson et al. (2005), dass E/R-Typ Ca**-Strome, die ca. 50 % des Ca”"-
Einstroms in diesen Zellen vermitteln (Cloues and Sather, 2003), maB3geblich an der Plateau-

Potentialgenese beteiligt sind.
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Abb. 13: Dihydropyridin-Empfindlich-
keit rekombinanter Ca,2.3 Ca*"-Kanile.
A) Superpositionierte Stromspuren in Ge-
genwart unterschiedlicher Isradipin-Kon-
zentrationen. B) Zeitlicher Verlauf der
Spitzen-Einwértsstrome bei unterschiedli-
chen Isradipin-Konzentrationen. Ein Aus-
waschen gegen Versuchsende ist partiell
moglich. C) Dosis-Wirkungskurve der
Ca,2.3d-(®) und der Ca,2.3e- (0) Isofor-
men erbrachten ICs-Werte von 9,1 uM
und 14,6 uM. Der Hill-Koeffizient wurde
mit 1,2 bestimmt (Lu et al., 2004).

Eine umfassende Betrachtungsweise spannungsgesteuerter Ca*-Kanile bei hippokampaler
Epilepsie schliefit auch sekundire Effekte mit ein. So kann epileptiforme, hippokampale Ak-
tivitit sekundir zu erhohter Ca®*-Leitfahigkeit in CA1-Neuronen fithren (Vreugdenhil and
Wadman, 1994). Hendriksen et al. (1997) konnten zeigen, dass durch tetanische Stimulation
von Schaffer-Kollateralen induzierte epileptische Aktivitdt im Hippokampus, initial mit einer
Transkripterhohung der Ca,1.3-, Ca,2.1- und v.a. der Ca,2.3-Untereinheit in verschiedenen
hippokampalen Strukturen vergesellschaftet ist. Ahnliche Resultate wurden fiir das hippo-
kampale Modell der seizure-prone gerbils gefunden (Kang et al., 2004). Zusammenfassend
zeigt sich, dass Ca,2.3 fiir die Genese von Plateau-Potentialen und epileptiformer Aktivitdt in

einem weiten Feld neuronaler Zelltypen von essentieller bedeutung ist.



1.2.3. Spannungsgesteuerte Ca’*-Kaniile und ihre Bedeutung bei nicht-konvulsiven An-
fallsleiden vom Absencen-Typ

Nicht-konvulsive Anfallsformen umfassen v.a. den generalisierten Petit-Mal Formenkreis.
Typische Absencen sind durch die plotzliche Initiation und Termination von Bewusstseins-
verlust sowie das bilateral-synchrone Auftreten von spike-wave-Graphoelemente, die eine
Spezies-spezifische Frequenzabhidngigkeit aufweisen, charakterisiert (Manning et al., 2003).
In Atiologie und Pathogenese der Absencen spielen Komponenten des thalamokortikalen
Neuronenkreises, insbesondere der ventrobasale Thalamus sowie der Nucleus reticularis tha-
lami (NRT) eine Schliisselrolle (Steriade, 2005).

Im Bereich des Thalamus sind v.a. thalamische Relayneurone aus dem ventroposterioren Tha-
lamus involviert, die mit ihren Axonen in die kortikalen Schichten III (Lamina pyramidalis)
und IV (Lamina granularis interna) projizieren, vornehmlich im Bereich des somatosensori-
schen Kortex (Gyrus postcentralis). Pyramidalzellen in den Schichten III und IV projizieren
ihrerseits direkt oder iiber GABAerge inhibitorische Interneurone auf Pyramidenzellen der
Schichten V (Lamina ganglionaris mit Betzschen Riesenzellen) und VI (Lamina multiformis).
Von hieraus (vornehmlich Schicht V) erfolgt eine Reprojektion zuriick auf die ventroposterio-
re Kerngruppe des Thalamus. In diesen Neuronenkreislauf ist als zentrale Komponente der
Nucleus reticularis thalami parallel geschaltet. Diese Kernstruktur umgibt den tibrigen Thala-
mus schiisselformig von lateral und besteht ausschlieBlich aus GABAergen inhibitorischen
Interneuronen. Der Nucleus reticularis thalami (RTN) erhilt kollaterale glutamaterge Projek-
tionen der kortikothalamischen Fasern und kollaterale glutamaterge Projektionen der thala-
mokortikalen Bahnen. Des Weiteren bestehen Verkniipfungen der GABAergen, retikuldren
Neurone untereinander, die wesentlich fiir die Funktion des thalamokortikalen Systems sind
(Danober et al., 1998). Die inhibitorische Projektion erfolgt tiber inhibitorische Synapsen, die
GABAerg sind: sog. Gray-Typ-II-Synapsen, wéhrend die thalamokortikalen-kortiko-
thalamischen Projektionen primér exzitatorisch sind und Glutamat als Transmitter verwenden
(Vermittlung iiber sog. Gray-Typ-I-Synapsen) (Abb.14).

Es existiert daneben eine Vielzahl von extrathalamokortikalen Projektionen (Danober et al.,
1998). Ein GroBteil entstammt der Formatio reticularis (FR). Es handelt sich um ein System
schwer voneinander abgrenzbarer, ineinander iibergehender Kerne, welches u.a. das ARAS
(aufsteigendes retikuldres aktivierendes System), das Atemzentrum und Kreislaufzentrum
umfasst. Die ARAS-Aktivierung fiihrt zur Desynchronisation im thalamokortikalen System
und Aufwachvorgéngen, da die somatosensorische Informationsprozessierung durch den Tha-

lamus gesteigert wird. Teilweise werden zur Formatio reticularis weitere Strukturen des Hirn-

31



stamms/Tegmentums gezéhlt, wie der cholinerge laterodorsale tegmentale Kern (LDT) und

der pedunculopontine tegmentale Kern (PPTg).

Thalamocortical Circuit A Thalamus
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Abb. 14: Schematische Darstellung des thalamokortikalen-kortikothalamischen Neuronenkrei-
ses. Links: Sowohl das thalamokortikale wie kortikothalamische Fasersystem entsenden exzitatorische
Kollaterale zu NRT-Zellen. Daneben gibt es auch Verkniipfungen der NRT-Interneurone untereinander
im Sinne einer lateralen Inhibition. Dargestellt ist weiterhin die Expression des Ca,2.3 E/R-Typ Ca*'-
Kanals sowie der Ca,3.1-3.3. T-Typ Kanile. Abk.: Rt: retikulérer Thalamus, VB: ventrobasaler Tha-
lamus, Cx: Kortex, Hi: Hippokampus, CC: Corpus callosum (modifiziert nach Khosravani and Zam-
poni, 2006). Rechts: Darstellung der wichtigsten spannungsabhéngigen und ligandengesteuerten lonen-
strome im thalamokortikalen-kortikothalamischen Neuronenkreis. Neben den hier bereits erwihnten L-
und T-Typ Kalziumstromen spielen im Gesamtkonzert der Ionenkanéle auch die GABA(A)- und GA-
BA(B)-Rezeptoren eine bedeutende Rolle. Auch NMDA- und Non-NMDA-(AMPA)-Rezeptoren so-
wie die erst kiirzlich klonierten HCN-(hyperpolarization and cyclic-nucleotide gated) Kanile (nicht
eingetragen) sind von essentieller Bedeutung. Abk.: I1: T-Typ-lonenstrom, Iy : L-Typ- lonenstrom, I4:

Anionenstrom (Danober et al., 1998).
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Weiterhin gehdren hierzu die Raphekerne, die relativ gut abgrenzbar sind, in das limbische
System und die ARAS-Region projizieren und eine serotoninerge Kerngruppe darstellen.
Dariiber hinaus spielen der noradrenerge Nucleus coeruleus (Projektion in das limbische Sys-
tem) und der primédr cholinerge Nucleus basalis Meynert (Beziechung zum limbischen System

und Neokortex, wichtige Funktion bei Lernprozessen) eine Rolle (Abb. 15).

Abb. 15: Projektionen extrathalamokortikaler
Kernstrukturen auf den thalamokortikalen
Neuronenkreis. Abk.: NB: Nucleus basalis Mey-
nert, Rt: Nucleus reticularis thalami, PPTg/LDT:
pedunkulopontiner/laterodorsaler tegmentaler
Kern, LC/RN: Locus coeruleus/Raphekern
(Danober et al., 1998).

Auch der Hippokampus und das Zerebellum konnen thalamokortikale Rhythmizitdt modulie-
ren und sind an der Entstehung eines Absencen-Phanotyps beteiligt (Lakaye et al., 2002). Un-
ter pathophysiologischen Gesichtspunkten stellen aberrante kortikothalamische Rhythmen die
Grundlage fiir die Entstehung von spike-wave Graphoelementen dar. Funktionelle Grundlage
hierfiir ist die herausragende Eigenschaft thalamischer Relayneurone, zwischen zwei ver-
schiedenen Aktivitdtsmodi, dem sog. tonic-Modus sowie dem burst-Modus, in Abhédngigkeit
von der zentralnervosen Aktivierung (v.a. durch die Formatio reticularis) zu alternieren. Wih-
rend im tonischen Modus eine dauerhafte Transmission externer, v.a. sensorisch-sensibler
Information zum Kortex erfolgt, hyperpolarisieren bei abnehmender Vigilanz thalamische
Schaltneurone, gehen in rhythmische burst-Aktivitét tiber und schliefen auf diese Weise das
thalamische ,,Tor* und somit den Informationstransfer zum Kortex. Fiir den burst-Modus ist
der exklusiv aus GABAergen Interneuronen bestehenden Nucleus reticularis thalami von ent-
scheidender Bedeutung, der auch inhibitorische Projektionen auf die thalamischen Relayzel-
len aufweist.

Interessanterweise existieren eine Vielzahl von Absencen-Mausmodellen mit singuldren Mu-
tationen in spannungsgesteuerten Ca>"-Kanilen, welche die zentrale Rolle dieser Ionenkanile
bei der Absencen-Epileptogenese unterstreichen. Im Mausmodell sind eine Reihe von Mutati-
onen bekannt (tottering, tottering leaner, rolling Nagoya, rocker, lethargic, ducky, entla und
stargazer), die entweder mit der Ca,2.1 oder akzessorischen Untereinheiten (B4, 020) in Ver-
bindung stehen und mit zerebelldrer Ataxie und Absencen-Epilepsie vergesellschaftet sind. Es

ist interessant festzustellen, dass bislang nur Ca,2.1 (bei der Maus) und Ca,3.2 (beim Men-
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schen) nachweislich bei der Absencen-Genese von Bedeutung sind. Beim Menschen tritt eine
Absencen-dhnliche Symptomatik primér als Begleiterscheinung, z.B. der EA2 oder FHM1
auf. Bei einer geringen Zahl von Patienten mit childhood absence epilepsy (CAE) wurden
Nukleotid-Polymorphismen (single nucleotide polymorphisms, SNPs) im Gen CACNAIH
(Ca,3.2) nachgewiesen, die sich in Proben einer gesunden Kontrollgruppe nicht finden lassen
(Chen et al., 2003;Vitko et al., 2005). Der Ca,3.2 T-Typ Ca’"-Kanal zeigt deutliche Expressi-
on im Bereich des Kortex und des Nucleus reticularis thalami, und spielt damit offensichtlich
eine wichtige Rolle bei der Etablierung thalamischer Synchronizitit (Suzuki and Rogawski,

1989;Steriade et al., 1993).
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Abb. 16: Auswirkungen des Ca,3.1 (a;G) T-Typ Ca’*-Kanals auf die thalamokortikale
Rhythmizitit. In Kontrolltieren (A) fiithrt die Administration von Baclofen (20 mg/kg) zur Induktion
von spike-wave Graphoelementen, die fiir Absencen typisch sind. Die Ablation von Ca,3.1 hingegen
(B, C) hat eine massive Abnahme der spike-wave Aktivitat zur Folge. Grund hierfiir ist die Abnahme
des niederspannungsaktivierten Ca’"-Einstroms und daraus resultierend ein vermindertes rebound

burst firing in thalamokortikalen und retikulér-thalamischen Zellen (Shin, 2006).
Den Einfluss niederspannungsaktivierter T-Typ Ca®"-Kanile auf normgerechte thalamische

Rhythmizitdt wie auch pathologische Hyperoszillation zeigt u.a. die Wirksamkeit der Suxini-
mide bei CAE (Coulter et al., 1989;Gomora et al., 2001). Die bei Ca,3.2 beschriebenen SNPs
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vermdgen die eletrophysiologischen Eigenschaften des T-Typ Ca®’-Kanals zu modifizieren
und stellen mdglicherweise physiologisch relevante Mutationen dar (Vitko et al., 2005).

Es ist erwihnenswert, dass auch andere Ca**-Kanile auf thalamische Rhythmizitit Einfluf
nehmen. So weisen Ca,3.1 defiziente Méiuse fehlende burst-Aktivitat thalamokortikaler Zel-
len und damit verbunden eine erhohte Anfallsresistenz gegeniiber Absencen auf (Kim et al.,
2001). Weiterhin zeigte sich, dass Cay3.17 Tiere eine verinderte REM/NREM Schlaf-
Architektur sowie eine verminderte Delta-Wellenaktivitit im NREM-Schlaf aufweisen (Lee et
al., 2004). Diese Daten sind umso eindrucksvoller, als Ca,3.1 eine Schliisselrolle bei der
burst-Aktivitdt thalamischer Neurone einnimmt und somit auch fiir pathologische Hyperoszil-
lationen von Bedeutung sein konnte. Dagegen weisen Ca,2.1 defiziente Méuse spontane spi-
ke-wave Graphoelemente mit motorischem Arrest auf (Jun et al., 1999). Interessanterweise
kommt es in thalamokortikalen Relayzellen Ca,2.1 defizienter Tiere zu einer erhohten T-Typ
Expression (Zhang et al., 2002). Doppel-knock-out Experimente mit Ca,2.17"" x Ca,3.17-
Maiusen haben dementsprechend gezeigt, dass die so gewonnenen Tiere spontan keine spike-
wave Graphoelemente mehr aufweisen, so dass das Fehlen des Ca,3.1 vermittelten Ca*'-
Einstroms in thalamischen Relayneuronen einen Absencen-protektiven Effekt zu haben
scheint (Song et al., 2004). Welche Bedeutung kommt hier dem Ca,2.3 E/R-Typ Ca’"-Kanal
zu? Zunichst weisen sowohl GABAerge Interneurone im Kortex als auch im NRT als funkti-
onell bedeutsame Strukturen im thalamokortikalen System eine deutliche Expression von
Ca,2.3 auf (De Borman et al., 1999;Talley et al., 2000;van de Bovenkamp-Janssen et al.,
2004). Auch extrathalamokortikale Strukturen, die auf dieses System projizieren, sind Ca,2.3
positiv. Eine Reihe von Studien zur funktionellen Relevanz von Ca,2.3 in der Absencen-
Epileptogenese wurden an den sog. GAERS (Genetic Absence Epilepsy Rats from Stras-
bourg) sowie den WAG/R1j (Wistar Albino Glaxo) Ratten durchgefiihrt. In GAERS wurde
eine Zunahme des T-Typ Ca>"-Stromes im NRT berichtet (Tsakiridou et al., 1995) sowie spi-
ter auch eine alterierte Expression von Ca,3.1 und Ca,3.2 im adulten ventroposterioren Tha-
lamus und NRT (Talley et al., 2000). Interessanterweise fanden de Borman et al. (1999) und
Lakaye et al. (2002) auch eine signifikante Reduktion der Ca,2.3 Transkripte im Kleinhirn
und der Medulla von GAERS Ratten, zwei extrathalamokortikalen Strukturen, die auf den
thalamokortikalen Neuronenkreis projizieren und dessen oszillatorische Aktivitdt zu modulie-
ren vermogen (Filakovszky et al., 1999;Deransart et al., 2001). In WAG/Rij-Ratten zeigte sich
weiter, dass die Entwicklung von spike-wave Graphoelementen mit einer Zunahme der Ca,2.1
Expression im NRT koinzidiert, aber auch mit einer fehlenden Zunahme der Ca,2.3 Expressi-

on. Obwohl bislang noch keine detaillierten Informationen und Modelle zur Bedeutung von
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Ca,2.3 bei Absencen des Menschen vorlagen, spricht vieles fiir eine funktionelle Relevanz,

die im Rahmen der vorliegenden Arbeit aufgeklart wurde.
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1.3. Spannungsgesteuerte Ca>"-Kanile als Zielstrukturen in der Therapie kon-
vulsiver und nicht-konvulsiver Anfallsleiden

Welche Bedeutung spannungsgesteuerte Ca*'-Kanile in Atiologie und Pathogenese von Epi-
lepsien spielen, zeigt sich u.a. darin, dass sie eine wichtige Zielstruktur fiir eine Vielzahl etab-
lierter wie auch neuerer Antiepileptika darstellen, indem sie neuronale burst-Aktivitit und
intrinsische Oszillationen zu inhibieren vermdgen. Pharmakologische Studien haben gezeigt,
dass eine Vielzahl von Antiepileptika hoch- und niederspannungsaktivierte Ca*"-Kanile zu
hemmen vermogen. Eine Reihe klassischer Antiepileptika wird auch in der Therapie anderer
neurologischer Krankheitsbilder, wie endogener Depressionen, Migrane und neuropathischen
Schmerzen eingesetzt (Rogawski and Loscher, 2004;Remy and Beck, 2006).

Hochspannungsaktivierte Ca*"-Kanile stellen eine wichtige Zielstruktur fiir Antiepileptika
dar, da eine Blockade dieser Ionenkandle die Neurotransmitterfreisetzung zu inhibieren ver-
mag (Turner, 1998). So hemmen die Antiepileptika Levetiracetam und Felbamat hochspan-
nungsaktivierte Ca*"-Kanile, wobei Levetiracetam eine deutliche Priferenz fiir N-Typ Ca®'-
Kanile aufweist (Stefani et al., 1997;Lukyanetz et al., 2002). Neuere Forschungsergebnisse
zeigen, dass auch Ca,2.3 eine wichtige Rolle als pharmakologische Zielstruktur spielt. In die-
sem Zusammenhang ist das Lamotrigin (LTG) zu nennen, welches als Breitspektrum-
Antiepileptikum fiir die Therapie typischer Absencen-Epilepsien, tonisch-klonischer Anfille,
u.a. auch des Lennox-Gasteau-Syndroms sowie partieller Epilepsien herangezogen wird
(Matsuo, 1999;McCabe, 2000). Als Wirkmechanismus des Lamotrigins wurde eine Inhibition
spannungsgesteuerter Na'- und Ca**-Kanile angefiihrt (Xie and Hagan, 1998). Innerhalb der
Familie spannungsgesteuerter Ca’’-Kanile werden sowohl Non-L-Typ Ca’’-Kanile wie
Ca,2.1 und Ca,2.2 (Wang et al., 1996;Stefani et al., 1996), aber auch Ca,3.1-3.3 T-Typ und
Ca,2.3 E/R-Typ Ca’"-Kanile inhibiert (Hainsworth et al., 2003). Im Bereich therapeutisch
relevanter Konzentrationen (4 — 40 uM) zeigt Lamotrigin (10 uM) eine Hemmung rekombi-
nant exprimierter Ca,2.3 E/R-Typ Ca’"-Kanile (koexprimiert mit der B3 Untereinheit) von 30
%. Ca,3.1 und Ca,3.3 weisen dagegen nur geringe Sensitivititen gegeniiber Lamotrigin auf
(Hainsworth et al., 2003). Die antikonvulsive Wirksamkeit des Lamotrigin muss u.a. in Zu-
sammenhang mit einer Hemmung des intrazelluliren Ca®’-Konzentrationsanstiegs gesehen
werden, was zu einer Verminderung der neuronalen Vulnerabilitét fithrt und somit neuropro-
tektiv wirkt (Pisani et al., 2004). Strukturell verwandte Substanzen, wie Sipatrigin zeigen e-
benfalls inhibitorische Effekte auf Ca,2.3 mit ICsyp Werten von 10 uM (therapeutisch relevan-
te Konzentrationen: 20 — 100 uM). Auch hier ist es nicht iiberraschend, dass diese Verbin-

dungen neuroprotektive Wirkungen aufweisen (Hainsworth et al., 2000;Caputi et al., 2001)
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und auch in unterschiedlichen Tiermodellen wie den genetically epilepsy-prone rats und den
DBA/2 audiogenic mice antikonvulsive Effekte zeigen (Reddy et al., 1998;Hainsworth et al.,
2003). Auch Carboanhydrasehemmer, wie z.B. Ethoxyzolamid, Acetazolamid und Dichlor-
phenamid haben inhibitorische Effekte auf Ca,2.3 E/R-Typ Ca’’-Kanile. Obwohl Carboan-
hydrasehemmer ein weites klinisches Anwendungsgebiet haben (Sun and Alkon,
2002;Supuran et al., 2003), zeigen epidemiologische Studien deutlich deren Wirksamkeit in
der Absencen-Therapie (Sun and Alkon, 2002) sowie beim Schutz vor provozierten Anfillen
im Erwachsenenalter. So fiihrt Ethoxyzolamid (10 uM) zu einer Reduktion des E/R-Typ Ca**-
Stromes um 66 + 4 %, wihrend Dichlorphenamid (10 uM), dass auch zur Behandlung genera-
lisierter Epilepsien verwendet wird, eine Ca,2.3 vermittelte Stromreduktion um 24 + 6 % zur
Folge hat (McNaughton et al., 2004). Erst kiirzlich zeigte sich, dass auch Topiramat (TPM),
welches strukturelle Gemeinsamkeit mit Carboanhydrasehemmern aufweist, ein potenter
Ca,2.3 E/R-Typ Blocker ist, welcher im therapeutisch relevanten Konzentrationsbereich (10
uM) den Ca,2.3 getragenen Ca’’-Strom um 68 + 7 % reduziert (McNaughton et al.,
2004;Kuzmiski et al., 2005). Dariiber hinaus hemmt Topiramat aber auch L-Typ Ca’**-Kanile
(Zhang et al., 2000). Kuzmiski et al. (2005) konnten weiter zeigen, dass Topiramat fahig ist,
die Entstehung von Plateau-Potentialen in hippokampalen CA1 Neuronen zu hemmen und
dass dieser Effekt auf einer Inhibition von Ca,2.3 Ca’’-Kanilen beruht. In dieser Neuronen-
population konnte ferner nachgewiesen werden, dass Ca,2.3 vermittelte Ca®"-Stréme iiber
Stimulation muskarinerger Rezeptoren, z.B. mittels Carbachol iiber G-Protein und PKC-
vermittelte Effekte augmentieren (Leroy et al., 2003;Klockner et al., 2004;Kuzmiski et al.,
2005;Tai et al., 2006). Die so induzierten Plateau-Potentiale sind fiir die Genese epileptifor-
mer burst-Prozesse von essentieller Bedeutung, was die Effekte des Topiramat auf anhaltende
repetitive Feuerung, spontane epileptiforme burst-Aktivitit und rekurrente Anfille erklért
(DeLorenzo et al., 2000). Da Ca,2.3 ein proiktogenes/proepileptogenes Potential aufweist
(Tai et al., 2006), verdichten sich die Hinweise, dass eine Inhibition des Ca,2.3 Ca*"-Kanals
antikonvulsive Wirkung haben koénnte (Khosravani and Zamponi, 2006).

Einige Antiepileptika haben sich als typische T-Typ Ca’’-Kanalblocker herausgestellt, wie
z.B. die Suxinimide. Diese Substanzgruppe, allen voran das Ethosuximid, wird in der Thera-
pie der Absencen-Epilepsie, v.a. bei Kindern unter dem 10. Lebensjahr eingesetzt. Zellulédre
Elektrophysiologie an Hirnschnitten von Nagern hatte schon friih vermuten lassen, dass Suxi-
nimide T-Typ Ca*"-Stréme zu inhibieren vermdgen. Doch erst die Klonierung der entspre-
chenden porenbildenen Ca,3.1-3.3 Untereinheiten ermoglichte eine detaillierte pharmakologi-

sche Untersuchung, die bestdtigte, dass z.B. das Ethosuximid im therapeutisch relevanten
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Konzentrationsbereich sog. low-threshold Ca**-spikes zu inhibieren vermag und auf diese
Weise thalamokortikale Hyperoszillationen hemmen kann (Gomora et al., 2001). Aber auch
Mechanismen, wie die Hemmung eines persistierenden Na'-Einstroms und eines Ca®'-
aktivierten K'-Kanals werden als mogliche Erklirungsansitze des Anti-Absencen-Effekts der
Suxinimide diskutiert (Leresche et al., 1998). Fiir Valproat, den zweiten Goldstandard in der
Therapie typischer Absencen (Rogawski and Loscher, 2004), fillt der Ca*"-Stromblock im
therapeutisch relevanten Konzentrationsbereich gering aus (Sayer et al., 1993;Todorovic and
Lingle, 1998). Auch die antiepileptische Aktivitdt des Zonisamid wurde u.a. auf die Inhibition
von T-Typ Ca*"-Kanilen zuriickgefiihrt (Suzuki et al., 1992;Kito et al., 1996), wobei Unter-
suchungen an rekombinanten humanen Ca,3.1-3.3 Ca*"-Kanilen nur eine geringe Inhibition
von 15 - 20 % im therapeutisch relevanten Konzentrationsbereich (50 — 100 uM) zeigten
(Matar et al., 2009). Eine Hemmung der Ca,2.3 Ca*"-Kanalentitit durch Zonisamid konnte
nicht nachgewiesen werden (Matar et al., 2009). Einige Antiepileptika binden nicht direkt an
die porenbildende Ca,-a.;-, sondern an die a,8-Untereinheit. Hierzu gehoren das Gabapentin
und Pregabalin (Kavoussi, 2006;Sills, 2006). Pregabalin vermittelt seine Wirkung vermutlich
iiber eine Hemmung der prisynaptischen Neurotransmitterfreisetzung (Joshi and Taylor,
2006) und wird nicht nur zur Therapie partieller Epilepsien, sondern auch zur Behandlung
von generalisierten Angststorungen und chronisch-neuropathischen Schmerzen eingesetzt

(Maneuf et al., 2006).

2. Wissenschaftliche Fragestellung

Basierend auf den oben dargestellten Zusammenhéngen ergaben sich dezidierte Hinweise auf
eine funktionelle Involvierung der Ca,2.3 Ca’"-Kanaluntereinheit bei konvulsiven wie auch
nicht-konvulsiven Anfallsformen sowie exzitotoxischen Prozessen. Ausgehend hiervon sollte
auf systemisch-elektrophysiologischer, pharmakologischer und morphologischer Ebene eru-
tert werden, welche Rolle der Ca,2.3 Ca’"-Kanal bei der Iktogenese und begleitendem neuro-
nalen Zelluntergang spielt. Auch die Rolle der Ca,2.3 und Ca,3.1-3.3 Ca*"-Kanile als

Zielstrukur fiir neuere Antiepileptika wurde in diesem Zusammenhang untersucht.
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3. Ergebnisse

3.1. Identifikation neuronaler Ca,2.3 Spleiflvarianten im ZNS — funktionelle und

regulative Implikationen

Die Distribution der Ca,2.3 Ca*"-SpleiBvarianten in Abhéngigkeit von der betreffenden Hirn-
region ist duBerst variabel (Weiergrdber et al., 2006a). Es zeigt sich, dass die Hirnregionen
diesbeziiglich in drei Gruppen eingeteilt werden konnen: 1. Hirnregionen, die primér die
Ca” -sensitive Ca,2.3c Variante (kompletter II-III-/oop und kurzer C-terminus ohne Exon 45)
exprimieren, wie z.B. Kortex und Hippokampus; 2. Regionen, die dominant die Ca,2.3¢
Spleivariante (II-I1I-loop ohne Insert 1 (Exon 19) und langer C-Terminus) exprimieren wie
z.B. Zerebellum und Medulla; 3. Hirnregionen, wie Thalamus und Hypothalamus, die ein
ausgeglichenes Verhiltnis von Ca,2.3¢c und Ca,2.3e Spleilvarianten aufweisen (Weiergraber
et al., 2006a). Die Betrachtung der Splei3varianten-Verteilung ist von zentraler Bedeutung, da
einige, wie Ca,2.3c und Ca,2.3d durch geringe Konzentrationen zytosolischen Ca*" stimulier-
bar sind, andere wie z.B. Ca,2.3e hingegen nicht (Leroy et al., 2003;Klockner et al., 2004).
Gerade die Ca**-sensitiven Spleifvarianten sind im Rahmen epileptogener Prozesse von be-
sonderem Interesse. Um zu eruieren, ob es in Ca,2.3 defizienten Miusen zu einer kompensa-
torischen Gegenregulation anderer Ca*-Kanile kommt, wurden in einem semiquantitativen
RT-PCR Ansatz alle verbliebenen Ca,-a;-Untereinheiten hinsichtlich ihrer Transkriptionsni-
veaus getestet. Es zeigte sich in allen untersuchten Hirnarealen zwar ein komplexes Spleifiva-
rianten-Distributionsmuster, aber dariiber hinaus kein signifikanter Unterschied zwischen

Kontrolltieren und Ca,2.3”" Mausen (Weiergrdber et al., 2006a).

3.2. Histologische Analyse Ca,2.3 defizienter Maduse und Kontrolltiere

Mittels Western-Blot als auch immunhistochemischer Analyse zeigte sich, dass Ca,2.3 nicht
nur im Hippokampus (z.B. Pyramidenzellen) exprimiert wird, sondern auch in inhibitorischen
Schliisselpositionen, wie z.B. dem Nucleus reticularis thalami und kortikalen Interneuronen
(Weiergrdber et al., 2006a, 2006b; Weiergrdber et al., 2008b). Histochemische Verfahren
(HE, Nissl-Farbung) legten weiterhin dar, dass in den Hirnen Ca,2.3 defizienter Mause keine
morphologischen Alterationen wie z.B. Malformationen vorliegen, die mit dem unten darge-
legten neurologischen Phénotyp funktionell in Beziehung gesetzt werden konnten (Weiergra-

ber et al., 2006a, 2006b, Weiergriber et al., 2007; Weiergrédber et al., 2008).
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3.3. Telemetrisch-neurologische Charakterisierung Ca,2.3 defizienter Méuse

3.3.1. Methode zur Erfassung von Biopotentialen bei transgenen Miiusen

Zunichst wurde eine Methode zur Detektion von Biopotentialen bei kleinen Nagern entwi-
ckelt und etabliert (Weiergraber et al., 2005a; Weiergrdber et al., 2005b). Nachdem bereits
radiotelemetrische Aufzeichnungen zur elektrokardiographischen Charakterisierung Ca,2.3
defizienter Méuse erfolgreich durchgefiihrt worden waren (Weiergréber et al., 2005b), erfolg-
te im Rahmen der neurologischen Charakterisierung ein weiterer Ausbau der Methodik zur
Aufnahme von Elektrokortikogrammen (ECoG) und tiefen, intrazerebralen EEG-Ableitungen
unter Verwendung eines Stereotakten (Weiergrdber et al., 2005a). Hiermit wurde es moglich,
extrazelluldre Feldpotentiale aus spezifischen Hirnregionen in Kurz- und Langzeitmessungen

sowie nach Administration verschiedener Pharmaka zu erfassen.

3.3.2. Neurologischer Phinotyp Ca,2.3 defizienter Miuse

Aufgrund der Untersuchungen zur Rolle von Ca,2.3 beim Triggern epileptiformer Aktivitit
im Hippokampus, aber auch im thalamokortikalen Neuronenkreis und basierend auf seiner
Expression in neuronalen Schliisselstrukturen, wie hippokampalen Pyramidenzellen, aber
auch gabaergen Interneuronen, stellte sich zunichst die Frage der systemischen Konsequen-
zen einer Ca,2.3 Ablation. Visuelle Inspektion der Ca,2.3 Tiere lieferte keine Anzeichen fiir
ein spontanes epileptisches Geschehen oder eine andere neurologische Symptomatik, wie
Ataxien oder Dyskinesien. Mittels der etablierten Methodik der oberflachlichen und tiefen
Elektroenzephalographie wurden sodann Ca,2.3” und Kontrolltiere eingehender neurologisch
untersucht. Elektrokortikographische und tiefe, intrahippokampale Langzeitaufzeichnungen
aus der CA1 und CA3 Region an generalisierten wie hirnspezifisch Ca,2.3-inaktivierten Mau-
sen wiesen keine epileptiformen Graphoelemente auf, die ein indikatives Moment fiir konvul-
sive oder nicht-konvulsive Anfallsleiden hétten darstellen kénnen. Auch Frequenzanalysen
der Spontan-EEGs zeigten keine Unterschiede in der Power-Spektrumdichte der verschiede-

nen EEG-Frequenzbénder zwischen Ca,2.3 defizienten Mausen und Kontrolltieren.

3.3.3. Suszeptibilitit gegeniiber konvulsiven Anfallsformen und Anfallsarchitektur bei
Ca,2.3” Miusen

Zur Induktion generalisiert tonisch-klonischer Anfdlle wurden Pentylentetrazol (PTZ) und 4-
Aminopyridin (4-AP), zum Triggeren hippokampaler Epilepsien Kainat und NMDA verwen-

det. Die final eingesetzten Versuchsdosen der einzelnen Konvulsiva entstammten Pilotversu-
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chen, bei denen der LDso-Wert der Kontrolltiere approximiert wurde. Es zeigte sich, dass
Ca,2.3 defiziente Méduse eine generelle Resistenz gegeniiber konvulsiven, generalisiert to-
nisch-klonischen und hippokampalen Anfillen aufwiesen. Nach PTZ-Administration (80
mg/kg) betrug die Letalitit bei Kontrolltieren 70 %, wihrend keines der Ca,2.3 defizienten
Tiere verstarb. Insbesondere die schweren Anfallsstadien (generalisierter Myoklonus und ge-
neralisiert tonisch-klonischer Anfall) waren hinsichtich Latenz, Dauer und Frequenz bei
Ca,2.3” Tieren signifikant vermindert (Weiergriber et al., 2006a). Da andere spannungsge-
steuerte Ca**-Kanile keine verinderten Expressionsmuster aufwiesen, muss davon ausgegan-
gen werden, dass es sich hierbei um Effekte handelt, die originir auf die Ca,2.3 Ablation zu-
riickgehen und nicht auf kompensatorischen Prozessen anderer Ca*-Kanile beruhen (Wei-
ergriber et al., 2006a).

Studien zur Induktion hippokampaler Epilepsien mittels Kainat (30 mg/kg i.p.) und NMDA
(150 mg/kg i.p.) zeigten weiterhin, dass hier die Anfallsresistenz bei Ca,2.3”" Mausen noch
drastischer ausfillt als dies bei PTZ und 4-AP beobachtet wurde (Weiergrdber et al., 2007).
Auch hier wurde deutlich, dass die Anfallsresistenz Ca,2.3 defizienter Mause v.a. die ho-
hergradigen Stadien wie den Status epilepticus und generalisiert tonisch-klonische Aktivitét
umfasst. Der Ca,2.3 Ca’’-Kanal iibt damit ganz unmittelbar Effekte auf Anfallsinitiation,
Propagation und die Anfallsgeneralisierung aus.

** und Ca,2.3”" Tieren nach Administration

Neben der phanotypischen Evaluation von Ca,2.3
verschiedener Konvulsiva, wurde eine qualitative Analyse der Anfallsarchitektur nach PTZ,
4-AP-, Kainat- und NMDA-Gabe durchgefiihrt. Nach Gabe von PTZ und 4-AP durchliefen
die Versuchstiere eine charakteristische Abfolge von Anfallstadien, die durch einen spezifi-
schen EEG-Phénotyp gekennzeichnet sind. Vor allem das generalisiert tonisch-klonische An-
fallsstadium ist initial durch das typische Auftreten von spike- und spike-wave Aktivitit (4 -
4,5 Hz) und im Folgenden langsameren spike-wave Mustern von 1 - 1,5 Hz gekennzeichnet.
Es zeigte sich, dass generalisierte Anfallsstadien bei Ca,2.3 defizienten Tieren einen geringe-
ren Organisationsgrad aufwiesen und disperser als bei Kontrolltieren waren. Isolierte, singulé-
re spike-Aktivitit, die mit Ganzkorperkontraktionen (whole body twitchings) einhergeht, ist
dagegen in Ca,2.3” Tieren signifikant erh6ht und fand sich in der interiktalen Phase (Wei-
ergréiber et al., 2006a). Die Ca,2.3-Ablation schwécht somit auf systemischer Ebene die Etab-
lierung schwer verlaufender iktaler Episoden und fordert im Gegenzug eine kontinuierliche
aber isolierte spike-Aktivitét auf niedrigerem Frequenzniveau in den interiktalen Perioden.

Tiefe intrahippokampale Ableitungen hatten gezeigt, dass Ca,2.3 defiziente Méuse auch im

Hippokampus nicht spontan epileptisch aktiv sind. Zusétzlich wurde die hippokampale An-
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fallssuzeptibilitdt mittels Kainat und NMDA getestet. Fiir die bei den Verhaltenuntersuchun-
gen verwendete Kainat-Dosen von 30 mg/kg wiesen sowohl die Ca,2.3 defizienten als auch
die Kontrolltiere kontinuierliche Anfallsaktivitdt (Status epilepticus und exazerbierende spike-
wave Aktivitit mit nachfolgender kurzer postiktaler Depression auf. Beide Genotypen zeigten
sowohl bei 30 als auch bei 10 mg/kg Kainat kontinuierliche spike-wave Aktivitit im Theta-
Frequenzbereich (4 - 8 Hz) auf, was unterstreicht, dass sich beide Konzentrationen iiber der
hippokampalen Anfallsschwelle befinden (Weiergréber et al., 2007).

Da die Resistenzstudien zum Kainat bei einer Dosis von 30 mg/kg durchgefiihrt wurden, er-
folgte auch eine detaillierte Untersuchung der intrahippokampalen EEG-Ableitungen bei die-
ser Dosis. Eine Power-Spektrumdichte-Analyse der iktalen Episoden sowie des gesamten
zweistlindigen Beobachtungszeitraumes zeigte keine signifikanten Unterschiede, obwohl sich
bei letzterer ein vorzeitiges Auftreten von Theta- und Delta-Aktivitdt (stellvertretend fiir epi-
leptiforme Tatigkeit) vorliegt (Weiergriber et al., 2007). Es zeigte sich, dass bei dieser hippo-
kampal deutlich iiberschwelligen Kainat-Dosis die Hippokampi beider Genotypen vergleich-
barer Hyperexzitabilitit ausgesetzt waren, was fiir die Interpretation der exzitotoxischen Kon-

sequenzen von zentraler Bedeutung war.

3.3.4. Suszeptibilitit gegeniiber nicht-konvulsiven Anfallsformen bei Ca,2.3" Miusen

Basierend auf der Expression des Ca,2.3 Ca*"-Kanals im thalamokoertikalen System erfolgte
auch eine Anfallssuszeptibilititstestung gegeniiber nicht-konvulsiven Anfallsformen vom
Absencen-Typ unter Verwendung von y-Hydroxybutyrolacton (GHB, 70 mg/kg). Uberra-
schenderweise prisentierten Ca,2.3 defiziente Méuse im Oberfldchen-EEG eine erhdhte Sus-
zeptibilitit gegeniiber GHB-induzierten spike-wave Graphoelementen sowie eine Verdnde-
rung der Anfallsarchitektur (Weiergréber et al., 2008a). Auch Power-Spektrumanalysen konn-
ten diesen Sachverhalt bestitigen. Diese Ergebnisse legen nahe, dass Ca,2.3 als mittel- bis
hochspannungsaktivierter Ca*-Kanal im retikulir-thalamischen Kern den tonischen Aktivi-
tatsmodus der Neurone fordert. Umgekehrt fiihrt Ablation des Kanals zu einer thalamokorti-
kalen Dysbalance mit funktionellem Ubergewicht des rebound burst-Modus und folglich er-
hohter Suszeptibilitdt zur Generation von spike-wave Elementen (Weiergrdber et al., 2008a).
Die Bedeutung der Ca,2.3 Untereinheit bei thalamokortikalen Oszillationen zeigt sich weiter-
hin darin, dass Isoflurane als Inhibitor der Ca,2.3-Untereinheit im Nucleus reticularis thalami
das thalamokortikale burst und burst suppression Muster zu modulieren vermochte (Joksovic

et al., 2009).
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3.4. Der Ca,2.3 Kalziumkanal und seine Bedeutung bei neuronaler Exzitoxizitét

und Apoptose

In Kenntnis der Ergebnisse von Suzuki et al. (2004) wurden mit histologischen Verfahren
(HE-, Nissl-Farbung) die durch Kainat (30 mg/kg) induzierten exzitotoxischen Effekte sieben
Tage nach systemischer Administration untersucht. In der CA3-Region von Kontrolltieren
fand sich ein deutlicher Zelluntergang, der in den Ca,2.3 defizienten Tieren nicht festzustellen
war (Weiergrdber et al., 2007). Da telemetrische Untersuchungen keine Unterschiede in der
Anfallsaktivitdt beider Genotypen bei dieser tiberschwelligen Kainat-Dosis gezeigt haben und
auch detaillierte Analyse der iktalen und interiktalen Episoden sowie eine zeitliche Analyse
der Power-Spektrumdichte-Verteilung keine Unterschiede zwischen beiden Genotypen ergab,
liegt es nahe, dass die Ca,2.3 Ablation einen anti-exzitotoxischen Effekt hat (Weiergriber et

al., 2007).

3.5. Ca*"-Kaniile als Zielstruktur fiir Antiepileptika

Vorarbeiten anderer Arbeitsgruppen zeigten, dass einige Antiepileptika mit Ca,2.3 blockie-
render Wirkung, wie das Topiramat, ein Sulfonamid-Strukturmotiv aufweisen (McNaughton
et al., 2004, Kuzmiski et al., 2005). Basierend hierauf wurde v.a. das Zonisamid entsprechend
seiner postulierten Wirkweise auf Ca,2.3 aber auch Ca,3.1-3.3 T-Typ Ca’"-Kanile getestet
und elektrophysiologisch im heterologen Expressionssystem charakterisiert (Matar et al.,
2009). Wiahrend die Effekte auf Ca,2.3 im therapeutisch relevanten Konzentrationsbereich
des Zonisamids vernachlédssigbar waren, zeigte sich bei den T-Typen ein moderater Block, der
jedoch deutlich hinter den in der Literatur zuvor berichteten Werten zuriickbliebt (Matar et al.,

2009).

Nachstehend sind wichtige, eigene Publikationen zu dem beschriebenen Themenkom-

plex angehingt:
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Kanalopathien - im angloamerika-
nischen Sprachraum channelopathies
genannt - stellen eine faszinierende
neue Kategorie innerhalb der Neuro-
logie, aber auch anderer Fachdiszipli-
nen dar. Viele vormals enigmatische
Krankheitsentitaten des Menschen
wurden entmystifiziert und nach dtio-
pathogenetischen Gesichtspunkten
neu klassifiziert, basierend auf Alte-
rationen spannungs- oder liganden-
gesteuerter lonenkanaéle. Die Zahl
identifizierter Kanalopathien hat

v. a.in der letzten Dekade rapide zu-
genommen und ist das Ergebnis in-
tensiver medizinischer Grundla-
genforschung. Nicht zuletzt eroff-
net gerade dieser molekularmedizi-
nische Ansatz neue Perspektiven in
der Pharmako- und Gentherapie und
wird somit auch fiir den Patienten in
der Zukunft einen deutlichen Benefit
darstellen.

Spannungsgesteuerte
Kalziumkandle - Struktur
und Funktion

Spannungsgesteuerte Ca>*-Kanile geho-
ren zu einer Familie transmembranirer
Kanalproteine, die in Reaktion auf ei-
ne Membrandepolarisation 6ffnen und
Ca?*-Ionen selektiv entlang ihres elek-
trochemischen Gradienten in Zellen ein-
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Kalziumkanalopathien
des Menschen

Spannungsgesteuerte Ca’*-Kanaile
in Atiologie, Pathogenese und
Pharmakotherapie neurologischer

Krankheitsbilder

stromen lassen. Entsprechend der globa-
len Funktion des Ca**-Ions spielen span-
nungsgesteuerte Ca**-Kanile eine ent-
scheidende Rolle bei der Regulation ei-
ner Vielzahl zelluldrer Prozesse, wie z. B.
der Exzitations-Kontraktions-Kopp-
lung, der Exzitations-Sekretions-Kopp-
lung, der Hormon- und Transmitterfrei-
setzung sowie der Regulation der Genex-
pression. Spannungsgesteuerte Ca**-Ka-
nalkomplexe sind hochmolekulare Struk-

Abb. 1 » Strukturelle
Zusammensetzung
eines spannungsge-
steuerten Ca®*-
Kanals [30]

turen (>400 kDa), die aus mindestens
drei Untereinheiten (a,-, a,6- und p-Un-
tereinheit) in einer 1:1:1 Stochiometrie zu-
sammengesetzt sind (B Abb. 1) [2]. Zehn
verschiedene porenbildende, ionenleiten-
de Ca,-a,-Untereinheiten sind bis heute
identifiziert worden, die strukturelle Ho-
mologien mit spannungsgesteuerten Na*-
und K*-Kanilen aufweisen.

Nach klassischen pharmakologischen
und elektrophysiologischen Gesichtspunk-



Zusammenfassung - Summary

ten lassen sich die Ca,-a,-Untereinheiten
in hochspannungsaktivierte (high-voltage
activated, HVA) und niederspannungsak-
tivierte (low-voltage activated, LVA) unter-
teilen, wobei sich die hochspannungsakti-
vierten weiter in Dihydropyridin (DHP)-
sensitive L-Typ (,,L” fiir long-lasting)-Ka-
nile und DHP-“unempfindlichere” Non-
L-Typ Ca**-Kanile differenzieren lassen.
Die L-Typ (Cay1)-Fraktion umfasst hierbei
gemdfl der neuen IUPHAR-Nomenkla-
tur die porenbildenen a,-Untereinheiten
Ca,11 (a,S), Cay1.2 (a,C), Cay1.3 (a,D) so-
wie Cay1.4 (o,F), wahrend die Non-L-Typ-
Gruppe (Ca,2) die Untereinheiten Ca,2.1
(a,A), Cay2.2 (a,B) und Ca,2.3 (a,E) be-
inhaltet. Die niederspannungsaktivierten
T-Typ (I fur transient/tiny)-Ca**-Ka-
nile setzen sich aus Ca,3.1 (a,G), Ca,3.2
(a,H) und Cay3.3 (a,I) zusammen (2, 20]
(B Tab.1).

Wie andere Ionenkanalfamilien um-
fasst auch ein Ca>*-Kanalkomplex nicht
nur die porenbildende a,-Untereinheit,
sondern weiterhin eine Vielzahl von Hilfs-
untereinheiten, die sich aus den bislang
klonierten a,8,_,-, B,-4-» und y,_s-Unter-
einheiten rekrutieren und in vielfiltiger
Weise die elektrophysiologischen und
pharmakologischen Eigenschaften der
zentralen a,-Untereinheit des Ca?*-Ka-
nalkomplexes sowie deren Plasmamemb-
ranexpression zu modulieren vermo-
gen (B Abb.1). Die a,8-Untereinheit
kann z. B. direkt mit der porenbildenden
Ca,-a,-Untereinheit interagieren und
dient bemerkenswerterweise auch als
Zielstruktur einer Reihe neuerer Antie-
pileptika, wie z. B. Gabapentin oder Pre-
gabalin [6]. Die zytosolisch lokalisierte
B-Untereinheit interagiert unmittelbar
mit dem I-II-Loop, einer intrazellular lo-
kalisierten Schleife zwischen Doméne I
und II der porenbildenden Ca,-a,-Unter-
einheit und scheint von besonderer Wich-
tigkeit fiir die Signalvermittlung und kine-
tischen Eigenschaften der o,-Untereinheit
zu sein. Die duflerst wichtige Funktion der
B-Untereinheiten wird auch dadurch un-
terstrichen, dass Knock-out-Tiere entspre-
chend schwere physiologische Beeintrich-
tigungen aufweisen [13].

Ebenso wie die a,-Untereinheit liegen
auch die y-Untereinheiten als membran-
integrale Proteine vor, die als modulie-
rende Hilfsuntereinheit vielfiltige Funk-
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Zusammenfassung

Spannungsgesteuerte Ca?+-Kanile spielen ei-
ne Schlisselrolle bei einer Vielzahl physiolo-
gischer Prozesse. Innerhalb des letzten Jahr-
zehnts hat die Zahl der als sog. Ca**-Kanalo-
pathien definierten Krankheitsentitédten, die
v. a. das neuronale und muskuldre System
affizieren, dramatisch zugenommen. Beim
Menschen finden sich hierbei v.a. Mutationen
in den L-Typ Ca,1.2- und Ca,1.4-Ca**-Kana-
len sowie in den Non-L-Typ Ca,2.1- und T-Typ
Ca,3.2-Untereinheiten. Derartige Mutationen
sind mit Alterationen grundlegender elektro-
physiologischer Parameter assoziiert und so-
mit von atiopathologischer Relevanz. Basie-

rend auf ihrer dominanten Expression im ZNS
sind Ca%*-Kanéle aber auch fiir Epilepsien so-
wie Erkrankungen aus dem neuropsychia-
trischen Formenkreis von besonderer Bedeu-
tung. In der vorliegenden Ubersichtsarbeit
werden die bis heute bekannten humanen
Ca?*-Kanalopathien im Detail erértert und
auf pathophysiologische wie klinische As-
pekte besonders eingegangen.

Schliisselworter

Epilepsie - Kanalopathien - Neuromuskular -
Pharmakotherapie - Spannungsgesteuerte
Ca**-Kanile

Human calcium channelopathies. Voltage-gated
Ca?* channels in etiology, pathogenesis, and
pharmacotherapy of neurologic disorders

Summary

Voltage-gated calcium channels are key com-
ponents in a variety of physiological pro-
cesses. Within the last decade an increasing
number of voltage-gated Ca®* channelopa-
thies in both humans and animal models has
been described, most of which are related to
the neurologic and muscular system. In hu-
mans, mutations were found in L-type Ca,1.2
and Ca, 1.4 Ca%* channels as well as the non-
L-type Ca,2.1 and T-type Ca,3.2 channels, re-
sulting in altered electrophysiologic proper-
ties. Based on their widespread distribution
within the CNS, voltage-gated calcium chan-

nels are of particular importance in the etiol-
ogy and pathogenesis of various forms of ep-
ilepsy and neuropsychiatric disorders. In this
review we characterise the different human
Ca?* channelopathies known so far, further il-
luminating basic pathophysiologic mecha-
nisms and clinical aspects.

Keywords

Channelopathies - Epilepsy - Neuromuscu-
lar - Pharmacotherapy - Voltage-gated Ca?*
channels
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Ubersichten

Tab. 1

Kanalopathien der Ca,-a;-Untereinheiten

Untereinheit Pharmakologie Verteilung Humane Kalziumkanalopathien
Ca,1.1 Dihydropyridne, Benzothi- Skelettmuskel Hypokaliamische periodische Paralyse Typ 1 (HypoPP1)
azepine, Phenylalkylamine, Maligne Hyperthermie Typ 5 (MH5)

Ca,1.2 TaiCatoxin, Calciseptine, Ubiquitar Timothy-Syndrom (LQTS8, Epilepsien)

Ca,1.3 Calcicludine, FS-2 Ubiquitér Nicht bekannt

Ca,1.4 Retina X-linked congenital stationary night blindness 2 (xCSNB2), X-linked cone-rod
dystrophy type 3 (CORDX3), Aland Island eye disease (AIED)

Ca,2.1 w-Agatoxin IVA ZNS Absencen-Epilepsie, Episodische Ataxia Typ 2 (EA2), spinozerebellare Ataxie
Typ 6 (SCA6)
Familidre hemiplegische Migrane (FHM1)
Lambert-Eaton Myastenie-Syndrom (LEMS)

Ca2.2 w-Conotoxin GVIA ZNS/PNS Lambert-Eaton-Myastenie-Syndrom (LEMS)

Ca23 SNX-482, Ni2* ZNS/PNS Young onset Typ 2 Diabetes mellitus

Ca,3.1 Mibefradil, Kurtoxin, Ni2* ZNS/PNS Nicht bekannt

Ca,3.2 ZNS/Herz Absencen-Epilepsie (CAE), idiopathisch generalisierte Epilepsien (IGE),
autistischer Formenkreis

Ca,3.3 ZNS Nicht bekannt

ZNS zentrales Nervensystem, PNS peripheres Nervensystem.

tionen {ibernehmen. Sie konnen die Ca*-
Kanalaktivitat tiber eine Reduktion der
Zahl funktioneller Ca**-Kanalkomplexe
in der Plasmamembran vermindern oder
auch zu einer -Begiinstigung des thermo-
dynamisch stabileren inaktivierten Kanal-
konformationszustandes beitragen.
L-Typ-Ca**-Kanile zeigen eine wei-
te Verbreitung im ZNS, Skelettmuskel,
Herzen und anderen Geweben und sind
klassischerweise durch DHP, Phenylal-
kylamine und Benzothiazepine hemm-
bar. Die Non-L-Typ-Ca>*-Kanile wer-
den dagegen vorwiegend im Nervensys-
tem exprimiert und lassen sich durch ei-
ne Reihe von Schnecken- und Spinnen-
toxinen inhibieren. So lasst sich Ca,2.1
durch w-Agatoxin IVA und w-Conotoxin
MVIIC hemmen, Ca,2.2 durch w-Cono-
toxin GVIA sowie ebenfalls w-Conotoxin
MVIIC (8 Tab.1). Auf den in klinischer
Anwendung befindlichen Ca,2.1-Blocker
Ziconotid wird weiter unten in diesem
Beitrag eingegangen. Fiir den lange Zeit
als R (resistant)-Typ bezeichneten Ca,2.3-
Ca?*-Kanal fand sich erst 1998 mit dem
Taranteltoxin SNX-482 ein vergleichswei-
se spezifischer Blocker. Weiterhin besteht
eine Empfindlichkeit gegeniiber Ni**-Io-
nen, die der Kanal allerdings mit Ca,3.2
teilt. Obwohl es mit Mibefradil und dem
Skorpiontoxin Kurtoxin erste Erfolg ver-
sprechende Ansitze fiir vergleichswei-
se selektive T-Typ-Blocker gab, erreichen
diese bis heute noch nicht das gewtiinschte
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pharmakologische Profil und finden da-
her v.a. in der Forschung Anwendung.

Neben spannungsgesteuerten kon-
nen auch ligandengesteuerte Ca**-Kana-
le Depolarisationen sowie einen Anstieg
des zytosolischen Ca**-Spiegels vermit-
teln. Einige sind plasmamembranstindig,
wie z. B. NMDA-Glutamat-Rezeptoren
oder hyperpolarisationsaktivierte und zy-
klisch-Nukleotid-gesteuerte Kanile (sog.
HCN-Kanile). Sie sind jedoch nicht Ca**-
selektiv, sondern auch gegeniiber anderen
Kationen, wie z. B. Na*, permeabel und
werden daher bevorzugt als nichtselektive
Kationenkanile bezeichnet. Zu den intra-
zellulédr ligandengesteuerten Ca?*-Kani-
le werden u. a. die IP,- und Ryanodin-Re-
zeptoren gezihlt. Im Folgenden werden
die spannungsgesteuerten Ca>*-Kanalo-
pathien detaillierter dargestellt.

Humane Ca?*-Kanalopathien
- eine Ubersicht

Hochspannungsaktivierte L-Typ-
Kalziumkanale (Ca,1.1-1.4)

Ca, 1.1 (a4S)

Das die porenbildende Untereinheit Ca,1.1
kodierende Gen CACNAA1S findet sich
beim Menschen auf Chromosom 1q31-32.
Primiérer Expressionsort sind die trans-
versalen Tubuli des skelettmuskuldren Ap-
parates, in denen sie an der Exzitations-
Kontraktions-Kopplung sowie der Ca**-
Homoostase mafigeblich beteiligt sind.

Bei Miusen fiihrt eine Leserastermutati-
on (nt 4010) zu einer letal verlaufenden
Form muskuldrer Dysgenesie und stellte
die erste In-vivo-Beobachtung einer Ca*-
Kanal-Dysfunktion (Ca**-Kanalopathie)
und ihrer fatalen pathophysiologischen
Konsequenzen dar [1]. Beim Menschen
sind zwei neurologische Krankheitsbilder
atiopathologisch mit Ca,1.1-Mutationen
assoziiert:
== die hypokalidmische periodische Pa-
ralyse Typ 1 sowie
== die maligne Hyperthermie Typ 5.

Hypokaliamische periodische Paralyse
Typ 1. Die hypokalidmische periodische
Paralyse Typ 1 (HypoPP1) stellt eine auto-
somal-dominant vererbte Muskelerkran-
kung dar, die durch episodische Muskel-
schwiche in Assoziation mit niedrigen
K*-Serumspiegeln gekennzeichnet ist. Mit
einer Pravalenz von 1:100.000 stellt sie die
héufigste periodische Paralyse dar, wobei
es sich bei 1/3 der Fille um De-novo-Muta-
tionen handelt. Sie manifestiert sich i.d.R.
in der 1. und 2. Lebensdekade mit kurzen
Paralysen bei niachtlichem Erwachen und
in den frithen Morgenstunden. Die Mus-
kelschwiche kann fokal oder generali-
siert auftreten, spart aber die faziale und
respiratorische Muskulatur aus. Typische
Trigger sind Erholungsphasen nach kor-
perlicher Anstrengung, Stress, Schlafde-
privation, Infektionen, Menstruation so-
wie auch kohlenhydratreiche Mahlzeiten.
Teilweise werden auch begleitende Paris-
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thesien, Miidigkeit sowie Verhaltens- und
kognitive Anderungen beschrieben. Die
paralytischen Attacken konnen Stunden,
selten Tage andauern und 16sen sich gra-
duell. Bei ca. 3/4 der Patienten bleibt ei-
ne dauerhafte residuale Muskelschwiéche.
Eine Myotonie ist im EMG nicht nach-
weisbar, ebenso keine skelettmuskuldren
Entwicklungsstérungen. Die Muskelbi-
opsie kann unspezifische, vakuolédre Ver-
anderungen zeigen. Der bei der HypoPP1
betroffene Ca,1.1-Ca?*-Kanal vermittelt
nicht nur selbst einen Ca**-Einstrom,
sondern auch die depolarisationsgekop-
pelte Ca**-Freisetzung aus dem sarkopla-
matischen Retikulum.

Zwei der Cay1.1-Mutationen, die mit
HypoPP1 in Verbindung gebracht wur-
den, liegen innerhalb desselben Codons
und weisen einen Austausch eines hoch-
konservierten Arginins in S4 der Doma-
ne IV durch ein Histidin bzw. Glyzin auf
(R1239G, R1239H). Somit haben diese Mu-
tationen deutliche Effekte auf den durch
positiv geladene Argininreste aufgebauten
Spannungssensor. Die genannten Mutati-
onen fithren zu einer reduzierten L-Typ-
Ca**-Stromamplitude und verlangsamter
Aktivierungskinetik, und auch Untersu-
chungen in menschlichen Myozyten zeigten
eine Reduktion der Stromdichte. Ein Aus-
tausch positiver Arginine und damit ver-
bunden Alterationen am Spannungssen-
sor scheinen ein grundlegendes atiopa-
thogenetisches Element der HypoPP1 zu
sein, da zwei weitere bekannte Mutationen
ebenfalls in S4, nun jedoch in Doméne II
(R528H, R528G) vorliegen [18].

Obwohl Ca,1.1-Mutationen ursichlich
der HypoPP1 zugrunde liegen, scheinen
die pathophysiologischen Konsequenzen
auch auf Interaktionen mit anderen Ka-
nalentititen zu beruhen. So zeigt sich in
Patienten mit HypoPP eine abnorme Re-
duktion des ATP-sensitiven K*-Kanals
(Karp). Die Bedeutung des Karp-Kanals
wird dadurch unterstrichen, dass der K*-
Kanal-Offner Chromokalim die patho-
physiologischen Manifestationen der Hy-
poPP zu mindern vermag. Bei der Be-
handlung sind sowohl verhaltensthera-
peutische wie pharmakologische Aspekte
von besonderer Bedeutung. Neben der
Vermeidung auslosender Faktoren und
didtetischen Mafinahmen (héufige, kleine
kohlenhydratarme Mahlzeiten) als Pro-
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phylaxe werden in der akuten Attacke K*-
Ionen verabreicht, bis die K*-Spiegel wie-
der Normalwerte erreicht haben. Auch
die Karboanhydrasehemmer Azetazol-
amid und Dichlorphenamid haben sich
als wirksam erwiesen.

Maligne Hyperthermie. Die maligne Hy-
perthermie (MH) stellt ebenfalls eine au-
tosomal-dominant vererbte skelettmusku-
lare Stérung dar und steht primér in Bezie-
hung zu Mutationen am Ryanodin-Rezep-
tor Typ 1 (RYR1) im sarkoplasmatischen
Retikulum (SR). Charakteristikum der ma-
lignen Hyperthermie ist hierbei eine deut-
liche Suszeptibilitit gegeniiber Inhalations-
narkotika und depolarisierenden Muskel-
relaxanzien, die mit dramatischen und z. T.
lebensbedrohlichen Hyperthermien verge-
sellschaftet sind. Weiterhin findet sich eine
schwere Hypertonie der Willkiirmuskula-
tur mit CPK-, PO*"- und K*-Anstieg als
Zeichen der Rhabdomyolyse und Lakta-
tazidose. Komplikationen wie Nierenver-
sagen und Fille von ,,sudden infant death
syndrome® (SIDS) wurden mit maligner
Hyperthermie in Verbindung gebracht.
Zur Diagnostik steht ein In-vitro-Kon-
trakturtest (nach Muskelbiopsie) oder
In-vivo-Testverfahren mit intramusku-
lérer Injektion von z. B. Koffein zur Ver-
filgung. Wahrend Alterationen des RYR1
als Hauptursache bei der Mehrzahl be-
troffener Individuen gilt, gibt es Hinwei-
se, dass auch Mutationen in Ca,1.1 (MH
Typ 5, R1086H) oder auch der a,6-Unter-
einheit fiir die Genese der malignen Hy-
perthermie verantwortlich sind [19]. The-
rapeutikum der Wahl ist das Dantrolen,
welches im Akutfall intravenés, zur Pro-
phylaxe auch oral verabreicht werden
kann. Dantrolen hemmt hierbei die Frei-
setzung der Ca>*-Ionen aus dem SR.

Ca, 1.2 (a;Q)

Die Cay1.2-Untereinheit wird durch
CACNAI1C auf Chromosom 12p13.3 ko-
diert. Diese Untereinheit findet sich im
Herzmuskel sowie glatter Muskulatur,
weiterhin auch in endokrin aktivem Ge-
webe sowie Nervenzellen. Ca,1.2-defizi-
ente Mause versterben bereits intrauterin
aufgrund kardialer Dysfunktion [2]. Beim
Menschen sind erst zwei De-novo-Mis-
sense-Mutationen bekannt, die zum sog.
Timothy-Syndrom fiithren.

Timothy-Syndrom. Beim Timothy-Syn-
drom handelt sich um eine Multisys-
temerkrankung, die u. a. durch malig-
ne kardiale Arrhythmien und komplexe
Entwicklungsstorungen wie Syndaktylie
gekennzeichnet ist. Des Weiteren finden
sich bei betroffenen Patienten Zeichen ei-
ner Immundefizienz und héufig eine au-
tistische Symptomatik. Kardial lassen sich
neben einem LQT-Syndrom und ventri-
kuldren Tachyarrhythmien ein persistie-
render Ductus arteriosus Botalli, ein of-
fenes Foramen ovale, ventrikulire Sep-
tumdefekte, eine Fallot-Tetralogie sowie
eine Kardiomegalie finden. Die jungen
Patienten versterben im Durchschnitt be-
reits mit 2 1/2 Jahren vornehmlich an ma-
lignen kardialen Arrhythmien. Interes-
santerweise handelt es sich um De-novo-
Gain-of-function-missense-Mutationen
(G406R, G402S) am C-terminalen Ende
des IS6 der Domine I der porenbilden-
den Cay1.2-Untereinheit [25]. Die Amino-
sauresequenz in dieser Region ist spezies-
iibergreifend und im Vergleich mit ande-
ren spannungsgesteuerten Ca**-Kanalen
zu 100% konserviert.

Die beschriebenen Mutationen fiih-
ren zu einer deutlichen Verlangsamung
der Inaktivierung und konnten so direkt
fiir die kardialen Effekte, wie Prolongation
des myokardialen Aktionspotenzials, QT-
Zeit-Verldngerung und erhohte Suszepti-
bilitit fiir maligne Arrhythmien verant-
wortlich gemacht werden. Es ist damit die
erste Ca>*-Kanalopathie, die mit einem
LQT-Syndrom in Verbindung gebracht
werden konnte und trdgt nun die Be-
zeichnung LQT8-Syndrom. Nicht unter-
schitzt werden diirfen die neurologischen
und neuropsychiatrischen Implikationen
dieser Multisystemerkrankung. So zeigen
Timothy-Patienten rezidivierende epilep-
tische Anfille (21%), autistische Stérungen
(80%) sowie mentale Retardierung in 25%
der Fille [25]. Entsprechend ihrer multi-
systemischen Natur ist die Therapie viel-
schichtig pharmakologisch und zur Be-
handlung der diversen Entwicklungssto-
rungen auch chirurgisch.

Ca,1.3 (a;D)

Die Ca,1.3-Untereinheit wird durch
das Gen CACNA1D auf Chromosom
3p14.3 kodiert und findet sich primir in
endokrin aktiven Geweben, wie z. B. der



Hypophyse, den B-Zellen des Pankreas
und chromaffinen Zellen des Nebennie-
renmarks. Daneben ist sie in Sinneszel-
len (Photorezeptorzellen und Haarzellen
der Kochlea) sowie in Schrittmacherregi-
onen des Herzens und Neuronen expri-
miert. Auf neuronaler Ebene zeigt Ca,1.3
eine bevorzugte Expression auf den So-
mata und proximalen Dendriten [2]. Mu-
tationen beim Menschen sind bislang
nicht bekannt. Bei Mdusen fiihrt die Ab-
lation des Ca,1.3-Ca?*-Kanals zu Anaku-
sis, Sinusbradykardie und Stérungen der
atrioventrikuldren Uberleitung (AV-Block
11°).

Ca, 1.4 (a;F)

Die Cay1.4-Untereinheit wird durch
das Gen CACNAI1F auf Chromosom
Xp11.4 kodiert und zeigt eine Expression
in retinalen Stdbchen und Bipolarzellen,
aber auch im Riickenmark, in der Neben-
niere sowie in Mastzellen. Die Zahl der
Cay1.4-Alterationen, die mit der sog. X-
linked congenital stationary night blind-
ness (x-CSNB2) assoziiert sind, ist mit
derzeit mehr als 73 bekannten Mutati-
onen (51% Nonsense-, 32% Missense- und
8% Leserastermutationen) dufSerst vielfal-
tig [18]. Weiterhin bestehen Hinweise auf
eine Assoziation zwischen Schizophrenie
und dem CACNAI1F-Genlokus [29].

X-chromosomal-gebundene angebo-
rene Form der Nachtblindheit Typ 2 (X-
CSNB2). Die CSNB2 ist eine X-chro-
mosomal-rezessiv vererbte, nicht pro-
gressive retinale Funktionsstérung, die
durch Nachtblindheit, Visusverlust, My-
opie, Nystagmus und Strabismus charak-
terisiert sein kann und auf einer retinalen
Neurotransmissionsstérung von Photore-
zeptorzellen zu Bipolarzellen beruht. Der
Augenhintergrund ist i.d.R. unauffillig,
bei starker Myopie sind myope Degene-
rationen moglich. Zur Funktionsdiagnos-
tik zahlen die Visusanalyse, der Farbseh-
test und die Adaptometrie sowie die ERG-
Analyse (Riggs-Typ oder Schubert-Born-
schein-Typ).

Der L-Typ Cay1.4 findet sich in der
Plasmamembran der Zellkdrper retinaler
Photorezeptorzellen und genetische Ana-
lysen haben bis heute mehr als 73 Mutati-
onen des CACNA1F-Gens erbracht [27].
Diese Mutationen umfassen Missense-,

Nonsense-, und Leserastermutationen.
Einige fithren zu trunkierten und damit
funktionseingeschréinkten Ca,1.4-Varian-
ten und stellen damit sog. Loss-of-func-
tion-Mutationen dar. Es wird allerdings
vermutet, dass einige Mutationen sog.
Gain-of-function-Alterationen darstel-
len oder eine verminderte Expression bei
normaler Einzelkanalfunktion zur Folge
haben [27]. Eine kausale Therapie ist nicht
moglich. Bei starker Visusminderung er-
folgt die Verordnung vergréfiernder Seh-
hilfen oder, falls vorhanden, die Korrek-
tur der Myopie.

X-chromosomal-gebundene Stabchen-
Zapfen-Dystrophie Typ 3 (CORDX3). Die
CORDX3 (X-linked cone-rod dystrophy
type 3) teilt eine Reihe von Symptomen
mit der X-CSNB2 und beruht ebenfalls
auf Mutationen in CACNA1E Anders als
die X-CSNB2 ist sie aber progressiv und
weist i.d.R. keinen Nystagmus und nur
einen geringen Astigmatismus auf. Hier-
bei fiihrt ein alterierter Spleifiprozess zum
vorzeitigen Abbruch der Kanalprotein-
synthese und zum Verlust des Ca,1.4-Ka-
nalproteins [10]. Eine kausale Therapie ist
nicht moglich; bei Visusminderung kom-
men vergrofiernde Sehhilfen zum Ein-
satz.

Aland Island eye disease (Forsius-Eriks-
son-Syndrom). Die Aland Island eye di-
sease (AIED) ist eine ebenfalls X-chromo-
somal-rezessiv vererbte retinale Erkran-
kung, die mit Fundushypopigmentierung,
Visusminderung, Nystagmus, Astigma-
tismus, progressiver Myopie und Stérung
der Dunkeladaptation einhergeht. Neueste
Analysen zeigen, dass es sich um eine In-
frame-Deletion des Exons 30 der Cay1.4-
Untereinheit handelt, die im Verlust eines
transmembrandren Segmentes sowie ei-
ner extrazelluldren Schleife der Domai-
ne VI resultiert [9]. Das klinische Bild dh-
nelt der X-CSNB2, Diagnostik und Thera-
pie folgen dem dort dargelegten.

Hochspannungsaktivierte Non-L-
Typ-Kalziumkanale (Ca,2.1-2.3)

Ca,2.1 (a;A)

Die Ca,2.1-kodierende Region befindet
sich mit dem CACNA1A-Gen auf Chro-
mosom 19p13. Der Ca,2.1-Ca**-Kanal

stellt derzeit die wohl bedeutendste a,-
Untereinheit dar, die mit Ca**-Kanalo-
pathien in Verbindung gebracht werden
konnte. Eine weite Verbreitung im ZNS
und seine Involvierung in die schnelle
Neurotransmitterfreisetzung unterstrei-
chen dessen Relevanz. Aber auch in den
Dendriten ausgewéhlter Neurone lasst
sich Cay2.1 nachweisen und spielt hier bei
integrativen dendritischen Prozessen eine
wichtige Rolle [2]. Die Zahl beschriebener
Maus-Modelle mit Ca,2.1-Mutationen ist
grof3, wobei die pathophysiologischen
Mechanismen der entsprechenden Pha-
notypen wie Ataxie, Absencen etc. noch
weitgehend unbekannt sind.

Episodische Ataxie Typ-2. Die episo-
dische Ataxie Typ 2 (EA2) stellt eine auto-
somal-dominant vererbte zerebrale Funk-
tionsstorung dar, die durch das Auftre-
ten von Ataxie, migrdanedhnlichen Symp-
tomen, Nystagmus und zerebelldrer Atro-
phie gekennzeichnet ist. Sie kann sich be-
reits im 2. bis 5. Lebensjahr manifestieren,
am haufigsten in der 2. Lebensdekade mit
variabler Anfallsfrequenz (3—4/Woche bis
zu 1-2/Jahr). Stress, Emotionen, Fieber
und Hitze konnen Attacken triggern, die
neben den Kardinalsymptomen auch mit
Schwichegefiihl, Vertigo, Vomitus, Nau-
sea und selten auch Dystonie vergesell-
schaftet sein konnen.

Insgesamt sind derzeit 19 Mutationen
beim Menschen bekannt, die zu EA2 fiih-
ren. Sie umfassen Missense-, Nonsense-
und Leserastermutationen, aber auch feh-
lerhafte Spleifiprozesse. Typischerweise
kommt es zu einer Funktionseinschran-
kung der Ca,2.1-Ca**-Kanile. Deutlich
zeigt sich dies an zerebelldren Purkinje-
Zellen, die Cay2.1 stark exprimieren und
deren Dysfunktion bei EA2 u.a. fiir die
ataktische Symptomatik mit verantwort-
lich gemacht werden kann. Wahrschein-
lich spielt hier auch eine beeintrichtig-
te Neurotransmitterfreisetzung eine ent-
scheidende Rolle. Wahrend sich bei der
Mehrzahl der bekannten Mutationen die
Symptomatik bereits vor der Adoleszenz
einstellt, gibt es einen bekannten Fall einer
erst spit, im fortgeschrittenen Erwachse-
nenalter (61. Lebensjahr) aufgetretenen
EA2, die auf einer g bp-Insertion im Be-
reich des II-III-Loops beruht [18]. Thera-
peutisch positive Reaktionen wurden bei
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der EA2 mit dem Karboanhydrasehem-
mer Azetazolamid sowie dem K*-Kanal-
Blocker 4-Aminopyridin (4-AP) erzielt.

Familidre hemiplegische Migrane Typ-
1. Die familidre hemiplegische Migra-
ne Typ 1 (FHM1) ist eine seltene, eben-
falls autosomal-dominant vererbte Mig-
rdne mit Aura, die mit anfallsbegleitender
Hemiparese sowie progressiver zerebel-
larer Atrophie vergesellschaftet ist. Schwe-
re Migraneattacken kénnen mehrere Ta-
ge anhalten und u. a. auch zu Fehldiagno-
sen wie Apoplex oder Epilepsie verleiten.
FHM1 manifestiert sich i.d.R. im Alter von
5-30 Jahren. Die 30- bis 60-miniitige Au-
ra kann eine halbseitige Visusminderung,
unilaterale Parésthesien, Taubheitsgefiihl
und Dysphasie umfassen. Hieran schlie-
en sich massive pulsatile Kopfschmerzen
mit Ubelkeit, Erbrechen, Photo- und Pho-
nophobie und u. U. Fieber und Verwirrt-
heit an, welche Stunden bis Tage andau-
ern. In einigen Fillen konnen sich neu-
ropsychiatrische Alterationen hinzuge-
sellen, wie Aufmerksamkeitsstorungen,
beeintrachtigtes Sprachgedéchtnis, Dys-
kalkulie, paranoid-psychotische Attacken
mit visuellen und akustischen Halluzinati-
onen. Die Diagnosestellung erfolgt priméar
anamnestisch. Da es jedoch zu symptoma-
tischen Uberlagerungen mit der EA2 und
Epilepsien kommen kann (s. unten) ist ein
EEG, MRT oder evtl. CAT-Scan sinnvoll.

Bei FHM1-Patienten sind bislang 14
verschiedene Missense-Mutationen der
Ca,2.1-Untereinheit bekannt. Einige fin-
den sich im S4-Segment der Domiénen I,
II und IV, die w.a. den Spannungssensor
aufbauen, andere im Bereich des S5-S6-
Loops der II. und III. Domine, der teil-
weise die Poreninnenwand aufbaut. Der-
artige Mutationen beeinflussen die kine-
tischen Eigenschaften wie z. B. die Dein-
aktivierung (Repriming) des Ca,2.1-Ca**-
Kanals, allerdings abhéngig von der Mu-
tation in durchaus unterschiedliche Rich-
tungen [15]. FHMz1 stellt zusammen mit
der EA2 die ersten bei Menschen detek-
tierten hereditdren Ca**-Kanalopathien
dar. Die Tatsache, dass Ca,2.1 eine zentra-
le Rolle bei der neuronalen Exzitabilitit,
Integration und Ca>*-abhéngigen Neuro-
transmitterfreisetzung spielt [2], legt nahe,
dass Ca,2.1-Kanalopathien primar synap-
tische Erkrankungen darstellen.
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In einem Maus-Modell, dass die hu-
mane Mutation R192Q trigt, konnten van
den Maagdenberg et al. [33] zeigen, dass
diese Mutation zu einer erhéhten Ca,2.1-
Stromdichte sowie einer Kanalaktivierung
bei negativeren Potenzialen fiihrt als dies
beim Wildtyp-Kanal der Fall ist. R192Q-
Maiuse wiesen eine erhohte Neurotrans-
mission und eine erhéhte Suszeptibilitat
gegeniiber kortikaler spreading depression
auf. FHM-Mutationen beim Menschen
scheinen demnach auf Einzelkanal- und
synaptischer Ebene v.a. Gain-of-function-
Mutationen zu sein. Es ist weiterhin inter-
essant zu erwahnen, dass es bei FHM und
EA2 auch zu symptomatischen Uberlage-
rungen kommen kann [7]. Die Therapie
der FHM:1 orientiert sich an der Therapie
der klassischen Migrine. Neben den Ver-
tretern der NSAR/NSAID-Gruppe ist hier
v. a. die Triptan-Familie zu nennen.

Spinozerebelldre Ataxie Typ 6. Bei der
spinozerebelldren Ataxie Typ 6 (SCA6)
handelt es sich ebenfalls um eine autoso-
mal-dominant vererbte zerebrale Funk-
tionsstorung, deren Genlokus sich eben-
so wie bei EA2 und FHM1 auf Chromo-
som 19p13.1 befindet. Die SCAG6 ist eher
spatmanifestierend, beginnend im fort-
geschrittenen Erwachsenenalter (50. bis
60. Lebensjahr) und verlduft langsam pro-
gressiv liber einen Zeitraum von mehr als
25 Jahren. Wihrend des Krankheitsver-
laufs nehmen die Symptome wie zerebel-
ldre Atrophie (Purkinje-Zell-Degenerati-
on), Dysarthrie, Nystagmus, Verlust des
Vibrationssinns und der Propriozeption,
Ataxie und Gangunsicherheit bis zum vol-
ligen Gehverlust zu. Anfinglich manifes-
tiert sich die SCA6 nur in einer tempo-
raren Imbalance v. a. bei schnellen Bewe-
gungswechseln, endet dann héufig final in
starken Koordinationsstorungen und evtl.
Rollstuhlpflichtigkeit.

Interessanterweise finden sich bei der
SCAG6 keine solitdren Missense- oder Non-
sense-Mutationen, sondern CAG-Wie-
derholungen (repeats) an Position 7213
im Bereich des C-terminal-kodierenden
Bereiches. Derartige CAG-kodierte Po-
lyglutamin (Poly-Q)-Sequenzen sind bei
bislang 8 neurologischen Krankheitsbil-
dern (sog. CAG repeat expansion disor-
ders) detektiert worden [Morbus Hun-
tington, dentatorubrale pallidolysiane

Atrophie (DRPLA), spinobulbare musku-
lare Atrophie (SBMA) sowie bei den spi-
nozerebelldren Ataxien (SCA) Typ 1, 2, 3,
6 und 7]. Wihrend bei den letztgenann-
ten Krankheitsbildern die Auswirkungen
dieser Poly-Q-Expansion auf das zugrun-
de liegende Protein nur bedingt bekannt
sind, weif8 man heute, dass Polyglutamin-
sequenzen die spannungsabhingige Ak-
tivierung sowie die Inaktivierungskinetik
der Ca,2.1-Untereinheit zu modifizieren
vermogen [24]. So fithrt eine Verschie-
bung der Steady-state-Inaktivierungskur-
ve zu negativeren Potenzialen zu einer
thermodynamischen Begiinstigung des
inaktivierten Kanalkonformationszustan-
des und letztlich zu einer Reduktion des
Ca**-Einwirtsstromes. Untersuchungen
in rekombinanten Expressionssystemen
zeigten interessanterweise eine Zunahme
der Ca,2.1-Proteinexpression und folglich
erhohte Stromdichte [21]. Von zentraler
Bedeutung in der Pathogenese der SCA6
ist aber die nukledre Translokation der aus
Ca,2.1 freiwerdenden C-terminalen Poly-
Q-Fragmente sowie die hieraus resultie-
renden zytotoxischen Effekte [14].

Idiopathische generalisierte Formen
der Epilepsie. Idiopathische generali-
sierte Formen der Epilepsie umfassen
u. a. generalisiert tonisch-klonische An-
fille, myoklonische Anfille wie die juve-
nile Myoklonusepilepsie (JME), aber auch
typische und atypische Absencen. Die Di-
agnosestellung erfolgt anamnestisch und
elektroenzephalographisch. Eine Assozi-
ation der Ca,2.1-Untereinheit mit einzel-
nen Epilepsieentitaten beim Menschen ist
noch weitgehend unklar, wihrend es eine
Vielzahl von Maus-Modellen mit einem
Absencen-dhnlichen Phinotyp gibt. Es
ist allerdings eine Tatsache, dass man
EA2-Patienten mit generalisierten epilep-
tischen Anfillen vorgefunden hat [11]. Ein
von Jouvenceau et al. [11] beschriebener
11-jahriger Patient wies ataktische Episo-
den sowie pharmakologisch nur schwer
kontrollierbare Absencen (CAE-ahnlich)
sowie generalisiert tonisch-klonische An-
falle auf. Die hier vorliegende Mutation
Cs733T fihrte zu einer Trunkation mit
komplettem Verlust des C-terminalen
Kanalabschnitts von Ca,2.1 mit entspre-
chender Funktionseinschriankung. Eine
weitere Punktmutation in der Domane I-
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S2 bewirkt ebenfalls einen epileptischen/
ataktischen Phéanotyp und geht mit einem
Verlust der Ca,2.1-Ca?*-Kanal-Funktiona-
litat einher [8]. Dennoch, die Koinzidenz
von EA2 und Absencen-Epilepsien ist ei-
ne Raritdt. Das gemeinsame Auftreten
von FHM1 und Absencen ist bislang nicht
beschrieben, wohl jedoch die Koinzidenz
mit anderen Anfallsformen. Die antiepi-
leptische Therapie orientiert sich an den
Empfehlungen der ILAE fiir generalisier-
te Anfallsformen vom konvulsiven und
nichtkonvulsiven Typ. Neben einer Mo-
notherapie stehen hier auch Antiepilepti-
ka der 2. und 3. Wahl sowie Kombinati-
onen selbiger zur Verfiigung.

Ca,2.2 (a1B)

Das fir Ca,2.2 kodierende Gen CACN-
A1B befindet sich beim Menschen auf
Chromosom 9q34. Diese Untereinheit
wird uv.a. fiir die Neurotransmitterfrei-
setzung in zentralen und sympathischen
Neuronen, die sympathische Regulati-
on des Herz-Kreislauf-Systems, Akti-
vitdts- und Vigilanzkontrolle sowie die
Schmerzweiterleitung verantwortlich ge-
macht [2]. Ca,2.2-defiziente Miuse wei-
sen dementsprechend Stérungen der No-
zizeption auf, des Weiteren eine vermin-
derte Sympathikusaktivitit sowie verdn-
derte Ethanol- und Anésthetikasensitivi-
titen [2]. Mit Ziconotid (SNX-111) wird
seit kurzem ein Ca,2.2-Ca?*-Kanalblo-
cker zur Therapie schwerer chronischer
Schmerzen eingesetzt, insbesondere bei
Patienten, die gegeniiber Opiaten refrak-
tar erscheinen oder mit Unvertréglichkeit
reagieren.

Autoimmunologische Erkrankun-
gen. Autoantikorper gegen Ca,2.1 aber
auch Ca,2.2 sind mit verantwortlich fiir
die Genese des sog. Lambert-Eaton-My-
asthenie-Syndroms (LEMS) [23]. In etwa
50% der Fille ist LEMS mit einem identi-
fizierbaren Neoplasma, wie kleinzelligem
Lungenkarzinom, Lymphom, Prostatakar-
zinom oder Thymom assoziiert. Die sich
einstellende progressive Muskelschwiache
betrifft v.a. die proximalen Anteile der
oberen und unteren Extremititen wih-
rend respiratorische und Gesichtsmusku-
latur i.d.R. ausgespart bleiben. Da Ca,2.1
und Ca,2.2 an der myoneuralen Prasynap-
se liber einen Ca**-Einstrom die vesiku-

434 | Der Nervenarzt 4 - 2008

ldre Acethylcholin-Freisetzung vermitteln,
bewirkt eine autoimmunologische Reakti-
on gegen diese Ionenkanile eine Vermin-
derung der Transmission an der moto-
rischen Endplatte. Neben der Behandlung
eines moglichen Neoplasmas stehen Kor-
tikosteroide, Cholinesterasehemmer, 3,4-
Diaminopyridin sowie die Plasmaphere-
se therapeutisch zur Wahl.

Ca,2.3 (a4E)

Der den Ca,2.3 Ca**-Kanal kodierende
Genlokus befindet sich auf Chromosom
1925-31. Im Gegensatz zu anderen Ver-
tretern spannungsgesteuerter Ca**-Ka-
nile ist Ca,2.3 resistent gegeniiber gin-
gigen Conotoxinen und Agatoxinen, je-
doch empfindlich gegeniiber dem Taran-
teltoxin SNX-482 und Ni**-Ionen. Der
Cay2.3-E/R-Typ-Ca**-Kanal weist ein
recht breites Expressionsmuster im Orga-
nismus auf. Dennoch zeigte sich, dass er v.
a.im ZNS, dem endokrinen, kardiovasku-
ldren [31], Reproduktions- und gastroin-
testinalen System funktionell relevant ist.
Im ZNS ist Ca,2.3 an der Neurotransmit-
terfreisetzung und synaptischen Plastizi-
tét beteiligt [4], aber auch fiir die Modu-
lation von Angst- und Schmerzverhalten
sowie die Myelinogenese verantwortlich.
Des Weiteren scheint Ca,2.3 Einfluss auf
den neuronalen Untergang im Rahmen
ischdamischer Prozesse sowie die vasospas-
tische Aktivitdt nach Subarachnoidalblu-
tung zu nehmen [2]. Zunehmend mehren
sich auch die Hinweise, dass Ca,2.3 eine
Rolle bei der Initiation und Propagation
von konvulsiven wie nichtkonvulsiven
Anfallsleiden spielen konnte und dass ei-
ne Inhibition des Ca,2.3-Ca?*-Kanals eine
anfallsprotektive Wirkung haben konnte
(13, 30].

Mutationen in EFHC1, einem C-ter-
minalen Interaktionspartner von Ca,2.3
fithren nachweislich zu juveniler Myo-
klonusepilepsie (JME) beim Menschen
basierend auf verminderter neuronaler
Apoptose [28]. Bislang sind allerdings
noch keine Ca,2.3-Mutationen im Tier-
Modell beschrieben. Bei Pima-Indianern
soll ein Einzelnukleotidpolymorphismus
(single-nucleotide polymorphism, SNP)
in der 3’-UTR-Region des CACNA1E-
Gens fiir die Genese eines Typ-2-Diabe-
tes in frither Adoleszenz verantwortlich
sein [16].

Niederspannungsaktivierte
T-Typ-Kalziumkanale (Ca,3.1-3.3)

Ca,3.1 (a1G)

Das fiir Ca,3.1 kodierende Gen CACNA1G
ist auf Chromosom 17q22 lokalisiert. Der
Cay3.1-T-Typ-Ca**-Kanal zeigt eine do-
minante Expression im ZNS, speziell den
Dendriten und ist u. a. der dominieren-
de Ca?*-Kanal im Thalamus, wenn man
von der Expression von Ca,3.2, Ca,3.3 und
Ca,2.3 im Nucleus reticularis thalami ab-
sieht. Aber auch in den Ovarien, der Pla-
zenta und in kardialen Schrittmacherzent-
ren ist Ca,3.1 von Bedeutung [2]. Obwohl
Mutationen beim Menschen bislang nicht
beschrieben sind, zeigen Untersuchungen
an Ca,3.1-defizienten Miusen eine Brady-
kardie, Storungen der atrioventrikuldren
Uberleitung [17] sowie komplexe Altera-
tionen im thalamokortikalen Neuronen-
kreis, die sich in einer Resistenz gegeniiber
der Induktion von Spike-wave-Graphoele-
menten sowie Storungen des Slow-wave-
Schlafes und der REM/NREM-Schlafar-
chitektur duflern [13].

Ca,3.2 (agH)

Das Ca,3.2-kodierende Gen CACNA1H
ist beim Menschen auf Chromosom
16p13.3 lokalisiert. Ahnlich wie Cay3.1 fin-
det sich diese Untereinheit im ZNS do-
minant exprimiert, aber auch in glatter
Muskulatur, in der Leber und im Herzen
[2]. Des Weiteren gibt es Hinweise auf ei-
ne funktionelle Rolle bei der Nozizepti-
on sowie bei der Akrosomenreaktion der
Spermien [20]. Ca,3.2-defiziente Miuse
zeigen zwar keine EKG-Alterationen, je-
doch findet sich eine koronare Dysregu-
lation mit Vasokonstriktion und beglei-
tenden fokalen myokardialen Fibrosen
[3]. Interessanterweise kdnnen Mutati-
onen bei Cay3.2 beim Menschen Epilep-
sien triggern. So werden 12 Missense-Mu-
tationen in Ca,3.2, die den Ca**-Einstrom
mehrheitlich faszilitieren, fir die child-
hood absence epilepsy (CAE) beim Men-
schen und 3 Missense-Mutationen fiir ge-
neralisiert idiopathische Epilepsieformen
verantwortlich gemacht [12]. Viele der be-
schriebenen Mutationen liegen im I-II-
Loop des Kanals. Zur Therapie der Ab-
sencen-Epilepsie stehen v. a. Ethosuxi-
mid (mit T-Typ-hemmender Wirkung)
sowie Valproat zur Verfiigung.



Es ist bemerkenswert festzustellen,
dass 6 Ca,3.2-Missense-Mutationen mit
autistischen Stérungen in Verbindung ge-
bracht worden sind, die ausnahmslos mit
einer Reduktion der Ca,3.2-Aktivitit ein-
hergehen [26]. Der Ca,3.2-Ca**-Kanal fin-
det sich hierbei u. a. im Hippokampus, der
Amygdala und dem Putamen und somit
in Regionen, die mit der Genese autisti-
scher Stérungen in Verbindung gebracht
worden sind. Bis zu 1/3 der autistischen
Patienten weisen auch eine Epilepsie auf.

Ca,3.3 (aql)

Das Ca,3.3-kodierende Gen CACNA1l
liegt auf Chromosom 22q12.3. Wie Ca,3.1
und Ca,3.2 weist der Kanal eine starke Ex-
pression im ZNS auf und scheint ebenfalls
eine Rolle bei thalamischen Oszillationen
zu spielen [20]. Genetische Defekte des
Ca,3.3-Kanals beim Menschen sind nicht
bekannt. In Atiologie und Pathogenese
der Absencen-Epilepsie scheint Ca,3.3 bis-
lang keine belegbare Rolle zu spielen.

Akzessorische
Ca2*-Kanal-Untereinheiten

Wihrend im Tier-Modell eine Reihe von
Mutationen akzessorischer Unterein-
heiten gefunden wurden (s. unten), ist
bislang beim Menschen nur eine einzel-
ne Familie mit juveniler Myoklonusepi-
lepsie (JME) beschrieben, die eine trun-
kierte Form der B,-Untereinheit aufweist
[5]. Des Weiteren wurde erst kiirzlich ei-
ne Mutation in der a,8,-Untereinheit des
Menschen gefunden, die mit einer auto-
somal-rezessiven Form der Nachtblind-
heit, basierend auf einer Stdbchendystro-
phie, einhergeht [32]. Mutationen in der
y-Untereinheit sind beim Menschen bis-
lang nicht bekannt.

Tier-Modelle mit Alterationen
spannungsgesteuerter
Ca?+-Kanile

Bis zum heutigen Zeitpunkt sind fiir die
verschiedenen porenbildenden Ca,-a, so-
wie akzessorischen Untereinheiten sowohl
beim Menschen als auch in Tier-Model-
len diverse Mutationen bekannt, die mit
einem neurologischen Phénotyp assozi-
iert sind [22]. Interessanterweise finden
sich eine Vielzahl von Ca,2.1-Mutati-

onen im Maus-Modell, wie z. B. der totte-
ring (tg), tottering leaner (tg)), rolling Na-
goya (tg™) oder die Rocker-Maus, wobei
sich hier dhnlich wie beim Menschen eine
komplexe neurologische Symptomatik be-
stehend aus zerebelldrer Ataxie, paroxys-
maler Dyskinesie und Absencen-Epilep-
sie darstellt. Anders als beim Menschen
sind jedoch bei der Maus auch eine Rei-
he von Mutationen akzessorischer Ca?*-
Kanal-Untereinheiten bekannt. Beispiele
hierfiir sind das lethargic (lh) Maus-Mo-
dell (B,-Leserastermutation), das starga-
zer (stg) Maus-Modell (y,-Mutation) so-
wie Mutationen in der a,8,-Untereinheit
(sog. ducky- und entla-Phanotyp) [7].

Ca,2.1-Mutationen rufen interessanter-
weise bei Nagern regelmaflig eine Funkti-
onseinschriankung des Kanals hervor mit
Beeintrachtigung der synaptischen Neu-
rotransmission. Es ist wichtig hervorzu-
heben, dass in keinem der Ca,2.1-Maus-
Modelle Absencen isoliert auftreten, son-
dern stets in Kombination mit Ataxie, ze-
rebelldrer Atrophie, Dyskinesien etc. So
bleibt die tatsichliche funktionelle Invol-
vierung des Cay2.1-Ca**-Kanals bei Ab-
sencen noch immer ein Enigma.

Fazit fiir die Praxis

Kanalopathien sind mehr als nur ein me-
dizinisches Klassifikationskriterium. Mit
zunehmender Aufkldrung der mole-
kularbiologischen Grundlagen neuro-
naler Krankheitsbilder wird es fiir den kli-
nisch tatigen Mediziner immer bedeut-
samer, Kanalopathien zu erkennen und
einen darauf abgestimmten spezifischen
Therapieansatz zu wahlen. Fiir den Pati-
enten ist es wiederum essenziell, Infor-
mationen iiber die genetische Grundla-
gen seiner Erkrankung zu erhalten und
in einer humangenetischen Beratung As-
pekte der eigenen Familienplanung zu
diskutieren.

Fiir eine genetische Analyse ist die Iso-
lierung genomischer DNA z. B. aus ei-
ner Blutprobe notwendig. Unter Ver-
wendung von Ca?*-Kanal-spezifischen
Primern erfolgt mittels Polymeraseket-
tenreaktion (PCR) eine Amplifikation

des entsprechenden cDNA-Fragmentes,
dass durch anschlieende Sequenzie-
rung Aufschluss iiber Mutationen in den
entsprechenden Ca?*-Kanal-Genen ge-

Buchtipps

== lon Channels and Disease von Frances M.
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Horn, Karin Jurkat-Rott, Elsevier Science,
2000

== Channelopathies of the Nervous System
von Michael R. Rose, Robert Griggs, But-
terworth-Heinemann, 2001

== Voltage-Gated Calcium Channels von Ge-
rald W. Zamponi, Springer Netherlands,
2005

ben kann. Haufig steht ein eigenes mo-
lekularbiologisches Labor zur gene-
tischen Analyse nicht zur Verfiigung,
oder die Etablierung einer Eigenanaly-
se ist zu zeitaufwendig und kostspielig.
Hier bietet sich die Einsendung von Blut-
proben an das nachstliegende human-
genetisches Institut an. Daneben gibt

es auf humane Kanalopathien speziali-
sierte Analyselabors wie z. B. das Institut
fiir angewandte Physiologie der Univer-
sitat Ulm. Auf eine akkurate Patienten-
information und eine Patienteneinwilli-
gung zur genetischen Analyse ist zu ach-
ten. Obwohl bislang keine der beschrie-
benen Kanalopathien kausal therapier-
bar ist, stellt doch ihre molekularbiolo-
gische Charakterisierung die Grundlage
fiir gentherapeutische Ansétze und da-
mit die vollstandige Genesung der Pati-
enten in der Zukunft dar.
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SchmerZzfiltration
Beteiligte GABAA-Rezeptorsubtypen
identifiziert

Chronische Schmerzen sind haufig darauf
zuriickzufiihren, dass das Riickenmark in
seiner Funktion, Schmerzsignale zu filtern,
beeintrachtigt ist. Im gesunden Zustand
filtern inhibitorische Nervenzellen die
Schmerzsignale, vermittelt durch Subtypen
von GABAA-Rezeptoren. Wissenschaftler der
ETH Ziirich und der Universitat Zirich konn-
ten nun zwei Subtypen identifizieren, welche
die Weiterleitung von Schmerzsignalen im
Riickenmark beeinflussen. Sie induzierten in
Mausen, deren GABAA-Rezeptoren genetisch
verandert waren, Entziindungen oder reizten
den Nervus ischiaticus. Wenige Tage spater
erhielten die Mause eine Benzodiazepin-
Injektion im Bereich des Riickenmarks. Dar-
aufhin tberpriiften die Forscher den Einfluss
der Rezeptormutationen auf die schmerzstil-
lende Wirkung.

Benzodiazepine verstérken die Aktivierung
von GABAA-Rezeptoren unspezifisch. Ein wei-
terer Nachteil dieser Wirkstoffgruppe bei der
Behandlung chronischer Schmerzen ist, dass
die Wirkung im Laufe der Therapie nachlasst.
Als Alternative kdnnten sich verschiedene
Wirkstoffe erweisen, deren Spezifitat fiir die
identifizierten Subtypen bereits in Tierversu-
chen nachgewiesen wurde und die bei ldnge-
rer Verwendung nicht ihre Wirkung verlieren.

Originalpublikation:

Knabl J, Witschi R, Hosl K et al. (2008) Re-
versal of pathological pain through specific
spinal GABAA receptor subtypes. Nature
451(7176):330-4

Quelle: ETH Ziirich
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Abstract

Telemetric EEG recording plays a crucial role in the neurological characterization of various transgenic mouse models giving valuable
information about epilepsies and sleep disorders in humans. In the past different experimental approaches have been described using tethered
systems and jacket systems containing recorders. A main disadvantage of these is their sometimes unphysiological, restraining character.
Telemetric EEG recording overcomes most of these disadvantages and allows precise and highly sensitive measurement under various
physiological and pathophysiological conditions and different stages of consciousness, as during seizure activity and different sleep stages.

Here we present the first contiguous, detailed description of a successful and quick technique for intraperitoneal implantation or
subcutaneous pouch implantation of a radiofrequency transmitter in mice and subsequent lead placement in both epidural and deep
intracerebral position. Preoperative preparation of the mice, suitable anesthesia, as well as postoperative treatment including pain
management are described in detail to provide optimal postoperative recovery. Finally, we display examples of electrocorticograms and deep
intracerebral recordings, present strategies to maximize signal-to-noise ratio, paying special attention to major pitfalls and possible artefacts

occurring in telemetric EEG recording in mice.
© 2005 Elsevier B.V. All rights reserved.

Theme: Disorders of the nervous system
Topic: Epilepsy: human studies and animal models

Keywords: Electroencephalogram; Electrocorticogram; Deep electrodes; Telemetry; Stereotaxic implantation; Epilepsy

1. Type of research

Biotelemetry is a useful tool for measuring a variety of
behavioral and physiological parameters (EEG, ECG,
EMG, blood pressure, body core temperature, activity,
etc.) in conscious, unrestrained animals of various sizes. In

Abbreviations: EEG, electroencephalogram; ECoG, electrocorticogram;
EMG, electromyogram; ECG, electrocardiogram
* Corresponding author. University of Cologne, Institute of Neuro-
physiology, Robert-Koch-Str. 39, D-50931 Cologne, Germany. Fax: +49
221 478 6965.
E-mail address: akp74@uni-koeln.de (M. Weiergriber).

1385-299X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.brainresprot.2004.12.006

the past it has been shown to be valuable in the character-
ization of various animal models of human specific
diseases, such as epilepsies and sleep disorders [6,7].
Previously, a number of methods collecting physiological
data even from mice have been described: tethered systems,
physical restraint methods, worn in jacket recorder systems,
or non-implanted radiotransmitters [11]. Currently, a num-
ber of systems are commercially available for radiotele-
metric implantation.

Telemetry recordings from conscious animals are
superior to those from anesthetized or restrained animals,
since they represent the normal state and are more
predictive of the results that would be achieved in
humans [8]. Restraining methods induce stress artefacts
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and severely influence basic physiological parameters,
such as heart rate, blood pressure, body core temperature,
and food intake [8]. A classical restraining approach in
EEG recording is the use of tethered systems [2] in which
electrodes are connected to a miniature socket anchored to
the skull and exposed for attachment of a cable. Although
tethered systems allow relatively free movement of the
animal, one of its disadvantages is, that it is still semi-
restraining, and that there is a risk of infection, as the
electrode implantation site serves as a potential entry for
infection.

Although wireless radiotelemetry technology for mon-
itoring larger laboratory animals has existed for some
time, it has only become recently that affordable, reliable,
and relatively easy-to-use in mice [14]. Small transmitters
are now commercially available (TAIOETA-F20; DSI),
which can be implanted in mice greater than 20 g (~10
weeks), so that animal size is no longer an absolute
limitation. Implantable transmitter systems are capable of
minimizing most disadvantages related to potential
recording-associated stress by restraining systems. Mice
are able to show a complete repertoire of physiological
behavior including resting, locomotor activity (explora-
tion), and sleep (REM, slow-wave sleep) [9,13]. Fur-
thermore, telemetry leads to a strong reduction of animal
use [8].

This is the first contiguous, detailed description of a
successful, quick, and simple surgical procedure for both
intraperitoneal and subcutaneous pouch implantation of a
radiofrequency transmitter in mice and subsequent lead
placement in both epidural and deep intracerebral position.
Examples of high-quality electrocorticograms (ECoGs) as
well as deep recordings are displayed and special attention is
paid to detect and analyze EEG artefacts. Finally, strategies

TA10ETA-F20
radiofrequency transmitter

for reduction of trauma and optimization of pain management
during postoperative recovery are presented.

2. Time required

Total time for radiofrequency transmitter implantation
and surface as well as deep electrode implantation is ~1 h.
High-quality short- and long-term EEGs can be reliably
recorded over a period of 5 weeks.

3. Materials
3.1. Animals and housing

Male C57Bl/6 mice between 3 and 9 months of age
ranging from 22.3 to 31.2 g have been used in this study.
All animals were housed individually in clear makrolon
type 2 cages (26.7 x 20.7 x 14.0 cm, area 410 cm?)
before and after the implantation. Animals were kept under
temperature-controlled conditions with an ambient temper-
ature of 20-22 °C with light cycle from 6 a.m. to 6 p.m.
The bedding of the cages consisted of wood shavings,
food, and water were presented ad libitum. All animal
experimentation was undertaken according to the local
institutional guidelines for the care and use of laboratory
animals.

3.2. Telemetry system
The telemetry system used consists of a telemetry

implant (PhysioTel® transmitter TAIOETA-F20 (technical
specification: 3.9 g, 1.9 cc; Data Science International

TA10ETA-F20
radiofrequency transmitter

RPC-1 Receiver

RPC-1 Receiver

e e
Power supply °e
e oo

Data Exchange Matrix (Multiplexer)

Data Acquisition and Analysis

Fig. 1. Radiotelemetry set-up for EEG monitoring. The TA10ETA-F20 transmitter implant (DSI) telemeters EEG data from mice to the receiver (RPC-1, DSI),
further processed to a data exchange matrix (DSI) which serves as a multiplexer. Data were finally transferred to a data acquisition and analysis system (DSI).
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Fig. 2. Intraperitoneal implantation of the radiofrequency transmitter. (A) TAIOETA-F20 transmitter used in this study (technical specification: volume 1.9 cc,
weight 3.9 g, lead length: 20 cm). (B) Surgical equipment, dissecting microscope, external temperature support with base plate, fixators, elastomers, and wound
retractors and a video monitoring system. (C) After removal of body hair, a 1.5- to 2-cm midline abdominal incision is performed and the transmitter is placed
directly onto the GI tract (a Teflon dummy is shown). Note 5 mm wound retractors that help push aside the abdominal skin. After the abdominal wall is closed
using non-absorbable sutures, the abdominal skin incision is finally closed using wound clips. (D) Stereotaxic device with base frame, ear bars, nose clamp, and
dental drill mounted on a calibrated 3-axis precision micromanipulator for drilling 0.7 mm holes. (E) Multiple receiver plates connected to a data exchange
matrix (multiplexer, DSI). Each housing chamber is shielded with stainless steel to avoid cross-talk. (F) Anatomic structures and landmarks of the murine skull.
Apical view of a C57Bl/6 mouse skull which has been prepared in 30%H,0,. Note cranial bones (os frontale (of), os parietale (op), os occipitale (00)) and
sutures (sutura frontalis (sf), sutura saggitalis (ss), sutura coronaria (sc), and sutura lambdoidea (sl)) which determine the major anatomic landmarks bregma (B)
and lamda (L). Surface electrodes (bipolar) were implanted at the following stereotaxic coordinates: (—)-lead: caudal of bregma 1 mm, lateral of bregma 1 mm
(left hemisphere); (+)-lead: caudal of bregma 1 mm, lateral of bregma 1 mm (right hemisphere, yellow stars); deep electrodes in the positions: (+)-lead: caudal
of bregma 2 mm, lateral of bregma 2 mm (right hemisphere), dorsoventral 2 mm; (—)-lead: caudal of bregma 6.2 mm, lateral of bregma 0 mm, dorsoventral 0
mm (black stars). (G) Dorsal view of the skull 4 weeks after electrode implantation and fixation using glass ionomer cement. Note that no skin necrosis
occurred after closure of the scalp (arrows).

(DSI), Lexington, USA, Figs. 1 and 2A) capable of 4. Detailed procedure
measuring biopotentials (electroencephalogram (EEG), elec-

trocardiogram (ECG), electromyogram (EMG), physical 4.1. Surgical instrumentation—general aspects

activity, and temperature). This was transmitted to a receiver

(RPC-1, DSI), which picks up the telemetered data from the Mice present an anesthetic challenge because of their
implant and forwarded them to a data exchange matrix small size and varied responses to anesthetic drugs within

(DSI) serving as a multiplexer (Fig. 1). strains and between genders. Furthermore, they are predis-
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posed to hypothermia. Therefore, during and postsurgery
warming plates are necessary to maintain body core
temperature which should be 37-38 °C (98.6-100.4 °F).
To avoid corneal desiccation, eyes were covered with
dexpanthenole (Bepanthen®, Hoffmann-La Roche AG)
during the whole implantation period and early recovery.

4.2. Anesthesia

Animals were anesthetized with esketaminhydrochloride
(Ketanest®, Parke-Davis/Pfizer, Germany, 100 mg/kg) and
xylazinehydrochloride (Rompun® 2% BayerVital, Leverku-
sen Germany, 10 mg/kg). This dose is usually sufficient for
the implantation duration with xylazine providing a good
muscle relaxation. Artificial respiration was not required.

4.3. Transmitter implantation

Body hair was removed from the abdomen using a
clipper and the shaved areas were scrubbed with Mercu-
chrom® (Merbromin, Krewel Meuselbach, Eitorf, Ger-
many). No depilation cream was applied due to skin
irritation and possible wound healing defects later on.
Animals were placed on a sterile drape on a heating pad
(37-38 °C) under an operation microscope (Fig. 2B). All
surgical instruments necessary for implantation were heat
sterilized. Sterile conditions were further maximized using
masks, surgical gloves, and surgical gown.

Following a 1.5- to 2-cm midline abdominal incision, the
abdominal skin and wall was opened and both incision
borders were held aside using a 5-mm wound retractor
(together with elastomers, fixators, and a base frame (Fine
Science Tools, FST, Heidelberg, Germany); Fig. 2C). The
transmitter was placed carefully into the peritoneal cavity on
top of the gastrointestinal tract. Care was taken not to
impinge bladder or diaphragm. Anatomical forceps were
preferred to surgical forceps, as they produce less damage to
the tissue, particularly when manipulating the bowel. In case
of local bleeding from the abdominal wound edges a
thermocauter (Heiland, Germany) was used.

Next, both leads were tunneled through the abdominal
wall at the cranial part of the incision using a 14-gauge
needle. A trocar together with a plastic sleeve can be
tunneled subcutaneously along the lateral thoracic wall to the
intended position at the neck, where a second skin incision
was made before. The trocar can than be withdrawn from the
sleeve and the leads are tunneled through it. Alternatively, a
thin trocar with a short silicon tubing attached at its tip can be
used to tunnel the leads subcutaneously to the neck. In this
case, the sensing electrodes can be tied mechanically to the
silicon tubing or by attaching them with glue. The latter
method is much faster to perform and causes less damage to
the subcutaneous tissue than using trocar and plastic sleeve,
which is important for rapid postoperative recovery. Leads
were secured on the underlying muscle layer using a non-
absorbable interrupted stay suture (Ethilon® II, 4-0, M-2,

Ethicon, Germany). If not tacked, the intrinsic elasticity of
the electrodes will make implantation of the electrodes more
difficult later.

The transmitter was fixed in the peritoneal cavity using
its suture tab to avoid intraabdominal movement. Finally,
the abdominal wall was closed using non-absorbable suture
material (Ethilon® II, 4-0, M-2, Ethicon, Germany), the
ventral skin incision was closed using wound clips (Michel,
7.5 x 1.75 mm, Heiland, Germany), as mice tend to bite
sutures. Wound clips drop off later during wound healing
process. The wound area was once again cleaned with
Mercuchrom®.

4.4. Surface electrode implantation

A midline skin incision, 10 mm on the head and 5-10
mm down the neck, was made and the subcutaneous tissue
was bluntly separated. The periosteum was cleaned using
cotton tips without damaging the temporal and occipital
muscles. The superficial thin layer of the skull was
pretreated with 10% H,O,. This pretreatment removes any
tissue from the skull and assures strong contact of the glass
ionomer cement (Kent Dental®, Kent Express, UK) used
later on. It also accentuates the sutures as well as bregma
and lambda landmarks of the skull, which are essential for
precise stereotaxic lead placement (Fig. 2F). This should be
done carefully as the procedure can produce severe
oxidative damage to the surrounding tissue. Two burr holes,
each 0.7 mm in diameter, were positioned with an electric
high-speed dental drill at the coordinates of choice.

Hemorrhage reflecting intraosseous bleeding from the
cut edge of the skull was easily controlled with a cotton
tampon. Fatal bleeding was never observed as positioning of
the electrodes was different from localization of dural
sinuses (e.g., the superior sagittal sinus). Furthermore, after
H,0, treatment of the calvaria, small vessels like meningeal
arteries or superficial cerebral arteries or veins can easily be
detected under an operation microscope as the calvaria is
rather transparent, even in adult mice. Thus, damage of
these structures can be avoided.

The silicone insulation was removed from the terminal
part of the sensing leads of the TAI0ETA-F20 transmitter.
Both electrodes were shortly bend at the tip and placed
directly on the dura mater (epidural lead placement) in a
bipolar deflection at the following coordinates: (+)-lead:
caudal of bregma 1 mm, lateral of bregma 1 mm (right
hemisphere); (—)-lead: caudal of bregma 1 mm, lateral of
bregma 1 mm (left hemisphere, see recordings from this
deflection in Fig. 5). Electrodes were fixed with glass
ionomer cement (Kent Dental®, Kent Express, UK) which
is extremely hard and gives strong adhesion to the under-
lying neurocranium. After the cement has dried (5 min), the
scalp was closed using over-and-over sutures with non-
absorbable 6-0 suture material (Ethilon® polyamid, Ethi-
con, Germany) (Fig. 2G). In contrast to other reports, no
cortical screw electrodes are necessary [10,12,13].
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4.5. Stereotaxic device

The standard stereotaxic frame was modified to fit the
mouse skull anatomy. It was necessary to adapt teeth
holder and nose clamp as well as ear bars (Figs. 2D and 3).
A stereotaxic frame was combined with a high-speed
dental drill (20000 rpm, KaVo EWL, Germany) mounted to
a three-axis micromanipulator. This procedure enables
precise electrode placement according to stereotaxic
coordinates. Manual handling of a dental drill is not
suitable. The thickness of the murine cranial bones
severely varies depending on the localization (os frontale:
midline section: 320-390 um, lateral section: 300—430 pum;
os parietale: midline section: 210-250 pum, lateral section:
200-210 um; os occipitale: midline section: 600—730 pum,
lateral section: 380—420 um). Although the head has to be
fixed tightly, damage of the inner ear can be avoided by
covering ear bars with cotton balls. For some experimental
purposes, like screening for audiogenic seizures or seizure
susceptibility, this is of especially high importance. Holes
must be drilled at maximum velocity. This avoids an
applanation of the skull which may result in a sudden
breakthrough of the drill head and therefore might cause
severe brain damage.

4.6. Intracerebral (deep) electrode implantation

Here we have performed an experimental modification
of the DSI telemetry system. Holes were drilled as
described above and positioned at the following coordi-
nates: (+)-lead: caudal of bregma 2 mm, lateral of bregma
2 mm (right hemisphere), dorsoventral (depth) 2 mm
(related to the dorsal surface of the calvaria and corre-
sponding to the final targeting region CA3 (hippocampus)).
The (—)-lead was positioned at caudal of bregma 6.2 mm,
lateral of bregma 0 mm; dorsoventral 0 mm (epidural

Fig. 3. Stereotaxic device for mouse surface and deep intracerebral
electrode implantation. Teeth holder and nose clamp were adapted for
mouse size. Note the dental drill which is mounted on a calibrated 3-axis
precision micromanipulator. Ear bars were covered with cotton prior to
positioning of the mouse head (not shown).

reference electrode localized on the cerebellum), by simply
bending the electrodes 90°. This is easy to perform as
sensing leads consist of high-grade stainless steel helix
which provides flexibility and resistance to breakage.
Proper lead placement was confirmed histologically at
postmortem. Electrodes were fixed and scalp was closed as
described earlier.

4.7. Postoperative care and pain management

After implantation, animals were placed back into the
cage and within the first 3—4 days postsurgery, body core
temperature was maintained using a thermal lamp and/or
warming plate. External temperature support was not
removed until mice were able to maintain physiological
body core temperature themselves.

Metamizole—sodium (Novaminsulfon-ratiopharm 1, ratio-
pharm, Germany), which was used for postoperative pain
management at 100 mg/kg body weight for 4 days
postsurgery, was administered intraperitoneally with 0.3 ml
of 5% glucose in Ringer solution or 0.9% NaCl. Alter-
natively, tramadolhydrochloride (Tramal®, Griinenthal, Ger-
many) can be applied directly on the tongue or be added to the
drinking water. However, the latter approach might be
insufficient as water consumption is restricted, particularly
early after implantation. Postoperatively, animals were fed
moistened food pellets. Systemic administration or local
application of antibiotics is often recommended but was not
performed in this study and no signs of meningitis,
encephalitis, or other local or generalized infection was
detected at postmortem examination of any mouse analyzed.

Although animals recovered quickly, they should be
given 10-14 days to fully recover before starting EEG
recordings for further analysis.

Transmitters are sterilely packaged as provided by the
manufacturer. However, they can be reused after explanta-
tion. Using a biodetergent (neodisher® medizym, Weigert,
Germany) for removing tissue debris (24 h at RT) and
glutaraldehyde (2%, Roth, Germany) for resterilization (2 h
at RT) they were prepared for reimplantation.

4.8. Pharmacological injection experiments

Intraperitoneal administration of R/S-baclofen (Sigma,
Germany) was performed at 20 mg/kg and bicucullineme-
thobromide (BMB, Sigma, Germany) at 10 mg/kg to induce
spike/spike-wave activity originating from the thalamocort-
ical—corticothalamic circuitry. Generalized tonic—clonic
seizures were provoked by ip administration of 4-amino-
pyridine (4-AP) at a dose of 10 mg/kg. Control recordings
of at least 1 h were performed prior to injection.

4.9. Data acquisition and analysis

To acquire and analyze EEG data the Dataquest™
AR.T.™ 2.2 software (DSI) was used. EEG recordings
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were done each day for at least 30—45 min between 9 a.m.
and 6 p.m.; at days 7 and 14 postsurgery overnight recordings
were performed for long-term analysis. EEG activity was
sampled at 1000 Hz with a filter cut-off of 50 Hz. Optionally,
also higher frequencies up to 150 Hz can be recorded.

5. Results
5.1. Postoperative recovery

Postoperative recovery after intraperitoneal placement of
the transmitter was evaluated by monitoring postsurgical
development of body weight. A maximum reduction in
body weight was observed around days 4-5 postsurgery
followed by a slight, but steady increase of weight during a
10- to 14-day recovery period after which it remained
constant. The time pattern of recovery is consistent with the
postoperative development of body weight after intraper-
itoneal implantation for ECG recording (Fig. 4). To obtain
valid EEG recordings, a minimum period of 10—14 days of
recovery is therefore recommended, as also suggested in
literature [8].

5.2. Signal-to-noise ratio

EEG recording systems which make use of a tethering
system require special connectors to attach the sensing leads
to the implanted wire which is capable of introducing
significant noise to the system. Radiotelemetry systems
using screw electrodes [13] or isolated stainless steel wires
for implantation [1] might therefore exhibit similar suscep-
tibilities. Our approach does not make use of connectors;
sensing leads are simply bend 90° and implanted to the
desired stereotaxic coordinates reducing the background
noise in our recordings after implantation to a range of 100
nV-1 pV. Additionally, as the EEG signal is small compared
to both electromyographic and electrocardiographic signals,
it is important to eliminate or maximally reduce the
influence of these biopotentials on the electroencephalo-
gram (see also Figs. 7B and C).

5.3. EEG recordings after subcutaneous (pouch)
implantation of the transmitter

A major concern when implanting the radiofrequency
transmitter in a subcutaneous pouch on the back is reduced
signal strength (monitored by the Dataquest™ A.R.T.™
software) due to increased distance from the receiver plate.
Therefore, we implanted the transmitter subcutaneously at the
flank close to the ventral abdominal region and fixed the
transmitter at the skin using a single stitch. In this position, a
reduction in signal strength was not observed compared to the
intraperitoneal implantation procedure. It should be noted
that after a subcutaneous placement the telemetered temper-
ature values do not represent the body core temperature.
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Fig. 4. Postoperative recovery of body weight. Typical changes in body
weight after intraperitoneal implantation of radiofrequency TA10ETA-F20
transmitter (results taken from intraperitoneal ECG implantation). Maximum
decrease in body weight is observed around days 4-5 postsurgery. Test
measurements for EEG implantation showed the same trend in weight loss.

5.4. Electrocorticogram (ECoG)

After the implantation and fixation of the tip of the
sensing lead using glass ionomer cement, no severe
inflammatory reactions either of the cerebrum, the cerebel-
lum, the meninges, or skin were observed. However, skin
necrosis due to an increased pressure caused by the
underlying cement was occasionally detected during the
observation period of 4-6 weeks; thus, a minimum of
cement should be used to prevent this.

In C57Bl/6 control mice rare single spikes were
observed. However, it is hard to determine whether these
are an intrinsic feature or due to implantation-related
damage of the brain. Slight cortical impression was found
adjacent to the implantation site at postmortem examination.
This observation underlines the relevance of valid control
experiments. Alterations in behavior after recovery that
might be related to the transmitter or electrode implantation
were not observed.

5.5. Electroencephalogram after the ip administration
of R/S-baclofen and bicuculline

Systemic administration of baclofen and bicuculline was
performed to check for quality of the EEG signal. Both
substances, baclofen, serving as a GABA(B) receptor
agonist, as well as bicuculline, which exerts antagonistic
effects on GABA(A) receptors, are capable of provoking
spikes/spike-waves in the ECoG based on hypersynchro-
nization processes within the thalamocortical—corticothala-
mic circuitry [4]. Figs. 5B and C illustrate a surface EEG
after the ip administration of R/S-baclofen and bicuculli-
nemethobromide (BMB). The bipolar deflection exhibits
prominent spike/spike-wave signals with high signal-to-
noise ratio.



M. Weiergrdber et al. / Brain Research Protocols 14 (2005) 154—164

160

S¢

AWS0
uajoj|oeg-S/y J
‘7..‘. "
se |
_>Em.o
f_ .: _ g_.._,_
aplwoigoylawulnonalg g
e |
a ::4:._ gl I _
v |
_>EmN.o € .
I __ Mk
* *
a sulpuAdoulwy-



M. Weiergrdber et al. / Brain Research Protocols 14 (2005) 154—164 161

5.6. Electroencephalogram after ip administration
of 4-aminopyridine (4-AP)

Systemic administration of 4-aminopyridine (4-AP) or
pentylenetetrazole [5] in mice provokes generalized tonic—
clonic seizures with the animals developing a typical
progressive sequence of seizure activity of increasing
severity. Shortly after the injection, mice are hypoactive,
followed by a mild (partial) myoclonus displaying clonic
seizure activity affecting the face (vibrissal twitching), the
head, and/or forelimbs. This state evolves into a generalized
clonus characterized by loss of upright posture, whole body
clonus involving all four limbs, jumping, wild running, and
finally a tonic extension of the hindlimbs. Fig. 5A illustrates
a typical recording after 4-AP administration (10 mg/kg). At
the early stages of seizure development (myoclonus of the
head, face and forelimbs) the EEG exhibits only marginal
EMG contamination. Following sporadic spike activity (")
the generalized clonus starts with a characteristic deflection
(1) and a subsequent episode of continuous spike activity.
Although this period is characterized by massive muscle
activity (whole body clonus), spike activity of the brain can
clearly be determined and EMG contamination is surpris-
ingly low, indicating that the implantation procedure is
capable of exhibiting electroencephalographic signals selec-
tively even under generalized seizure conditions, when EEG
signals might expected to be masked by EMG artefacts.
After the first generalized clonus an EEG depression of
uncertain cause (2-3) was observed which was then
followed by a second generalized clonus which ended in a
tonic extension of hindlimbs (4).

5.7. Deep intracerebral (hippocampal) EEG recordings and
postimplantational histology

In this study, deep intracerebral recordings were obtained
after placing the lead into the CA3 region of the hippo-
campus (Fig. 6A). Within the hippocampus theta-wave
activity appears to be of striking regularity, especially if
the mouse is engaged in exploratory behavior, but also
during rapid-eye movement (REM) sleep. Theta activity
could be provoked by experimental environmental changes
by placing the mouse into a new cage. Dominance of theta
activity during exploratory behavior was confirmed by
power spectrum density (PSD) analysis using the Data-
quest™ A.R.T™ system (Figs. 6B and C).

As for surface electrode implantation no traces of
infection were observed around the implanted materials for
several weeks. By this technique, EEGs can be stably

recorded for at least 5—6 weeks. After this time, proliferative
reaction of the connective tissue as well as ossification in the
burr holes [11] begins and tends to disconnect the electrodes
from the underlying dura mater or simply tear the deep
electrodes out of the brain, which might then be associated
with EMG or ECG contamination (Figs. 7B and C).
However, the implant never dropped off.

5.8. Electromyographic and electrocardiographic
contamination of the electroencephalogram

The implantation technique described above provides a
reliable tool of recording EEG with a high signal-to-noise
ratio. However, as the EEG signal is weak, it is highly
susceptible towards electrocardiographic and electromyo-
graphic contamination, both of which can evolve into a
severe problem. This often occurs if the sensing lead is not
properly secured or isolated from extracranial tissues by glass
ionomer cement or if the silicone insulation of the sensing
leads is damaged during the implantation procedure. ECG
contamination can be easily identified due to its very regu-
lar pattern (7-9 Hz according to 420-540 bpm in Fig. 7B).

6. Discussion

Here we present an optimized surgical technique for
telemetric EEG recordings in mice using surface or deep
electrodes and offering stable recordings for several weeks.

Sophisticated telemetric systems have been developed in
the past especially for larger animals, in particular rats [1,3]
and guinea pigs [10], but telemetry has not been widely used
in mice due to the large size of the older transmitting
systems. However, with the miniaturization of new radio-
transmitters and with the vast and growing number of
transgenic mouse models requiring characterization, this
method will undoubtedly become more widespread.

There are two different positions for transmitter place-
ment, intraperitoneally or subcutaneously. Neither of them
exhibited marked alterations in the signal strength. How-
ever, there are drawbacks for each. In the latter position,
there is a risk that by exerting subcutaneous pressure, the
transmitter can induce skin necrosis, which was occasion-
ally observed. Furthermore, without proper fixation, move-
ment of the transmitter might place tension on the
electrodes. However, placement on the back does not result
in pressure on the bowel, a phenomenon which may cause
mechanical/paralytic ileus after intraperitoneal implantation.
Therefore, a minimal animal weight of ~20 g (10 weeks of

Fig. 5. Pharmacological induction of epileptic discharges. (A) Bipolar surface EEG displaying ictal discharges after ip administration of 4-aminopyridine (10
mg/kg). Initially the EEG exhibits single, sporadic spikes (*) evolving into a transitory period of continuous spiking (1), ending up in an EEG depression
(decreased amplitude, 2—3). Shortly after this episode a second train of spikes concomitant to the development of a generalized tonic—clonic seizure with wild
running and jumping becomes apparent which finally results in a tonic extension of the hindlimbs (4) and death. Note that the remaining tiny signal after brain
death represents an ECG contamination. (B) After ip administration of bicucullinemethobromide (BMB, 10 mg/kg) mice display trains of characteristic spikes/
spike waves. (C) Administration of baclofen (20 mg/kg) showing sporadic occurrence of spiking activity.
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Fig. 6. Deep intracerebral (hippocampal) EEG recordings. (A) This figure illustrates a representative intrahippocampal recording within the CA3 region from a
C57B1/6 mouse. (B) During exploratory behavior after placing the mouse into a new cage (environmental change) power spectrum analysis (C) reveals
predominance of theta-wave activity (4-8 Hz). PSD, power spectrum density; frequency rages: 6, 1-4 Hz; 6, 4-8 Hz; a, 8-12 Hz; 3, 12-16 Hz, 35, 16-32 Hz;
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age) was required when intraperitoneal placement was used
while subcutaneous placement can be carried out in smaller
mice. Given an accurate intraabdominal transmitter place-
ment, authors suggest this localization for long-term
implantation whereas subcutaneous implantation is favored
for short-term experiments.

The transmitters used in this study had 20 cm leads
which offers the advantage of multiple implantations (Fig.
2A); however, it is therefore necessary to secure the
excessive lead length either intraabdominally or subcuta-
neously by forming loops. Although intraperitoneal implan-
tation and intraabdominal looping is more complex and time
consuming, we never encountered any postoperative effects
(e.g., interference with gastrointestinal motility, etc.) while
subcutaneous looping occasionally resulted in skin necrosis.
Neither of the implantation procedures causes severe
alterations in behavioral characteristics with implanted mice
showing a full range of activities including grooming,
running, and climbing.

Different recording techniques of the mouse EEG have
been described, involving electrodes formed by silver beads,
silver wires, stainless steel, screws, etc. [11,13]. In contrast
to recent studies in mice [13] and rats [1] using screw
electrodes or stainless steel electrodes that need to be
attached to the transmitters sensing leads, we have described
a technique in which the sensing leads are directly attached
to the dura mater (ECoG) or deep intracerebral structures

(like the hippocampus) lacking any connectors or connect-
ing cable system. This reduces the impedance and lowers
attachment artefacts and thus providing higher signal-to-
noise ratios. However, this approach might exhibit exper-
imental limitations in specific brain regions that are less
accessible (e.g., the brainstem).

Loosening of electrodes may occur at the implantation
site due to the reactive proliferation of surrounding
connective tissue, suggesting that there is a time window
in which the EEG is most meaningful. However, in our
experiments carried out over 6 weeks postimplantation the
EEG signal remained strong and distinct. Other biopotential
signals can contaminate the EEG recordings; however,
electromyographic contamination (Fig. 7C) can often be
avoided by proper lead placement. Recently, a new trans-
mitter was released (F20-EET, DSI) with two differential
leads for EEG and EMG recording which makes it possible
to directly correlate both biopotentials.

ECG contamination can be of varying severity and in one
occasion major contamination was observed when the
shielding silicon insulation was damaged (Fig. 7B); hence,
care should be given when manipulating the leads.

In contrast to these intrinsic EMG/ECG contaminations,
the EEG is also highly susceptible to various types of
extrinsic artefact, which can occur in both tethered and
telemetry systems. As receiver plates in telemetry are very
sensitive, they readily pick up electrical noise. We effi-
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Fig. 7. Electrocardiographic/electromyographic and system artefacts contaminating the EEG (deep electrodes (A—C), surface electrodes (D), vertical bar: 50 pV
in A-C, 1 mV in D). (A) Intrahippocampal EEG recording from control mouse. (B) Damaged silicone insulation of the leads as well as ossification processes
originating from drilled holes can result in severe contamination of the electroencephalographic recording. Note regular pattern of interfering ECG signal
(arrows). Although ECG contamination cannot always be avoided, the implantation procedure presented here will reduce it to a minimum. (C) Example of an
electromyographic contamination of the EEG. (D) Artefacts can originate from cross-talk between receiver plates or from electrical noise evolving from room
lights or various other electrical devices close to the receiver. An effective way of preventing the system picking up noise is to shield receiver plate and home

cage using a Faraday cage.

ciently reduced this phenomenon by shielding each tele-
metered mouse with a Faraday cage.

In summary, telemetry can be used to reliably record both
surface and deep EEG signals in the mouse allowing further
characterization for the increasing numbers of mutant mouse
strains available.

7. Quick procedure

(1) Anesthesia of mice using esketamin/xylazine (100/
10 mg/kg).

(i) Placing anesthetized animal on a heating surface (Fig.
2B); removal of body hair and disinfection of the
abdomen (Mercuchrom®).

(iii) Intraperitoneal or subcutaneous pouch implantation of
radiofrequency transmitter (Fig. 2C). Fixation of the
transmitter using 4-0 suture material.

(iv) Longitudinal midline incision of the scalp; re-
moval of additional connective tissue using 10%
H202.

(v) Drilling holes using a stereotaxic device with a high-
speed dental drill mounted on a three-axis micro-
manipulator (Figs. 1 and 2D).

(vi) Epidural placement or deep insertion of elec-
rodes followed by fixation with glass ionomer
cement.

(vii) Closure of the scalp using 6-0 suture material. Final
disinfection with Mercuchrom® (Fig. 2G).

(viii) Postoperative pain management (100 mg/kg metami-
zole) and temperature support.

8. Essential literature references

Refs. [1,2,8,14]
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Altered Seizure Susceptibility in Mice Lacking
the Cay2.3 E-type Ca?* Channel
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Summary: Purpose: Recently the Ca,2.3 (E/R-type) voltage-
gated calcium channel (VGCC) has turned out to be not only a
potential target for different antiepileptic drugs (e.g., lamotrig-
ine, topiramate) but also a crucial component in the pathogenesis
of absence epilepsy, human juvenile myoclonic epilepsy (JME),
and epileptiform activity in CA1 neurons. The aim of our study
was to perform an electroencephalographic analysis, seizure-
susceptibility testing, and histomorphologic characterization of
Ca,2.37/~ mice to unravel the functional relevance of Ca,2.3 in
ictogenesis.

Methods: Generalized and brain-specific Ca,2.3 knockout an-
imals were analyzed for spontaneous epileptiform discharges by
using both electrocorticographic and deep intracerebral record-
ings. In addition, convulsive seizure activity was induced by sys-
temic administration of either 4-aminopyridine (4-AP; 10 mg/kg,
i.p.) or pentylenetetrazol (PTZ; 80 mg/kg, s.c.) to reveal possible
alterations in seizure susceptibility. Besides histomorphologic
analysis, expression studies of other voltage-gated Ca>* channels

in Ca,2.37/~ brains were carried out by using semiquantitative
reverse transcription—polymerase chain reaction (RT-PCR).

Results: Both electrocorticographic and deep intrahippocam-
pal recordings exhibited no spontaneous epileptiform discharges
indicative of convulsive or nonconvulsive seizure activity dur-
ing long-term observation. Gross histology and expression lev-
els of other voltage-gated Ca>" channels remained unchanged
in various brain regions. Surprisingly, PTZ-induced seizure sus-
ceptibility was dramatically reduced in Ca,2.3-deficient mice,
whereas 4-AP sensitivity remained unchanged.

Conclusions: Ca,2.3 ablation results in seizure resistance,
strongly supporting recent findings in CAl neurons that
Ca, 2.3 triggers epileptiform activity in specialized neurons via
plateau potentials and afterdepolarizations. We provide novel
insight into the functional involvement of Ca,2.3 in ictoge-
nesis and seizure susceptibility on the whole-animal level.
Key Words: Ca,2.3—Electroencephalogram—Ictogenesis—
Pentylenetetrazol—Seizure susceptibility.

Voltage-gated calcium channels (VGCCs) are key com-
ponents in the etiology and pathogenesis of various forms
of epilepsies (1). In the past, mutations within the pore-
forming o1 subunits, accessory subunits (8, @8, and y),
as well as interaction partners of VGCCs, were shown to
be responsible for different types of convulsive and non-
convulsive seizure activities not only in animal models
but also particularly in humans, like childhood absence
epilepsy (CAE) or juvenile myoclonus epilepsy (JME)
(2,3). A major focus in clinical and basic epilepsy research
has been on the HVA Ca,2.1 channel, with different mu-
tations in this channel exhibiting various combinations
of absence epilepsy, episodic ataxia type 2 (EA2), and
spinocerebellar ataxia type 6 (SCA6) in humans (4-6).
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LVA T-type calcium channels, particularly Ca,3.2, were
shown to be crucial for the etiology of CAE (7,8) and
display an important target for a variety of antiepileptic
drugs [AEDs; e.g., suxinimides lamotrigine (LTG) and
zonisamide (ZNS)] (9-11). However, the functional rele-
vance of the Ca,2.3 VGCC has been underestimated for
a long time. Ca,2.3-containing E/R-type Ca’* channels
are widely expressed in the central nervous system, in-
cluding those regions that are involved in the generation
of spike—wave discharges, such as neocortex and thala-
mus, including the reticular thalamic nucleus (RTN) (12—
14). In hippocampal pyramidal neurons, Ca,2.3 signifi-
cantly contributes to the E/R-type Ca’>* current component
(15,16). In CA1 neurons, E/R-type Ca>* currents were re-
lated to the current component in distal apical dendrites
(17) and were shown to be implicated not only in den-
dritic burst firing (18) but also in the generation of spon-
taneous carbachol-induced oscillations, which resemble
epileptiform activity in animal models of epilepsy (19).
Recently it also was shown that Ca,2.3 is not only in-
volved in processes such as anxiety (20), pain behavior
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(21), presynaptic long-term potentiation (LTP) and post-
tetanic potentiation (22) and myelinogenesis (23), but par-
ticularly serves as a potent target for a number of AEDs,
like LTG (11) or topiramate (TPM) (24). Significantly, it
turned out that Ca,2.3 is substantially inhibited by thera-
peutic brain concentrations of LTG, whereas Ca,3.1 and
Ca, 3.3 exhibit only minor sensitivities (11,25). Thus in-
hibition of E/R-type calcium currents, rather than T-type
currents, is likely to be involved in the antiabsence ac-
tion of LTG and therefore suggests functional relevance
of Ca,2.3 in the pathogenesis of absence epilepsy. These
results are further supported by the observation that dif-
ferent rat models of absence epilepsy exhibit alterations
in Ca,2.3 channel expression. In genetic absence epilepsy
rats from Strasbourg (GAERS), for example, Ca, 2.3 tran-
scripts were reported to be significantly reduced in cere-
bellum and medulla compared with controls (26,27), with
both regions projecting to different components of the tha-
lamocortical circuitry (28) that modifies oscillatory be-
havior (29,30). Furthermore, van de Bovenkamp-Janssen
et al. (31) showed that development of spike—wave dis-
charges (SWDs) in WAG/Rij rats is concomitant with
a lack of increase of Ca,2.3 expression in the RTN.
Therefore Ca,2.3 might be related to the generation of
SWDs and, hence, also of absence epilepsy. However, in-
creasing evidence indicates that Ca,2.3 also is related to
the pathophysiology of convulsive seizure activity. Just
recently, mutations in the EFHCI1 protein, a novel C-
terminal interaction partner of the Ca,2.3 VGCC, were
reported to cause JME in humans (3). Normally, EFHC1
induces neuronal apoptosis by interaction with Ca,2.3,
whereas mutations in EFHC1 disrupt C-terminal bind-
ing. It is assumed that the lack of apoptosis results in
an increased cell density (32), producing hyperexcitable
circuits as a result of altered neuronal connectivity (3).
In addition, recent findings strongly suggest that Ca,2.3
can trigger epileptiform activity in specialized neurons
by modulating afterdepolarizations (ADPs) and plateau
potentials (PPs) (24,33). As stated by Suzuki et al. (3),
the EEG phenotype of Ca,2.3~/~ mice has not been de-
scribed, and as-yet undetected minor seizure sensitivities
or brain microdysgenesis might be present. Our results
on electroencephalographic characterization of both gen-
eralized and brain-specific Ca,2.37/~ mice and seizure-
susceptibility testing shed new light on the functional
relevance of Ca,2.3 in the etiology and pathogenesis of

epilepsy.

METHODS

RNA isolation and RT-PCR

Total RNA was isolated from different regions of the
CNS (cortex, hippocampus, thalamus, mesencephalon,
cerebellum, medulla) from Ca,2.37/* and Ca,2.37/~
mice by using standard protocols (Tri-reagent; Sigma,
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Munich, Germany). Fragments of cDNA were amplified
by polymerase chain reaction (PCR; Biometra, Gottingen,
Germany) after reverse transcription (RT) of RNA (14,34).
The sequences of primer pairs and annealing temperatures
used for PCR reactions of VGCC «1 subunits and for
hypoxanthine guanine phosphoribosiltransferase (HPRT)
have been summarized (35) and were adapted for murine
tissue (36). Transcript levels were analyzed semiquan-
titatively by using GelScan V3.1 software (BioSciTec,
Frankfurt/Main, Germany).

Western blot analysis

Brain microsomes from Ca,2.37/* and Ca,2.3~/~ mice
were isolated and stored at —80°C (37). For immunoblot-
ting, a Ca,2.3-specific polyclonal serum was used as pri-
mary antibody (37) at a dilution of 1:500, and proteins
were visualized by ECL detection reagent (Amersham
LifeScience, Munich, Germany). The peptide Ca,2.3-
com, SGILEGFDPPHPCGVQGGC, is part of the loop be-
tween IS5 and the pore region (aa 256-273, GB L27745),
and the peptide Ca,2.3-spec, GIYLPSDTQEHAGI[C], is
located in the carboxy-terminal domain (aa 1981-1993, in
the extended splice variant Ca,2.3d). Peptide Ca,2.3-spec
contains one additional cysteine residue at its carboxy ter-
minus for coupling to a matrix, as shown in brackets. Mi-
crosomes from untransfected HEK-293 cells and from sta-
bly transfected HEK-2C6 cells expressing Ca,2.3d were
used as negative and positive controls, respectively.

Brain histology and histochemistry

Paraffin embedding of the rat brain, as well as immuno-
histochemistry, was carried out as described previously
(38). The polyclonal antibodies anti-Ca,2.3-com and anti-
Ca,2.3-spec were used at a working dilution of 1:20. Two
negative controls were included. Either the primary an-
tibodies were replaced by the preimmune serum or the
serum was preincubated with an excess of the peptide
(20 mM) used for immunization. Sections from a multitis-
sue block were used to verify appropriate positive and neg-
ative reactions. Histology of brain slices from Ca,2.3"/*
and Ca,2.37/~ mice was investigated by using standard
Nissl staining.

Study animals

The cacnale gene encoding Ca,2.3 was targeted by
homologous recombination in E14.1 embryonic stem
(ES) cells. A loxP-flanked neomycin cassette was in-
serted into the Nsil site of intron 2, and a third loxP
site was inserted downstream of the HindIll site. The
cyclic DNA-producing recombinase (Cre-recombinase)
was transiently expressed in correctly targeted ES cells,
from which the clone Ta 1E1E8 was identified by South-
ern blotting of its genomic DNA. From the ES cells sur-
viving under puromycin, those cells were selected that had
lost their neomycin cassette (type II deletion), leading to
arecombined cacnale gene, in which exon 2 was flanked
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FIG. 1. Detection of Ca,2.3 in control mice and comparison of T-type voltage-gated calcium—channels (VGCC) transcripts from different
brain regions of control and Ca,2.3-deficient mice. Total RNA was isolated from neocortex (Cx), hippocampus (Hp), the thalamus and
hypothalamus (Th), cerebellum (Cer), mesencephalon (Mes), and the medulla (Med). Known Ca,2.3 splice variants were identified by
reverse transcriptase—polymerase chain reaction (RT-PCR) after amplifying indicative fragments of the II-1ll loop and the C-terminus. A:
With the oligonucleotide primer pairs that are flanking the segment containing exon 19 (insert 1) and the adjacent insert 2 (in exon 20) led
to the detection of indicative patterns of the 11l loop. The expected sizes of cDNA fragments are 363 bp (lacking exon 19), 399 bp (lacking
insert 2), and 420 bp, representing the full-length segment within the II-Ill loop. B: With the oligonucleotide, primer pair that is flanking
exon 45 (insert 3) leads to the detection of indicative patterns of carboxy-terminal fragments of Ca,2.3. C: Diagram of indicative fragments
of Cay2.3 and their relation to gene structure. D, E: Amplification of indicative cDNA fragments for the T-type VGCCs Ca,3.1 — 3.3. No
compensatory changes could be detected. F, G: Amplification of cDNA fragments for hypoxanthine-guanine phosphoribosyltransferase
(HPRT).

by two loxP sites (39). Exon 2 represents nts 269-375 of
the murine Ca,2.3 subunit (GB 1.29346).

Exon-2 loxP-flanked ES cells were injected into
C57Bl/6 blastocysts. Resulting male chimeras were bred
to C57Bl/6 females, and the Ca,2.3"/* genotype of
agouti-colored offspring was determined by Southern
blot analysis. The cacnale gene was ablated in vivo
by mating Ca,2.3"/* and Cre-deleter mice expressing
cyclic DNA-producing recombinase (Cre-recombinase)
constitutively under the control of the cytomegalovirus

promoter. For details see (40). Cay2.3 null mutant was
backcrossed into C57Bl/6 as previously described (40).
The brain-specific inactivation of cacnale was achieved
by mating Ca,2.3"/* and nestin-Cre mice expressing
Cre-recombinase under the control of the nestin pro-
moter (39). Ca,2.31/* control animals and Ca,2.37/~
mice were generated from Ca,2.3%/~ littermates by in-
breeding two parallel mouse lines with identical ge-
netic backgrounds, and Ca,2.3 deficient and control
mice from both genders were used in this study. Mice
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were housed in Makrolon cages type II and maintained
on a conventional light/dark cycle with food and water
available ad libitum. All animal experimentation was ap-
proved by the local institutional committee on animal care.
All efforts were made to minimize animal suffering and
to use only the number of animals necessary to produce
reliable scientific data.

Telemetric EEG and EMG recordings

Both TA10ETA-F20 and TL11M2-F20-EET transmit-
ters (DSI, St. Paul, MN, U.S.A.) were used for electro-
corticographic and deep intracerebral recordings in mice.
Electromyogram (EMG) electrodes (F20-EET transmit-
ter) were placed 2—3 mm apart within the cervical region
of the trapezius muscle. The telemetry system, anesthesia,
implantation procedure, and postoperative treatment have
been described in detail previously (41).

Surface electrode implantation (ECoG)

In total, eight Ca,2.3*/* mice (29.3 & 0.9 g) and seven
Ca,2.37/~ animals (30.4 £ 1.9 g) were analyzed. Epidural
leads were positioned above the somatosensory cortex at
the following stereotaxic coordinates: (+)-lead, bregma
—1 mm, lateral of bregma —2.5 mm (right hemisphere);
(—)-lead, bregma —1 mm, lateral of bregma —2.5 mm
(left hemisphere) and fixed at the neurocranium by using
dental cement.

Intracerebral (deep) electrode implantation

For deep intrahippocampal recordings, two mice
with neuronal progenitor specific ablation of Ca,2.3
(Cay2.30/Mnestin—Cre+y wore yged. As control animals, ei-
ther a nestin-Cre negative (Ca,2.3/Mnestin=Cre=y o1 ap an-
imal still containing one wild-type allele of the cacnale
was used (Ca,2.3(/Hnestin=Cre+) ‘The electrodes were po-
sitioned as follows: (4)-lead, bregma —2 mm, lateral of
bregma 2 mm (right hemisphere), dorsoventral (depth)
2 mm (final targeting region CA3); (—)-lead, bregma —6.2
mm, lateral of bregma 0 mm; dorsoventral 0 mm (epidural
reference electrode localized on the cerebellum).

Seizure-susceptibility testing

Experimental design

4-Aminopyridine (4-AP, Sigma, Munich, Germany), as
well as pentylenetetrazole (PTZ, Sigma), was freshly dis-
solved in 0.9% NaCl before each injection. All animals
were placed singly for >30 min before administration of
convulsants.

4-AP—induced seizures

The K'-channel blocker 4-AP was administered in-
traperitoneally (i.p.) to Ca,2.3%/* mice [n =9 (all Q), 24.8
+5.1g,11.8£3.2wk]and Ca,2.37/~ mice [n= 8 (all &),
229 £ 2.7 g, 11.9 &+ 1.2 wk] at a dose of 10 mg/kg.
After injection, animals were immediately placed back
into their home cage, observed, and videomonitored for
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60 min. The 4-AP-induced convulsive phenotype corre-
lates with phases 1—4 outlined below for PTZ-induced
seizure activity (42).

PTZ-induced seizures

Seizures were induced by subcutaneous (s.c.) admin-
istration of PTZ at a dose of 80 mg/kg. Ten Ca,2.37/*
mice (sixd, four®; 24.7g + 1.4 g, 18.3 = 1.9 wk) and
nine Ca,2.3~/~ mice (alld; 24.8 £ 1.5 g, 16.2 £ 0.9 wk)
were used in this study and videomonitored for 45 min
after injection. Four different stages of seizure activity
are differentiated in the literature, which we have slightly
modified and further subdivided:

Phase 1: Nonseizure activity. This phase represents
a nonconvulsive state characterized by reduced mo-
tor activity (hypoactive state) with mice exhibiting a
prone or crouched posture and a characteristic direct
contact of the abdomen with the cage bottom.
Phase 2: Partial clonus. During this phase, mice dis-
play typical partial clonic activity affecting the face,
head, vibrissae, and forelimbs. Jerks of head and
forelimbs are sometimes accompanied with vocal-
ization (however, the latter can also occur in phases
3 and 4). Principally, partial clonic events are short,
lasting 1-2 s, but they can occur repetitively over
time.

Phase 3: Generalized myoclonus. This phase is char-
acterized by a generalized (whole-body) clonus in-
volving all four limbs and the tail. According to
its severity, it can be further subdivided into (a)
whole-body clonus without loss of upright posture,
(b) whole-body clonus with loss of upright posture,
and (c) whole-body clonus with complete loss of
motoric control (wild running and jumping). Typi-
cally, this phase is initiated by isolated whole-body
twitching with increasing frequency, finally evolv-
ing into a generalized myoclonus that often lasts for
<30s. After clonic activity, animals remain in a tonic
posture (either opistotonus-like with uplifted tail
or emprostotonus-like) of variable duration, which
ends in a quiescent period (postictal depression). Of-
ten, rearing and autonomic signs such as hypersali-
vation and defecation can be observed. Mice are ca-
pable of exhibiting several generalized myoclonic
events of various severities.

Phase 4: Generalized (maximal) tonic—clonic seizure
(with tonic extension of hindlimbs). Initially, this
stage is indistinguishable from phase 3. However,
when evolving to phase 4, mice exhibit maximal
seizure activity characterized by tonic extension of
hindlimbs normally associated with death due to
respiratory insufficiency. Nevertheless, some mice
can spontaneously recover and perform a number of
phase 4 seizures.
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Collecting data for the analysis of seizure
susceptibility

Latencies were calculated as the time from the initial
4-AP or PTZ injection to the first observation of phases
1-4. If the animal did not undergo a specific seizure phase
during the observation period, it was assigned a latency
of 60 min (4-AP) or 45 min (PTZ), respectively. In addi-
tion, the frequency with which an animal entered the vari-
ous phases 1-4 was counted. Time points and frequencies
were noted in real time and rechecked by using mouse
video recordings. Further, the duration of phase 1-4 was
analyzed during the observation period. If an animal en-
tered into a phase of seizure more than once, the durations
of the incidents were summed. If an animal did not enter
into a specific seizure phase, it was assigned a duration and
frequency of zero. Total seizure activity was calculated by
adding time durations of phase 2—4.

Statistical analysis

To acquire and analyze EEG data, the Dataquest A.R.T.
3.1 software (DSI) was used. EEG recordings were per-
formed each day for >30-45 min between 9 a.m. and
6 p.m.; at days 7 and 14 after surgery, overnight record-
ings were performed for long-term analysis. EEG activity
was sampled at 1000 Hz with a filter cutoff of 50 Hz. EMG
sampling rate was also 1000 Hz. All data are calculated
and displayed as the mean 4+ SEM. Statistical comparison
was performed by using the Student ¢ test, with a value of
p < 0.05 considered significant (*) or p < 0.01 as highly
significant (**). Lethality and number of animals entering
individual seizure stages were analyzed by using Fisher’s
exact probability test.

RESULTS

Distribution of Ca, 2.3 splice variants and transcripts of
T-type Ca?* channels in different brain regions. Mouse
brains were dissected and analyzed for expression of
Ca,2.3 splice variants (Fig. 1 A and B) as well as other
voltage-gated calcium channels (Fig. 1D and E). Indicative
cDNA patterns of Ca,2.3 splice variants were investigated
in detail (Fig. 1), because the splice variants Ca,2.3c and
Ca,2.3d are stimulated by low cytosolic Ca?* concentra-
tions, differently from Ca,2.3e (34,35,43). Assuming that
the Ca®*-sensitive splice variants are most important for
signaling in thalamocortical circuits, their transcripts were
defined in different brain regions. The pattern of Ca,2.3
cDNA fragments from the II-IT1I-loop (Fig. 1A) and the
carboxy terminal tail (Fig. 1B) was found to be different
for the brain regions investigated in our study. Concern-
ing the Ca,2.3 splice variant expression pattern (Fig. 1C),
brain regions can be subdivided into three groups (Fig.
1A): first, regions that mainly express fragments indicative
of the Ca%*-sensitive Ca,2.3c, the splice variant in neo-
cortex and hippocampus that contains a full length II-ITI-
loop, and a smaller C-terminus lacking exon 45—encoded

insert 3 (34,35,43); second, regions that predominantly
express fragments related to the splice variant Ca,2.3e
lacking exon 19-encoded insert 1 of the II-III loop but
containing exon 45—encoded insert 3 of the C-terminus, as
depicted for cerebellum (34) and medulla (present report).
Finally, brain regions such as thalamus and hypothalamus
including the RTN express fragments of both variants at
a similar density, suggesting that both major splice vari-
ants, Cay2.3c and Ca,2.3e, may contribute to neuronal
signaling in this region. Furthermore, other VGCCs were
analyzed for compensatory changes in transcript levels by
using a semiquantitative RT-PCR approach (n = 3). No
significant changes could be detected for the T-type chan-
nels Ca,3.1-3.3 (Fig. 1D and E) as well as the L-Type
channels Cay1.2 and Ca,1.3 and the non-L-type Ca,2.1
and Ca,2.2 (not shown) in different brain regions from
controls and Ca,2.3~/~ mice.

Polyclonal sera directed either against a common epi-
tope of all splice variants or against a specific one in the
insert 3 of the carboxy terminus (Fig. 2A and B) were used
to stain brain slices from rat. Immunoreactive cells were
detected in the neocortex (Fig. 2D and E) and with high
density in the RTN (Fig. 2C) and hippocampal pyramidal
cells (Fig. 2F).

Inactivation of Ca,2.3 does not impair the
macroscopic histology of the brain

After gene inactivation (15,22,40), the Ca,2.3 protein
cannot be detected by Western blotting (Fig. 2A and B).
Histology of brain slices was investigated for control and
Ca,2.3-deficient mice by using Nissl staining (Fig. 3). In
serial sections throughout the whole mouse brain, no ap-
parent differences in gross histology were detected in age-
matched mice of the same sex, suggesting that the ablation
of Ca,2.3 did not cause macroscopic dysmorphologies.

Electroencephalographic characterization of control
and Ca,2.3-deficient mice

EEGs from epidural and deep electrodes were recorded
and evaluated from conscious unrestrained mice start-
ing 2 weeks after surgery (41,44). Qualitative analysis
of long-term electrocorticograms (ECoGs) from eight
Ca,2.3*/* and seven Ca,2.37/~ did not display any
epileptiform discharges indicative of convulsive or non-
convulsive seizure activity (Fig. 4A;_p and By_y). In ad-
dition, brain-specifically inactivated mice (n = 2) did not
exhibit any epileptic graphoelements in deep intrahip-
pocampal recordings (Fig. 4Aq—v and By_v). Occasion-
ally, isolated low-amplitude spikes have been recorded in
both controls and Ca,2.3-inactivated mice, probably re-
lated to the surgical implantation procedure itself (41).

Electrocorticogram after 4-AP and PTZ
administration

Generalized convulsive seizures were reflected in
the surface EEG by high-amplitude polyspike and

Epilepsia, Vol. 47, No. 5, 2006
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A. Anti-Ca,2.3-com (1 min)
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total mouse brain HEK-cells
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293 2C6
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FIG. 2. Detection of Cay2.3 in the neo-
cortex, reticular thalamic nucleus, and
hippocampus. A, B: With two different
antibodies, Ca,2.3 could be detected in
brains from control and heterozygous but
not in Cay2.3~/~ mice by using standard
Western blot technique. C-F: A poly-
clonal serum directed against part of the
carboxy-terminal insertion 3 was used as
the primary antibody to unravel Ca,2.3
expression in the rat brain. The strongest
staining was detected in the reticular tha-
lamic nucleus (RTN), suggesting the ex-
pression of Cay 2.3 splice variants with an
extended carboxy terminus as, for exam-
ple, Cay2.3e.

polyspikes—wave discharges (Fig. SAy—rv and By) last-
ing <90 s. Initial spikes with a frequency of 4.5-5 Hz are
typically followed by trains of low-frequency SWDs (1-
1.5 Hz) during generalized myoclonic activity in both 4-
AP- and PTZ-treated animals from both genotypes. Con-
comitant behavioral manifestations were characterized by
chronic contractions of the limbs and of the axial mus-
cles, ranging in intensity from barely perceptible body
twitches to severe convulsions. No qualitative EEG differ-
ences were observed between Ca,2.37/* and Ca,2.37/~
mice, and no subclinical electrographic seizure could be
detected at the site of implantation. However, subclinical
seizure activity in other brain regions cannot be absolutely
excluded, as telemetric multiple channel recordings are
not yet available in mice.

4-Aminopyridine sensitivity of Ca,2.3-deficient mice
Analysis of latencies to the different seizure phases
1, 3, and 4 after i.p. administration of the K™-channel
blocker 4-AP revealed no difference between Ca,2.37/+
and Ca,2.37/~ mice. However, latency to partial my-
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oclonic activity (phase 2) was significantly reduced in
Ca,2.37/~ mice compared with controls (473.4 + 23.9
s vs. 592.5 + 32.6 s; p = 0.0132). Besides, no further dif-
ferences in seizure parameters and lethality (Ca,2.3%/7:
50.0% vs. Ca,2.37/~: 55.6%) could be detected.

Altered PTZ seizure susceptibility in Ca,2.3~/~ mice

Ca,2.3-deficient mice were shown to be more resis-
tant to seizures induced by the chemoconvulsant PTZ,
which impairs y-aminobutyric acid (GABA)4 neurotrans-
mission. In particular, Ca,2.3~/~ mice exhibited a sig-
nificantly lower lethality after s.c. administration of 80
mg/kg PTZ combined with a significant reduction of phase
4 latency, duration, and frequency (Table 1). This phe-
nomenon seems to be independent of animal gender, as
additional lethality analysis in female Ca,2.37/~ mice
confirmed reduced PTZ sensitivity (20%; n = 5) com-
pared with female Ca,2.3%/* mice (100%; n = 4). These
data also suggest that PTZ lethality is slightly increased
in females. No difference between both genotypes was
observed for the various generalized myoclonic phases
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FIG. 3. Histochemical characterization of
mouse brains from Ca,2.3%/* (left) and
Cay2.37/~ mice (right) by using Nissl| staining.
A, B: Neocortical segment of the primary so-
matosensory cortex (trunk region/barrel field).
Cortical layers are indicated: |, molecular
layer; Il, external granular layer; Ill, external
pyramidal layer; IV, internal granular layer; V,
internal pyramidal layer; VI, multiform poly-
morphic layer; ec, external capsule; bar: 200
um. C, D: Hippocampus; DG, dentate gyrus;
bar: 400 um. E, F: Thalamus; eml, external
medullary lamina; DLG, dorsal lateral genic-
ulate nucleus; VPL/VPM, ventral posterolat-
eral/medial nucleus; bar: 400 pm.
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FIG. 4. Electrocorticographic (ECoG) and deep intracerebral recordings from C57BI/6 control mice (A) and Cay2.3-deficient animals
(B) (I-Il: ECoGs, IlI: deep intrahippocampal recordings (CA3), IV-V: deep recordings after induction of exploratory behavior). No EEG
abnormalities are detectable in Ca,2.3%™c or Ca,2.3f/f.nestin—cre— control mice (Aj_v). Generalized Ca,2.3~/~ mice (Ca,2.3f/f.cre+)
did not exhibit epileptiform discharges in ECoG recordings (B,_), nor did brain-specific Cay2.3-inactivated animals (Ca,2.3!/f.nestin—cre+
By;) in deep recordings during long-term observation. After induction of exploratory behavior (changing cages), both controls (Ay_y) and
brain-specific Cay2.3~/~ mice exhibit marked theta-wave activity (dashed lines).
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FIG. 5. Electrocorticographic (ECoG) characteristics after administration of pentylenetetrazol (A,_y) and 4-aminopyridine (B;-;) in C57BIl/6
control mice. No ictal discharges are recorded during the hypoactive stage (A|). Phase 2 is characterized by repetitive occurrence of
single spikes (A))) that correlate with whole-body twitching (confirmed by simultaneous Video—~ECoG—EMG recordings using the F20-EET
transmitter (DSI, not shown). Finally, single spiking gains frequency evolving into a generalized myoclonus (phase 3, Ay;) characterized
by continuous trains of spikes and/or spike—waves. If seizure activity exhibits maximal spread, a generalized tonic—clonic event occurs
(phase 4, Ayy), causing death in most cases due to respiratory insufficiency. Although PTZ- and 4-AP—treated mice pass through the
similar seizure stages, ECoG did not show prominent spike activity in stage 1-3 (B), but only during maximal generalized clonic—tonic

seizure activity (stage 4, By)).

(3a-b), although the number of Ca,2.3-deficient mice ex-
hibiting phases 3a and 3b was reduced compared with
controls and close to significance. Interestingly, control
animals as well as Ca,2.3-deficient mice did not display
isolated phase 3c events. However, seven of 10 controls en-
tered generalized tonic—clonic seizures with tonic exten-
sion of hindlimbs via phase 3c, suggesting that maximal
epileptic excitatory progression is restricted in Ca,2.37/~
mice (Table 1). In contrast, whole-body twitchings, which
were perceived to correlate with isolated cortical spike ac-
tivity by using simultaneous video-EEG-EMG monitoring
(Fig. 6A—C), were significantly increased in Ca,2.37/~
mice (148.1 & 29.1 vs. 55.9 £ 7.9; p = 0.0051). This
supports the observation that convulsive activity displays
a higher degree of fragmentation in Ca,2.3-deficient mice
and therefore is less organized and continuous in general-
ized seizure stages of higher severity. Interestingly, simi-
lar to phase 2 results described earlier for 4-AP—induced
seizures, latency to partial myoclonic activity was re-
duced in Ca,2.3-inactivated animals compared with con-
trols (202.4 & 23.9 s vs. 280.8 &£ 30.9 s), approaching
significance (p = 0.0681)
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DISCUSSION

Within recent years, the focus regarding the involve-
ment of VGCCs in etiology and pathogenesis of epilepsies
has been on the non-L-type Ca,2.1 and the T-type Ca,3.2
channel. However, increasing evidence suggests that the
E/R-type calcium channel Ca,2.3 also is of tremendous
importance in both ictogenesis and propagation of epilep-
tic discharges. In the present report, we have demonstrated
that mice lacking the Ca,2.3 VGCCs do not exhibit spon-
taneous epileptiform discharges and, in addition, are less
susceptible to PTZ- induced convulsive seizure activity,
whereas 4-AP sensitivity remained unchanged. This dif-
ference in seizure susceptibility is probably due to the dif-
ferent convulsive mechanisms of 4-AP and PTZ: the first
enhancing synaptic transmission by reducing K* currents,
whereas the latter serves as a GABA 4 -receptor antagonist
in various brain regions [e.g., the hippocampus (see later)].
As other VGCC expression is not significantly altered in
Ca,2.37/~ mice, reduced PTZ-seizure susceptibility is di-
rectly related to Ca,2.3 ablation and not due to compen-
satory changes.
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TABLE 1. Effects of pentylenetetrazol (80 mg/kg s.c.) on the latency (L), duration (D), and
frequency (F, for complete observation period) of the different seizure stages (phases 1-4)

847

Ca,2.3%/* Cay2.37/~
Hypoactivity (phase 1)
L1 175.9 £30.0 1743 £219 ns
D1 286.1 £ 65.9 3404 £ 76.9 ns
9/10 9/9 p = 0.3428
Partial clonus (phase 2)
L2 280.8 + 30.9 2024 £239 p = 0.06814
9/9 8/8 ns”
Generalized myoclonus (phase 3)
L3a 509.60 £+ 102.14 1,391.89 £ 328.91 p=0.0158
L3b 762.10 £+ 242.98 1,665.11 £ 334.03 p = 0.0405
L3c 2,540 £ 159.60 2459.11 £+ 240.89 ns
D3a 34.50 £ 15.66 20.00 + 8.87 ns
D3b 191.10 £+ 128.97 14.33 £ 6.07 ns
D3c 8.10 £ 8.11 23.00 £ 23.00 ns
F3a 8.10£2.11 5.67£2.17 ns
10/10 6/9 p = 0.0867°"
F3b 3.80 £ 1.04 322+ 1.62 ns
9/10 5/9 ns?
F3c 0.10 £0.10 0.11 £0.11 ns
1/10 1/9 ns?
Tonic—clonic seizure (phase 4)
L4 1,781.3 £ 187.7 2,700 p = 0.0002¢
D4 39.7 £ 8.7 0 p = 0.0005¢
F4 0.90 £0.18 0 p = 0.0002¢
Hindlimb extension 7/10 0/9 p = 0.0024"
Lethality 7/10 0/9 p = 0.0024%
WBT 559+79 148.1 £ 29.1 p =0.0051

Time values (in seconds) are presented as mean == SEM. WBT, whole-body twitchings. The p values <0.05 are

considered significant; ns, not significant.
“Parameters approaching significance.

PLethality and number of animals entering individual seizure stages were analyzed by using Fisher’s exact

probability test.

“No Cay2.3~/~ mouse exhibited phase 4 and was therefore assigned a maximal latency and zero values for

phase 4 duration and frequency.

However, as suggested by the widespread distribution
of various Ca,2.3 splice variants throughout the brain, its
functional implications in ictogenesis/epileptogenesis and
particularly seizure propagation might be more complex
than actually expected. Three current aspects of epileptic
functionality of Ca,2.3 are discussed here.

First, mutations in the EFHC1 protein, an interaction
partner of Ca,2.3, were proven to cause JME in humans,
as such mutations prevent EFHC1 from binding to and
activating Ca,2.3, which prohibits apoptosis (3). Conse-
quently, an increased neuronal cell density is supposed
to be responsible for the establishment of altered neu-
ronal connectivity and hyperexcitable circuits. However,
as depicted here, ablation of Ca,2.3 provokes not hyperex-
citability but rather a reduced sensitivity toward the epilep-
togenic drug PTZ. Therefore a reduced apoptosis during
CNS ontogenesis cannot account for altered seizure sus-
ceptibility in Ca,2.37/~ mice, indicating that as-yet un-
known mechanisms might regulate apoptosis and trigger
hyperexcitability in JME patients with EFHC1 mutations.

Second, GABAergic interneurons were shown to ex-
press Ca,2.3 (this study, also see ref. 31) and are prob-
ably of high importance for GABA homeostasis and

excitation—inhibition balance within the CNS. Conse-
quently, diminished GABAergic neurotransmission in the
cortex results in the emergence of epileptiform activ-
ity (45). Besides GABAg-receptor—mediated effects, in-
hibitory action of GABA can basically occur via post-
synaptic GABA 5-receptor stimulation, exhibiting phasic
inhibition, or via peri- or extrasynaptic GABA, recep-
tors exerting tonic inhibition (46). The tonic inhibition
is based on ambient GABA probably released by GABA
transporters (47). Interestingly, expression studies in cul-
tured mouse cortical GABAergic neurons have revealed
that Ca, 2.3 is expressed on neuronal cell bodies and proxi-
mal dendrites, but not presynaptically (48,49); thus Ca, 2.3
may not be directly involved in vesicular GABA release.
However, its somatodendritic expression pattern points to
arole in the generation of conducted calcium action poten-
tials and local calcium signals and may thereby exert indi-
rect functions on GABA release. Its influence on ambient
GABA and tonic inhibition is to some extent speculative,
although astrocytes, which strongly support tonic inhibi-
tion, display a strong expression of R-type calcium cur-
rent (50). Expression of Ca,2.3 within the RTN, which is
part of the thalamocortical—corticothalamic circuitry, also

Epilepsia, Vol. 47, No. 5, 2006
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FIG. 6. Isolated spike activity in electrocorticograms (ECoGs) from Ca,2.3*/* and Ca,2.37/~ mice after PTZ administration, and its
relation to simultaneous EMG recordings. A: ECoGs from Cay2.3%/* mice. B: ECoGs from Ca,2.3~/~ mice. Note: whole-body twitching
(spike activity) was shown to be significantly increased in Ca,2.3-deficient mice compared with controls (A), suggesting that seizure activity
is more disperse and less severe in Ca,2.3~/~ mice. C: Simultaneous video-EEG-EMG monitoring using an F20-EET transmitter (DSI)
revealed that single-spike activity in surface EEG recordings (C, upper trace) correlates with whole-body twitching (see EMG, lower trace;

recordings were obtained from a Ca,2.3~/~ mouse).

suggests a functional role in nonconvulsive seizure suscep-
tibility and sleep homeostasis. The observation that Ca, 2.3
channels play a protective role in ischemic neuronal injury
by amechanism in which GABAergic neuronal actions are
involved (51) further supports a functional involvement of
Cay2.3 in the GABAergic neurotransmission. In addition,
a number of antiepileptics, like sipatrigine 202W92, are
neuroprotective under ischemic conditions (11,52), as well
as TPM in several models of global and focal ischemia
(53). Nevertheless, we are still lacking detailed informa-
tion on Ca,2.3 influence on GABA neurotransmission,
and thus explanatory models for altered PTZ-seizure sus-
ceptibility remain speculative.

Recent data, however, point to an even more intrigu-
ing role of Ca,2.3 in epileptogenesis. Ca,2.3 VGCCs are
widely expressed throughout the brain, including neocor-
tical and striatal neurons (54), cerebellar granule neurons
(55-58), and CAI1 neurons in the hippocampus (55). In
CALl neurons, the distribution of R-type VGCCs is re-
stricted to distal apical dendrites, and they were shown
to be involved in dendritic burst firing (59,60). Lately
it was demonstrated that muscarinic-receptor stimulation
dramatically enhances R-type Ca>* spikes in CA1 hip-
pocampal neurons and that enhanced R-type Ca’* spik-
ing plays an important role in the generation of carbachol-
induced oscillations, which resemble epileptiform activity
in various animal models of epilepsy (19). In addition, R-
type Ca®* spikes contributed to the initiation of complex
spikes during trains of action potentials, similar to those
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prominent during epileptiform bursting (61). Just recently,
Metz et al. (33) showed that R-type calcium currents un-
derlie ADPs in CA1 neurons and are important contribu-
tors to intrinsic burst activity. This phenomenon seems to
be widespread, as <78% of pyramidal cells in the subicu-
lum display ADPs and bursting activity (62,63). TPM was
now found to reduce ictal-like activity based on PPs in
CA1 neurons through a novel inhibitory action on R-type
calcium channels (24). Interestingly, plateau potentials are
not restricted to hippocampal neurons. Indeed, a plethora
of other neuronal cell types exhibit this phenomenon, such
as suprachiasmatic neurons of the hypothalamus (64),
spinal interneurons (65), dorsal horn neurons (66,67), and
striatal cholinergic neurons (68,69), in which Ca, 2.3 could
exert similar functions. Thus removal of GABA, - recep-
tor inhibition by PTZ might trigger plateau potentials and
afterdepolarizations in various brain regions and might
therefore be responsible for reduced PTZ-seizure suscep-
tibility in Ca,2.37/~mice. This is further supported by
the observation that GABA-receptor—-mediated inhibi-
tion attenuates primary and secondary bursting within the
hippocampus (61). In addition, preliminary data indicate
that kainate seizure susceptibility is also significantly re-
duced in Ca,2.37/~ mice (Weiergriber et al., unpublished
data), supporting our hypothesis. Furthermore, increased
latency data and altered, fragmented seizure architecture
in Ca,2.37/~ mice after PTZ administration point to a
critical role of Ca,2.3 in the propagation of epileptic dis-
charges and seizure generalization.
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4-AP, which enhances neurotransmission by presynap-
tic accumulation of Ca®* via reduction of K* currents,
probably exerts more-global effects on a huge variety
of different neuronal cell populations and therefore did
not reveal changes in seizure susceptibility between both
genotypes.

Our findings, that Ca, 2.3 inactivated mice do not exhibit
spontaneous epileptiform discharges and display reduced
PTZ-seizure susceptibility, strongly support a functional
role of Ca,2.3 in seizure initiation and propagation (24).
Thus Ca,2.3 will serve as an important target for devel-
opment of AEDs in the future.
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Weiergriber M, Henry M, Radhakrishnan K, Hescheler J,
Schneider T. Hippocampal seizure resistance and reduced neuronal
excitotoxicity in mice lacking the Ca,2.3 E/R-type voltage-gated
calcium channel. J Neurophysiol 97: 3660-3669, 2007. First pub-
lished March 21, 2007; doi:10.1152/jn.01193.2006. Voltage-gated
calcium channels are key components in the etiology and pathogen-
esis of epilepsies. Former studies mainly focused on P/Q-type Ca,2.1
and T-type Ca 3.2 Ca®* channels involved in absence epileptogen-
esis, but recent findings also point to an intriguing role of the Ca,2.3
E/R-type Ca”>" channel in ictogenesis and seizure propagation. Based
on the observation that Ca,2.3 is thought to induce plateau potentials
in CA1 pyramidal cells, which can trigger epileptiform activity, our
recent investigation revealed reduced PTZ-seizure susceptibility and
altered seizure architecture in Ca 2.3/~ mice compared with con-
trols. In the present study we tested hippocampal seizure susceptibility
in Ca,2.3-deficient mice using surface and deep intrahippocampal
telemetric EEG recordings as well as phenotypic seizure video anal-
ysis. Administration of kainic acid (30 mg/kg ip) revealed clear
alteration in behavioral seizure architecture and dramatic resistance to
limbic seizures in Ca,2.3~'~ mice compared with controls, whereas
no difference in hippocampal EEG seizure activity between both
genotypes could be detected at this suprathreshold dosage. The same
tendency was observed for NMDA seizure susceptibility (150 mg/kg
ip) approaching the level of significance. In addition, histochemical
analysis within the hippocampus revealed that excitotoxic effects after
kainic acid administration are absent in Ca,2.37'~ mice, whereas
Ca,2.3™* animals exhibited clear and typical signs of excitotoxic cell
death. These findings clearly indicate that the Ca,2.3 voltage-gated
calcium channel plays a crucial role in both hippocampal ictogenesis
and seizure generalization and is of central importance in neuronal
degeneration after excitotoxic events.

INTRODUCTION

Voltage-gated calcium channels (VGCCs) are of tremendous
importance in etiology and pathogenesis of various forms of
epilepsies capable of modulating seizure initiation, propaga-
tion, termination, and kindling (Khosravani and Zamponi
2006; McKeown et al. 2006; Remy and Beck 2006). Interest-
ingly, only a restricted number of these channels has been
directly associated with epileptic disorders in humans and
animal models so far, including Ca,2.1 and Ca,3.2 (Khosra-
vani and Zamponi 2006). Recently, however, it turned out that
the Ca,2.3 E/R-type VGCC also harbors a potential proicto-
genic/proepileptogenic capacity that has been underestimated
for a long time (Tai et al. 2006; Weiergréber et al. 2006a,b).
Being resistant to most other VGCC antagonists, such as
dihydropyridines (DHPs), w-conotoxin GVIA, w-conotoxin
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MVIIC, and w-agatoxin IVA (Catterall et al. 2005), Ca,2.3
E/R-type VGCCs exhibit a significant sensitivity toward Ni*"
(ICsy = 30 uM) (Schneider et al. 1994; Tottene et al. 2000)
and the tarantula toxin SNX-482 (IC5, = 15-30 nM) (New-
comb et al. 1998).

Recent findings in hippocampal CA1 neurons elucidated that
R-type channels can trigger epileptiform activity by contribut-
ing to plateau potentials after cholinergic stimulation (Kuzmiski et
al. 2005; Tai et al. 2006). Muscarinic activation by M,/M;-
cholinergic receptors was shown to enhance both Ca,2.3 and
R-type currents (Bannister et al. 2004; Melliti et al. 2000; Meza
et al. 1999), but not T-type Ca®>" currents in rat hippocampal
CAl pyramidal neurons after P/Q-, N-, and L-type Ca®"
currents were selectively blocked (Tai et al. 2006). This mus-
carinic stimulation (e.g., using carbachol) is capable of induc-
ing plateau potentials on the cellular level by Gey,, and
protein kinase C (PKC) but also theta bursts in extracellular
recordings from the CA1 region (Tai et al. 2006). The epilep-
togenic capacity of Ca,2.3 in triggering hippocampal seizure
activity is further supported by the observation that M, recep-
tor knockout mice exhibit decreased seizure susceptibility after
pilocarpine administration (Hamilton et al. 1997).

Interestingly, R-type Ca>* channels exhibit a complex func-
tional modulation based on internal Ca®" levels and PKC-
mediated phosphorylation. At lower cytosolic Ca?>* concentra-
tions, a positive feedback mechanism, which includes activa-
tion through PKC, slows down inactivation and speeds up
recovery from short-term inactivation (Klockner et al. 2004;
Leroy et al. 2003). Also, the pattern of Ca,2.3 splice variant
distribution in different brain regions is important for neuronal
mechanisms underlying ictogenesis, seizure propagation, but
also neuroprotection (Weiergridber et al. 2006a). In concor-
dance with these findings, recent electroencephalographic
characterization of Ca,2.3-inactivated mice exhibited no indi-
cations of spontaneous epileptiform graphoelements. In con-
trast, pentylenetetrazol (PTZ)-seizure susceptibility was re-
duced and seizure architecture exhibited appreciable alterations
in Ca,2.3™'~ mice compared with controls, supporting a pro-
convulsive capacity of Ca,2.3 (Weiergriber et al. 2006a,b).

Given its contribution to plateau potential generation in CA1
hippocampal neurons capable of triggering epileptiform activ-
ity, we investigated the role of Ca,2.3 in hippocampal seizure
susceptibility and seizure architecture by means of electroen-
cephalography (EEG) and behavioral analysis in both
Ca,2.3""" and Ca,2.37/" mice using kainic acid (KA) and
N-methyl-p-aspartate (NMDA). We further performed histo-
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logical analysis to unravel differences in hippocampal excito-
toxicity. Our results demonstrate that Ca, 2.3~ mice exhibit a
pronounced resistance to hippocampal seizures and reduced
excitotoxicity.

METHODS

Study animals

Generation of the Ca,2.3 null mutant, which was backcrossed into
C57Bl/6, was previously described in detail (Pereverzev et al. 2002;
Weiergriber et al. 2006a). Ca,2.3-deficient and control mice (with
identical genetic backgrounds) from both genders were used in this
study. Mice were housed in makrolon cages type II and maintained on
a conventional 12-h light/dark cycle with food and water available
without restriction. All animal experimentation was approved by the
local institutional committee on animal care.

Hippocampal seizure-susceptibility testing: experimental
design

Kainic acid (KA) and NMDA (both from Sigma, Munich, Ger-
many) were freshly dissolved in physiological 0.9% NaCl before
injection. Each animal was isolated for =30 min before administration
of convulsants.

Kainic acid—induced hippocampal seizures

The non-NMDA receptor agonist KA was administered intraperi-
toneally (ip) to Ca,2.3%"* (n = 18;24.0 = 0.7 g; 16.1 * 0.8 wk) and
Ca,2.37'" mice (n = 18;25.5 = 1.1 g; 22.9 = 1.5 wk) at a dose of
30 mg/kg. Genders were exactly balanced with nine & and nine ? in
each study group. After injection animals were immediately placed
back into their home cage, observed, and videomonitored for 2 h.
Administration of KA causes a well-characterized hippocampal
seizure syndrome that was analyzed according to a slightly mod-
ified seizure score from Baran et al. 1994: stage I, no behavioral
change; stage 2, facial clonus; stage 3, forlimb clonus; stage 4,
rearing; stage 5, falling; stage 6, status epilepticus; stage 7a,
jumping, tonic seizure <30 s; stage 7b, jumping, tonic seizure
30-60 s; stage 8, maximum generalized seizure activity, respira-
tory arrest, and death.

NMDA-induced hippocampal seizures

Seizures were induced by ip administration of NMDA at a dose of
150 mg/kg. Twenty Ca 2.3"/* (21.7 = 0.8 g; 18.1 + 1.9 wk) and 20
Ca,2.37/7 (23.4 = 0.9 g; 16.4 = 1.2 wk) mice were used in this study
and videomonitored for 2 h after injection. Genders were again
balanced with seven 3 and 13 ¢ in each population. In NMDA-
treated mice, seizures developed through a sequence of paroxysmal
scratching, hypermotility and circling, tonic—clonic convulsions, and,
occasionally, death. The following semiquantitative scale was used
for the examination of seizure severity slightly modified according to
Marganella et al. 2005: stage 0, no response; stage I, excessive
grooming and paroxysmal scratching; stage 2, mild hypermotility;
stage 3, extensive hypermotility and circling; stage 4, forepaw clonus
and tail hypertonus; stage 5, generalized tonic—clonic convulsions;
stage 6, status epilepticus; stage 7, death.

Collecting data for seizure-susceptibility analysis

Latencies were calculated as the time from injection of KA and
NMDA to the first observation of the individual seizure phase. If
animals did not undergo a specific seizure phase during the observa-
tion period, it was assigned a latency of 120 min for both substances.
In addition, the frequencies with which an animal entered the various
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phases during the observation period were also counted. Time points
and frequencies were noted on-line and rechecked using mouse video
recordings.

Telemetric surface and intrahippocampal EEG recordings

Both TA10ETA-F20 and TL11M2-F20-EET transmitters (DSI, St.
Paul, MN) were used for electrocorticographic and deep intrahip-
pocampal EEG recordings in Ca,2.3"'" and Ca,2.37/~ mice. The
telemetry system, implantation procedure, and postoperative treat-
ment were previously described in detail (Weiergriber et al. 2005).

SURFACE ELECTRODE IMPLANTATION (ELECTROCORTICOGRAM,
ECOG). Epidural leads were positioned at the border of primary to
secondary motor cortex (M,/M,) at the following stereotaxic coordi-
nates: (+)-lead, bregma +1 mm, lateral of bregma 1 mm (left
hemisphere); (—)-lead, bregma +1 mm, lateral of bregma 1 mm (right
hemisphere) and fixed at the neurocranium using dental cement.

INTRACEREBRAL ELECTRODE IMPLANTATION. For deep intrahip-
pocampal recordings targeting the CA1 region electrodes were posi-
tioned as follows: (+)-lead, bregma —2 mm, lateral of bregma
1.5 mm (left hemisphere), dorsoventral (depth) 1.3 mm; (—)-lead,
bregma —2 mm, lateral of bregma 1.5 mm (right hemisphere);
dorsoventral 1.3 mm. In total, nine Ca,2.3"/* (28.0 = 0.8 g, 17.5 +
1.7 wk, all &) and nine Cav2.37/7 mice (28.8 = 1.2 g, 20.1 = 1.6 wk,
all &) were analyzed that did not belong to the behavioral study
groups. After recovery (7-10 days post-implantation) animals were
administered KA at 10 mg/kg ip (n = 3 for each genotype) and 30
mg/kg ip (n = 6 for each genotype) and EEGs recorded for =2 h. In
addition, daily recordings (minimum 1 h) were carried out in controls
for 1 wk after injection.

Brain histology and histochemistry

Brains from KA (30 mg/kg ip) treated Ca,2.3"'" (n = 3, all &) and
Ca,2.37'~ (n = 3, all &) mice were exstirpated 7 days post-injection
and fixed in 4% formaldehyde. Hippocampal sections (bregma:
—1.7 mm) were analyzed for KA-induced excitotoxic effects using
standard hematoxylin-eosin (HE) and Nissl-staining.

Statistical analysis

To acquire and analyze EEG data, the Dataquest A.R.T. 3.1
software (DSI) was used. EEG recordings were obtained as outlined
earlier. In addition long-term deep intrahippocampal EEG recordings
(>24 h) were performed 7-10 days post-surgery. EEG activity was
sampled at 1,000 Hz with no filter cutoff. Absolute power spectrum
density (PSD, mV?/Hz) was calculated from 5-min segments using the
periodogram function (FFT based with Hanning windowing method).
Frequency ranges were defined as follows: sub-6 (0—1 Hz), 6 (1-4
Hz), 6 (4-8 Hz), a (8§—12 Hz), B (12-32 Hz), y (32-50 Hz). All data
were calculated and displayed as the means *= SE. Statistical com-
parison of categorical variables (e.g., occurrence of seizure stages,
lethality) was performed using Fisher’s exact probability test (two-
tailed), whereas continuous variables (e.g., seizure latencies, frequen-
cies) were analyzed using the parametric Student’s 7-test, considering
P < 0.05 as significant.

RESULTS

Hippocampal KA seizure susceptibility in Ca,2.3-deficient
and control mice

Analysis of Ca,2.3""" and Ca 2.3/~ mice after KA admin-
istration revealed a complex alteration in behavioral seizure
architecture with Ca,2.3-deficient animals exhibiting pro-
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nounced seizure resistance (Table 1). The most prominent
observation is that a significantly higher number of control
mice exhibit severe status epilepticus (56.3 vs. 0%; P =
0.0017) and maximum generalized seizure activity associated
with death (50 vs. 0%; P = 0.0010) compared with Ca,2.3-
deficient animals. This is concomitant with a significant reduc-
tion in stage 6 and stage 8 frequency and increase in latency for
controls (Table 1A). Furthermore, stage 5 latency was signif-
icantly increased but frequency nonsignificantly reduced in
Ca,2.37’~ mice. No difference was observed between the two
genotypes for both generalized seizure stages (stages 7a and
7b) characterized by jumping and tonic events except an
increase in stage 7a frequency in Ca, 2.3/~ mice. Interest-
ingly, some parameters of lower seizure severity (e.g., stage 2
and 3 frequency) were significantly increased in Ca,2.3~/~
mice similar to results obtained previously (Weiergriber et al.
2006a). However, similar to our prior studies using PTZ and
4-AP, KA-induced seizure severity is clearly reduced in
Ca,2.3-deficient mice (Table 1A). In particular, results from
stages 6 and 8 point to a functional role of Ca,2.3 in seizure
perturbation and generalization.

Parameters known to affect seizure susceptibility (e.g., age
and body weight) were approximated at the best possible rate
and genders were exactly balanced. Although KA but not
NMDA study groups differed significantly in age (P = 0.0003
and P = 0.4547, respectively) there is no information given
in the literature that such minor differences (67 wk) cause
significant alterations in seizure susceptibility. We strictly
avoided to use inappropriately aged animals (juvenile <3
wk and old mice >1 yr). In our study KA-induced lethality
was slightly higher in male compared with female controls
(55.6 vs. 44.4%), similar to results obtained in rats (Mejias-
Aponte et al. 2002), although not reaching level of signifi-
cance.

Hippocampal NMDA seizure susceptibility in Ca,2.3-
deficient and control mice

NMDA seizure analysis of 20 controls and 20 Ca 2.3/~
mice revealed a tendency similar to that observed for KA.
Again, Ca,2.3~'~ mice exhibited reduced seizure susceptibil-
ity, particularly to stages of higher seizure severity. The sur-
vival rate of Ca,2.3-deficient mice was 90%, but only 60% in
control animals not reaching the level of significance (P =
0.0648). In addition, occurrence of generalized tonic—clonic
convulsions and status epilepticus are also reduced in
Ca,2.37'~ mice close to the level of significance (Table 1B).
Latency data for stages 5—7 are also increased in knockouts,
although not significantly. It is also worthwhile to note that
lethality in female Ca,2.3"'* mice was higher compared
with males (46.2 vs. 28.6%), although not significant (P =
0.6424).

Electrocorticogram (ECoG) and deep intracerebral EEG
recordings after KA administration

Analysis of deep intrahippocampal long-term EEG recordings
from the CA1 region of both Ca,2.3"" and Ca 2.3~ mice did
not reveal any spontaneous ictal-like discharges that are indicative
of limbic seizure activity (Fig. 1, A and B). Because seizure-
susceptibility studies (see above) were carried out at 30 mg/kg to
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obtain behavioral phenomena, subsequent EEG recordings were
also performed at that dosage (Figs. 1, C—F and 2, A and B).
Initially, pilot studies were carried out to validate that intrahip-
pocampal EEG recordings can be reliably distinguished from
cortical EEG activity after KA administration by simultaneous
recordings from the CA1 and M1/M2 region using a TL11M2-
F20-EET transmitter (Fig. 2B). Unlike PTZ-induced seizure ac-
tivity (Weiergriber et al. 2006a), we did not observe any indica-
tions of altered KA-induced seizure architecture. Analysis of ictal
episode duration in Ca,2.3"* (7.1 = 2.3 min, n = 6) and
Cav2.37/7 mice (6.5 = 1.6 min, P = 0.8174, n = 6) did not reveal
any difference (Fig. 3A) and similar results were obtained for
interictal phases (3.9 = 0.4 vs. 2.5 = 0.7 min, P = 0.0868, n =
6, Fig. 3B). As depicted in Fig. 2, A and B both controls and
Ca,2.3-deficient mice exhibit contiguous spike and spike-wave
activity throughout the 2-h observation period. This epileptic
activity is within the delta- and theta-wave range (1-8 Hz), as
confirmed by power spectrum analysis. At 30 and 10 mg/kg KA,
no major differences in hippocampal seizure activity could be
detected between both genotypes (Figs. 2 and 3). PSD
analysis of ictal episodes (30 s) did not reveal any differ-
ences between both genotypes (Fig. 3C). Although analysis
of the entire 2-h EEG recording period after KA (30 mg/kg)
administration revealed a more rapid onset of theta, delta,
and particularly subdelta activity in controls compared with
Cav2.37/ " mice (Fig. 3D), these differences did not reach
the level of significance. In addition, latency to first onset of
exacerbating EEG seizure activity did not differ signifi-
cantly between Ca,2.3"'* and Ca 2.3/~ mice (7.2 * 1.6
vs. 7.0 £ 2.7 min; P = 0.9351) and no alteration in latencies
to peak PSD values for the individual frequency ranges
could be detected (Fig. 3E). Thus hippocampal EEG seizure
activity does not vary between Ca,2.3"'* and Ca,2.37'~
mice at 30 mg/kg KA. Even at 10 mg/kg mice from both
genders appeared to be behaviorally normal, although ex-
hibiting a hippocampal status (Fig. 2, C and D). Thus both
dosages turned out to be far beyond hippocampal seizure
threshold in either genotype.

However, seizure generalization including motoric compo-
nents (e.g., clonic events and status epilepticus) could be
induced only with higher doses (30 mg/kg). Thus the pro-
nounced KA-induced seizure resistance in Ca, 2.3~ mice
points not only to an ictogenic potential of Ca,2.3 but also to
its role in seizure spreading and generalization.

Kainic acid-induced hippocampal excitotoxicity in Ca,2.3""*

and Ca,2.3™"~ mice

To unravel the role of Ca,2.3 in modulating excitotoxic cell
death we performed histochemical analysis of brains derived
from Ca,2.37’~ and Ca,2.3""" mice 1 wk after ip administra-
tion of KA (30 mg/kg). In rodents, peripheral injections of KA
result in recurrent seizures and subsequent degeneration of
selected populations of neurons within the hippocampus. EEG
recordings for a 1-wk period after KA administration revealed
that, although decreasing, hippocampal seizure activity still
persists (Fig. 1, C—F). This leads to a time-dependent, hyper-
excitability-mediated neuronal degeneration within the hip-
pocampus, particularly CA3, paving the way for further exci-
totoxic damage. Both Nissl and HE staining exhibit prominent
neuronal cell loss and neurodegeneration in the CA3 region of
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TABLE 1.  Effects of KA (A, 30 mg/kg, ip) and NMDA (B, 150 mg/kg) on occurrence, latency (L), and frequency (F) of the individual seizure stages

Stage Ca23%"* (n=18) Ca,237/~ (n=18)

A. KA seizure susceptibility
1 (no behavioral change)

0/16* 2/18 ns®
L1 7,200° 7,200° ns
2 (facial clonus)
13/16* 16/18 ns®
L2 2,453 + 628 2,379 + 428 ns
F2 34*1.0 89+12 P = 0.0025
3 (forelimb clonus)
12/16* 15/18 ns®
L3 2,876 = 691 3,286 + 493 ns
F3 47+ 14 10.7 £ 2.1 P =0.0331
4 (rearing)
9/16* 10/18 ns®
L4 4,090 = 736 5,193 + 449 ns
F4 77+37 7119 ns
5 (falling)
9/16* 8/18 ns®
L5 3,919 = 764 5,7239 + 424 P = 0.0445
F5 43+ 14 22*08 ns
6 (status epilepticus > 3 min)
9/16* 0/18 P =0.0017°
L6 3,777 = 794 7,200¢ P < 0.0001
F6 0.7 0.2 0° P = 0.0002
7a (jumping, tonic seizure < 30 s)
9/16% 14/18 ns®
L7a 3,797 £ 779 3,568 + 487 ns
F7a 1.6 = 0.7 47*+10 P =0.0255
7b (jumping, tonic seizure > 30 s)
5/16* 8/18 ns®
L7b 5,494 * 669 5,576 * 463 ns
F7b 0.6 0.3 1.2*+0.6 ns
8 (maximum seizure activity and death)
9/18 0/18 P =0.0010°
L8 4,338 = 696 7,200¢ P =0.0001
F8 0.6 = 0.1 0° P < 0.0001
Stage Ca,2.3"" (n = 20) Ca,2.37" (n =20)

B. NMDA seizure susceptibility
0 (no response)

0/19* 0/16* ns
Lo 7,200 7,200 ns
1 (excessive grooming and paroxysmal scratching)
13/19* 13/16* ns®
L1 3,794 + 532 3,314 + 543 ns
F1 53=*1.6 65+ 1.4 ns
2 (mild hypermotility)
11/19* 8/16* ns®
L2 3,895 £ 720 4,162 = 814 ns
F2 1.5 04 1.4 *+0.5 ns
3 (extensive hypermotility and circling)
6/19* 6/16° ns®
L3 5,596 * 645 5,169 = 719 ns
F3 0.8 =04 0.6 =02 ns
4 (forepaw clonus and tail hypertonus)
13/19* 8/16* ns®
L4 2,918 £ 702 3,883 + 857 ns
F4 22.6 = 8.6 50.0 £ 193 ns
5 (generalized tonic-clonic convulsions)
5/19* 0/16* P =0.0493°
L5 5,601 * 638 6,358 £ 575 ns
F5 04=*02 0 P = 0.05314¢
6 (status epilepticus)
7/19* 2/16* ns®
L6 5,110 £ 725 6,394 * 551 ns
F6 05=*02 0.1*0.1 P =0.07739¢
7 (death)
8/20 2/20 P = 0.0648>¢
L7 4,974 = 690 6,398 * 548 ns

Latency values (s) and frequency data (s™') are presented as means * SE. Values of P < 0.05 are considered significant; ns, not significant. Values of P
approaching the level of significance are mentioned explicitly. “A few animals could not be video-analyzed completely, which explains the difference in number.
"Lethality and number of animals entering individual seizure stages were analyzed using Fisher’s exact probability test. “Mice exhibiting no individual seizure
phase were assigned a maximum latency and zero values for frequency. “Parameters approaching significance.
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FIG. 1.

Intrahippocampal electroencephalographic (EEG) recordings after intraperitoneal administration of kainic acid (KA, 30 mg/kg). A and B:

representative spontaneous EEG traces (10 s) obtained from the CA1 region of the hippocampus from Ca,2.3*/* (n = 9, A) and Ca,2.3~/~ mice (n = 9, B) before
injection. No epileptiform discharges indicative of spontaneous hippocampal seizure activity could be detected in Ca,2.3-deficient mice. C: deep CA1 recording

from a Ca,2.37/*

mouse for 2 h immediately after KA administration. At 30 mg/kg KA contiguous hippocampal seizure activity is presented occasionally

interrupted by postictal depression (arrows). Ictal discharges are characterized by spike and/or spike-wave activity (see insets) in the delta- and theta-wave range
(4—8 Hz). D-F: At days 1, 3, and 5 post-injection 1-h CA1 EEG recordings illustrate slightly declining but still continuous ictiform activity related to neuronal

excitotoxic degeneration depicted in Fig. 4.

Ca,2.3"" mice but not in Ca,2.3-deficient animals (Fig. 4,
A-D). In Ca,2.3*"" mice, only 11% of neurons within the
stratum pyramidale (CA3) exhibit an intact morphology after
Nissl or HE staining (Fig. 4C). However in Ca,2.3”/~ mice, 89
and 90% of neurons reveal an intact cell shape after Nissl and
HE staining, respectively. In addition, the number of countable
(intact and degenerating) cells is reduced by 13.4% in
Ca,2.3""* mice compared with Ca,2.3~'~ mice. Note also the
fading appearance of condensed chromatin in Ca,2.3%"* CA3
pyramidal neurons compared with Ca,2.3-deficient animals
(Fig. 4C, two left panels vs. right panels). As hippocampal
seizure activity emerged to be similar in both genotypes at 30
mg/kg, reduced excitotoxicity in Ca,2.3~’~ mice also points to
an intriguing role of Ca,2.3 in neuronal cell degeneration and
apoptosis.

DISCUSSION

Voltage-gated Ca”>" channels are key regulators in neu-
ronal excitability and turn out to be important components
in ictogenesis and epileptogenesis (Khosravani and Zam-
poni 2006; Weiergrdber et al. 2006b). Most studies in the
past focused on Ca,2.1 and Ca,3.2 VGCCs. However, recent
findings indicate that the Ca 2.3 E/R-type Ca>" channel can
also serve as a proictogenic factor. Within the CNS Ca,2.3
is widely distributed and preferentially localized either pre-
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synaptically or homogeneously on the soma and dendrites
depending on the cell type (Weiergridber et al. 2006b;
Westenbroek et al. 1995). Presynaptically, only a smaller
fraction of Ca,2.3 is restricted to the active zone of the
vesicle fusion machinery and thus involved in neurotrans-
mission (Wu et al. 1999), whereas a larger fraction is
localized more distant in the synapse responsible for syn-
aptic plasticity, e.g., long-term potentiation (LTP) (Breu-
stedt et al. 2003; Dietrich et al. 2003). The somatic and
dendritic expression of Ca,2.3 is highly organized in space
and contributes to the genesis of electrical phenomena
resembling epileptiform activity (Magee 2000; McCormick
and Contreras 2001; Williams and Kauer 1997). In addition,
Ca,2.3 is capable of inducing plateau potentials that under-
lie ictiform burst activity in various neuronal cell types
(Kuzmiski et al. 2005; Tai et al. 2006). Its functional
contribution to afterdepolarizations, which are also involved
in epileptiform bursting, was previously reported (Metz et
al. 2005) but remains controversial (Yue et al. 2005). In
addition, Ca,2.3 channels exhibit a complex regulation by
G-protein—coupled signal transduction pathways, PKC, and
internal Ca®" levels, thus harboring remarkable but typical
features of a seizure-susceptibility candidate (Weiergriber
et al. 2006b).

We previously demonstrated that neither Ca, 2.3/~ mice nor
control animals exhibit spontaneous epileptiform discharges in
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FIG. 2.

Intrahippocampal EEG recording from Ca,2.3"/* and Ca,2.3"/~ mice after KA administration (30 mg/kg, A, B; 10 mg/kg, C, D). Deep CA1 EEG

recording from control (A) and Ca,2.3-deficient mice for 2 h (B). In some animals seizure activity is predominantly characterized by repetitive and delimitable
high-amplitude exacerbation of spike and/or spike-wave activity (*) usually followed by postictal depression (red arrows), whereas in other mice this activity
seems to merge resulting in continuous seizure activity. However, detailed EEG analysis of 6 animals from each genotype revealed no differences in seizure
architecture at this suprathreshold KA concentration. B: simultaneous deep CA1 and surface EEG recordings from the motor cortex (M1/M2) reveal partially
overlapping but also distinct patterns of neuronal hyperexcitability in the different regions (see black arrows and dashed lines), pointing out the regional
specificity of EEG recordings. C and D: even 10 mg/kg KA turned out to be far beyond hippocampal seizure threshold (n = 3 for each genotype).

surface and deep intracerebral EEG recordings indicative of
convulsive or nonconvulsive seizure activity. Interestingly,
Ca,2.37'~ mice turned out to be more resistant to PTZ-induced
seizures, whereas 4-AP—induced seizure susceptibility remained
unchanged (Weiergrdber et al. 2006a). Based on recent electro-
physiological studies in CA1 neurons pointing to a functional role
of Ca,2.3 in plateau potential generation in the hippocampus, we
investigated the systemic effects of Ca, 2.3 ablation on hippocam-
pal seizure activity using KA and NMDA. Behavioral analysis of
36 animals in total demonstrates that KA-induced seizure suscep-
tibility (e.g., status epilepticus and lethality) is dramatically re-
duced in Ca 2.3/~ versus control mice, supporting recent obser-
vations in CA1 neurons and validating the proconvulsive effect of
Ca,2.3 on the systemic, whole animal level. Similar findings were
obtained for NMDA seizure susceptibility (40 animals in total),
further strengthening the role of Ca,2.3 in seizure initiation and
generalization.

These results suggest that Ca,2.3 acts solely as an electrophys-
iological regulator in triggering seizure initiation and propagation.
However, studies by Suzuki et al. (2004) elucidated that Ca,2.3 is
likely to be involved in neuronal apoptotic processes related to
excitotoxicity as well. Mutations in EFHC1, a novel interaction
partner of the Ca,2.3 VGCC, were reported to cause juvenile
myoclonic epilepsy (JME) in humans. Normally, EFHCI induces
neuronal apoptosis by interaction with Ca, 2.3, whereas mutations
in EFHC1 disrupt C-terminal binding and consequently result in
lack of apoptosis and increased cell density, exhibiting hyperex-
citable circuits as a result of altered neuronal connectivity (Suzuki
et al. 2004). This functional role of Ca,2.3 in neuronal degener-
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ation is further supported by the observation that antiepileptic
drugs (AEDs) known to block Ca,2.3 (e.g., topiramate and
lamotrigine) also exert strong neuroprotective effects (Ca-
puti et al. 2001; Edmonds Jr et al. 2001; Hainsworth et al.
2003). Normal neuronal computation in the brain requires
intense ongoing excitatory transmission. However, exces-
sive excitatory activity results in neuronal damage and
death, through a mechanism known as excitotoxicity (Ben
Ari and Cossart 2000).

A major contributor to both hyperexcitability and excitotox-
icity within the CNS is the glutamate system. Spreading of
excessive glutamatergic neurotransmission eventually leads to
sustained, paroxysmal network activity that can emerge into
behaviorally observable symptoms. L-Glutamate is a neuro-
transmitter in a majority of excitatory synapses within the brain
and acts on three classes of ionotropic receptors: NMDA,
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid), and KA receptors. In excessive concentrations, gluta-
mate has the potential to induce serious cell damage and even
death to neurons, with NMDA and KA receptors located on
neuronal cell bodies but also the pre- and postsynapse (Nicoll
and Schmitz 2005). Kainic acid in particular is a well-charac-
terized excitotoxin in the hippocampus and induces degenera-
tion of cornu ammonis pyramidal neurons but also hyperexcit-
ability in surviving CA neurons, provoking epileptiform activ-
ity and thereby serving as a model of complex partial seizure
activity. Kainic acid—induced limbic seizure activity is initiated
by paroxysmal discharges within the hippocampus and further
spread to other limbic structures and finally to nonlimbic areas
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FIG. 3. Analysis of hippocampal EEG seizure activity in Ca,2.3™* and Ca,2.37'~ mice after KA (30 mg/kg) administration. Six Ca,?2.
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Ca,2.37’~ mice deeply implanted in the CA1 region were used for this analysis. A and B: scatterplot illustrating duration and frequency of ictal episodes (A)
and interictal phases (B) in Ca,2.3"* and Ca,2.3™'~ mice. Horizontal bars indicate mean values. No significant differences could be detected between both
genotypes. Note that short-term ictal episodes are frequent early after KA injection, whereas long-term hippocampal EEG seizure activity representing limbic
status epilepticus occurs at later time points. C: power-spectrum density (PSD) analysis of ictal episodes (30-s segments) for the various frequency ranges. D:
3D plot of averaged absolute PSD from Ca,2.3%'* and Ca,2.37/~ mice (n = 6 for each genotype) for the different frequency ranges. A total observation period
of 2 h was plotted using 5-min EEG segments for analysis. No significant difference between both genotypes could be detected. E: measurement of peak PSD
latencies for the individual frequency ranges after KA administration; &*, subdelta range.

(Ben Ari 1985), resulting in various motor signs such as
staring, head nodding, wet-dog shakes, recurrent limbic motor
seizures, status epilepticus, and death. Both NMDA- and
KA-receptor activation is associated with activation of
VGCCs by prolonged depolarization and Ca®"-mediated

excitotoxicity that might in part be responsible for neuronal
cell death. However, the exact mechanisms yet have to be
illuminated.

Interestingly, it was recently shown that KA receptors are
expressed not only postsynaptically at the mossy fiber synapse,
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FIG. 4. Assessment of excitotoxic cell injury and neuronal degeneration in the hippocampus of Ca,2.3*'* (n = 3) and Ca,2.3~/~ mice (n = 3) after systemic
KA (30 mg/kg) treatment. Seven days after injection brains from Ca,2.3%'" (left panels) and Ca 2.3/~ mice (right panels) were exstirpated and both Nissl- and
HE-stained. In Ca,2.3"" mice neuronal cell degeneration is present in both the rostral-middle hippocampus (B, bregma: —1.7 mm) as well as in the more caudal
parts (D, bregma: —2.5 mm), but absent in corresponding sections of Ca 2.3/~ animals. Enlargements of individual areas (labeled by boxes in B) are shown
for the CA1 region in A and for the CA3 region in C. Note, the strong granulation of cells and gaps between pyramidal neurons in the CA3 region shown in

C. Bars in B and D: 500 pwm.

but also presynaptically together with Ca,2.3 modulating neu-
rotransmission in the CA3 region, probably related to the
profound excitotoxic effects in this hippocampal region (Nicoll
and Schmitz 2005). In addition, it turns out that more and more
neuroprotectants and neurotransmitters that are upregulated
after KA-induced seizures (Hunsberger et al. 2005) interact
with or functionally modulate Ca,2.3, e.g., hsp70 (Krieger et
al. 2006) or neurokinin 1 (Meza et al. 2007).

Excitotoxic neurodegeneration clearly differs between the
individual mouse strains. Studies by Schauwecker and Steward
(1997) using 30 mg/kg KA revealed that 129/SVEMS and
FVB/N mice exhibit excitotoxic cell death in the CA3 and CA1
regions of the hippocampus at lower doses. However, C57B1/6
and BALB/c mice display neuronal cell death only at higher
doses of KA in restricted areas (predominantly CA3), although
the severity of seizures is comparable. Histochemical analysis
of Ca,2.3""" and Ca,2.3™/" mice revealed clear indications of
reduced excitotoxic cell death in the CA3 region of Ca,2.3-
deficient mice exhibiting a characteristic distribution pattern
as reported previously (Schauwecker and Steward 1997).
Because detailed analysis of hippocampal EEG seizure ac-
tivity did not reveal differences between both genotypes at
30 mg/kg KA (Fig. 2, A and B), the explicit hippocampal
invulnerability of Ca, 2.3/~ mice is likely to be a direct
result of Ca,2.3 ablation and not because of decreased
limbic seizure intensity at that dosage. Given the complex
distribution pattern of functionally divergent Ca,2.3 splice
variants in the CNS (Weiergridber et al. 2006) one can
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hypothesize that hyperexcitability and neuronal degenera-
tion are mediated by different Ca,2.3 splice entities in a
direct or indirect way. Interestingly, the major, near-exclu-
sive splice variant in hippocampus and neocortex corre-
sponds to the Ca,2.3c variant, which contains the exon 19
encoded insert 1 of the cytosolic II-III loop. This segment
provides a novel Ca®" and phorbolester sensitivity to
Ca,2.3c. Further, the II-III loop of Ca,2.3 (with or without
insert 1) represents the interaction site for the molecular
chaperone hsp70 (Krieger et al. 2006). Hsp70 in particular
was proved to be involved in neuroprotection. The investi-
gation of disturbances of Ca,2.3—hsp70 signaling may be an
important target to understand neurodegeneration in epilep-
tiform disorders.

Power spectrum density analysis did not reveal any differ-
ences in frequency distribution between both genotypes after
KA administration (Fig. 3), particularly not in ictal discharges
within the delta and theta range, which were reported to
correlate with hippocampal atrophy and sclerosis in humans
(Vossler et al. 1998).

This observation is of tremendous relevance because cell
death associated with glutamate neurotoxicity contributes to
the devastating secondary effects of epileptic disorders (Malva
et al. 1998).

In summary, our recent findings point to a fascinating dual role
of Ca,2.3 in both ictogenesis and excitotoxicity. Electrophysio-
logical studies on both the cellular and the systemic level of
Ca,2.37'~ mice strongly support a proictogenic capacity of the
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Ca,2.3 VGCC. Moreover, the channel also mediates excitotoxic
effects as first reported by Suzuki et al. (2004) in JME patients,
now further validated by the observation of reduced KA excito-
toxic susceptibility in Ca,2.3~'~ mice. Finally, Ca, 2.3 serves as a
potent target for various AEDs, which exert neuroprotective
effects. Clearly, these remarkable features bring the Ca,2.3
VGCC into focus of pharmacotherapeutic research in epilepsy and
neurodegeneration in the future.
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Voltage-gated calcium channels (VGCCs) are key regulators of neuronal excitability and important factors in
epileptogenesis and neurodegeneration. Recent findings suggest a novel, important proictogenic and
proneuroapoptotic role of the Ca,2.3 E/R-type VGCCs in convulsive generalized tonic-clonic and hippocampal
seizures. Though Ca,2.3 is also expressed in key structures of the thalamocortical circuitry, their functional
relevance in non-convulsive absence seizure activity remains unknown. To this end, we investigated absence
specific spike-wave discharge (SWD) susceptibility in control and Ca,2.3-deficient mice by systemic
administration of y-hydroxybutyrolactone (GBL, 70 mg/kg i.p.), followed by electrocorticographic radio-
telemetric recordings, behavioral analysis and histomorphological characterization. Based on motoric studies,
SWD and power-spectrum density (PSD) analysis, our results demonstrate that Ca,2.3™/~ mice exhibit increased
absence seizure susceptibility and altered absence seizure architecture compared to control animals. This study
provides evidence for the first time that Ca,2.3 E/R-type Ca®* channels are important in modulating

Absence epilepsy

thalamocortical hyperoscillation exerting anti-epileptogenic effects in non-convulsive absence seizures.

© 2008 Elsevier Inc. All rights reserved.

Introduction

Voltage-gated calcium channels (VGCCs) mediate Ca®* influx into
living cells triggering various cellular processes, such as excitation-
contraction coupling (Bers, 2002), excitation-secretion coupling (Yang
and Berggren, 2005; Kisilevsky and Zamponi, 2008), neurotransmitter
and hormone release (Catterall et al., 2005), and also regulation of
gene expression (Bito et al., 1997; Hofmann et al., 1999). In the last
decade, VGCCs, in particular Ca,2.1 P/Q-type and Ca,3.2 T-type
channels, were shown to be functionally relevant in the etiopatho-
genesis of various forms of epilepsies in both humans and animal
models exhibiting convulsive and non-convulsive seizure phenotypes
(Kullmann, 2002; Turnbull et al., 2005). Recently, another VGCC entity,
the Ca,2.3 E/R-type channel, was also proven to exert proictogenic and
proepileptogenic effects in convulsive seizures. Cellular electrophy-
siology of hippocampal CA1 neurons revealed that Ca,2.3 is capable of
triggering plateau potentials with superimposed epileptiform burst-
ing following muscarinergic M;/Mj3 receptor stimulation (Kuzmiski

Abbreviations: GBL, y-hydroxybutyrolactone; RTN, reticular thalamic nucleus; SWD,
spike-wave discharge; VGCC, voltage-gated calcium channel.
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et al,, 2005; Tai et al., 2006). There are further indications, though
controversially discussed, that Ca,2.3 is involved in epileptogenic
afterdepolarizations (ADH) in hippocampal CA1 neurons as well (Metz
et al,, 2005; Yue et al., 2005). In addition, some anti-epileptic drugs,
e.g. lamotrigine, sipatrigine and topiramate, are efficient Ca,2.3 E/R-
type Ca®* channel blockers, among which topiramate is capable of
suppressing Ca,2.3 mediated epileptiform bursting in the CA1l
hippocampal region at therapeutically relevant plasma concentrations
(Kuzmiski et al., 2005).

The functional properties of Ca,2.3 E/R-type Ca®* channels in
convulsive seizures in vivo have been studied in detail recently by
gene inactivation of CacnalE, expressing Ca,2.3 (Pereverzev et al.,
2002). Electroencephalographic analysis of Ca,2.3-deficient mice
revealed no spontaneous epileptiform discharges indicative of con-
vulsive seizure activity. Instead, ablation of Ca,2.3 resulted in reduced
seizure susceptibility to generalized tonic-clonic seizures provoked by
pentylenetetrazol (PTZ) and to hippocampal seizures induced by
kainic acid (KA) or N-methyl-p-aspartate (NMDA) (Weiergraber et al.,
2006a; Weiergraber et al., 2006b; Weiergraber et al., 2007). Intrigu-
ingly, Ca,2.3 deficiency provides additional neuroprotective effects by
suppressing hyperexcitability and excitotoxicity in the CNS (Weier-
graber et al., 2007). Furthermore, mutation analysis of EFHC1, a Ca,2.3
interaction partner supports that Ca,2.3 may mediate epileptogenesis
and neurodegeneration (Suzuki et al., 2004). In addition, the
molecular chaperone hsp70 known to be involved in neurodegenera-
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Fig. 1. Inmunodetection of GABAergic interneurons in the thalamocortical circuitry. (A-H) Coronal sections (Bregma: —0.1 to -1.0 mm) from control (left) and Ca,2.3™~ mice (right)
were stained for parvalbumin (1:4000) using indirect immunofluorescent labeling revealing typical staining of the reticular thalamic nucleus (A-D). No obvious structural differences
in RTN histomorphology between both genotypes were observed (arrows indicate round “R” neurons; arrowheads point at large fusiform “F” cells; small fusiform cells “f” are rarely
present in the RTN). Other than the thalamic region, parvalbumin-positive cells were also detected in the neocortex (E-H). Similar to the RTN, immunofluorescent labeling of cortical
GABAergic neurons does not suggest structural alterations in both regions expressing the Ca,2.3 E/R-type VGCC. Bar (A, B, E, F): 200 pm; bar (C, D, G, H): 50 pm.

tion functionally interacts with the II-III loop of the Ca,2.3 E/R-type
VGCC and contributes to the protein kinase C mediated effects on this
channel (Krieger et al., 2006). Finally, divalent trace metals target
Ca,2.3 Ca®* channels (Mathie et al., 2006; Sun et al., 2007) capable of
modulating hippocampal seizure susceptibility and neurotoxicity
(Dominguez et al., 2003; Takeda et al., 2003a; Takeda et al., 2003b;
Takeda et al., 2005). Although the functional involvement of Ca,2.3
E/R-type Ca®* channels in convulsive seizures has been elicited lately,

their functional implications in generalized non-convulsive seizures of
the absence type are still largely unknown to date.

Absence seizures are characterized behaviorally by a paroxysmal
loss of consciousness that is normally accompanied with bilateral
synchronous spike-wave discharge (SWD) activity, of which the
frequency is species specific (Manning et al., 2003). The pathophysio-
logical substrate of absence seizure activity is aberrant hyperoscilla-
tion in the underlying thalamocortical-corticothalamic network.
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Within this circuitry, glutamatergic thalamic relay cells innervate
cortical pyramidal neurons which finally resynapse onto the ventro-
basal thalamic region. Both structures also exhibit glutamatergic input
onto reticular thalamic nucleus (RTN) neurons with the latter
providing GABAergic projections not only onto the RTN neurons
themselves, i.e. lateral inhibition, but also onto thalamic relay cells
(Danober et al., 1998; Khosravani and Zamponi, 2006). Both relay
neurons of the ventrobasal thalamus and RTN neurons have the
intriguing capability to shift between two functional modes, the tonic
and burst firing mode, which strongly regulates transmission of
external information to the cortex (Blumenfeld and McCormick,
2000). Oscillatory behavior within the thalamocortical circuitry is
substantially driven by the RTN which serves as a key modulator of
information transfer between thalamus and cortex. It is noteworthy
that various extrathalamocortical structures capable of modulating
thalamocortical rhythmicity and absence SWD generation project to
that circuitry (Danober et al., 1998; Lakaye et al., 2002).

Most studies on absence epileptogenesis in humans and animal
models in the past predominantly focused on T- and P/Q-type VGCCs.
The Ca,3.1 VGCC knock-out mouse model lacks rebound burst firing
in thalamocortical relay neurons, thus displaying resistance to
absence seizures (Kim et al., 2001) and altered sleep architecture
(Lee et al., 2004). In addition, Genetic Absence Epilepsy Rats from
Strasbourg (GAERS) exhibit increased T-type Ca**-current in RTN
neurons (Tsakiridou et al., 1995) and also alterations in Ca,3.1 and
Ca,3.2 VGCC expression in the adult ventroposterior thalamic nuclei
and juvenile RTN neurons, respectively (Talley et al., 2000). Finally,
the gene encoding Ca,3.2 T-type Ca®* channel (CACNA1H) was
identified as a susceptibility locus of absence epilepsy in humans
with gain-of-function mutations triggering thalamocortical hyper-
oscillation and absence epilepsy (Khosravani et al., 2004; Khosravani
et al., 2005; Shin, 2006; Arias-Olguin et al., 2008). Ca,2.1”~ mice and
various Ca,2.1 mouse mutants, e.g. tottering, tottering leaner and
rocker, are also prone to absence epilepsy, the mechanism of which
still remains poorly understood (Jun et al., 1999; Kullmann, 2002).
However, within the thalamocortical circuitry, T- and P/Q-type VGCCs
are not the only players.

GABAergic interneurons of the RTN and cortex as well as
extrathalamocortical structures were clearly shown to express
Ca,2.3 E/R-type Ca®* channels (De Borman et al., 1999; Talley et al.,
2000; van de Bovenkamp-Janssen et al., 2004; Weiergraber et al.,
2006b). Interestingly, de Borman et al. (1999) and Lakaye et al. (2002)
detected a significant reduction of Ca,2.3 transcript levels in both
cerebellum and medulla of GAERS, pointing to a functional involve-
ment of Ca,2.3 VGCCs in absence epileptogenesis. Furthermore, the
development of SWDs in Wistar Albino Glaxo (WAG/Rij) rats, another
model of absence epilepsy, is accompanied with an increased Ca,2.1
expression in the reticular thalamic nucleus but reduced Ca,2.3
expression in the RTN at the age of absence seizure onset (van de
Bovenkamp-Janssen et al., 2004). These observations suggest a
functional role of Ca,2.3 in the etiopathogenesis of absence epilepsy.
In the present study we provide evidence that activation of Ca,2.3 can
exert anti-absence effects, probably by facilitating the tonic mode of
action, and thus being involved in the regulation of thalamocortical
rhythmicity and hyperoscillation. These findings provide novel
perspectives for Ca,2.3 as a potent target in the treatment of absence
epilepsy and sleep related disorders.

Results
Histomorphological characterization of Ca,2.3 positive neurons in the
reticular thalamic nucleus and neocortex from control and

Ca,2.3-deficient mice

Previously, serial sections of whole brains stained by both Nissl-
and Kliiver-Barrera revealed no apparent alteration in gross histo-

morphology in Ca,2.3-deficient mouse brains suggesting that ablation
of Cay2.3 VGCCs does not disrupt thalamocortical formation in the
murine brain (Weiergraber et al., 2006a). Since immunohistochem-
istry and in situ hybridization has revealed that Ca,2.3 E/R-type VGCCs
are expressed in GABAergic interneurons within the RTN and the
cortex (Talley et al., 2000; Weiergraber et al., 2006a), we looked into
any possible subtle alteration on the cytoarchitectural level in Ca,2.37/
mouse brains compared to controls. One of the molecular markers for
GABAergic interneurons is parvalbumin, a calcium-binding protein.
Immunofluorescent staining on brain sections of both Ca,2.3*"* and
Ca,2.3”" mice displayed a similar staining pattern, with GABAergic
RTN interneurons exhibiting intensively positive immunoreactivity
(Figs. 1 A-D). The RTN generally appears as a thin layer interposed
between the internal capsule and the external medullary lamina,
crossed over by bundles of the thalamocortical-corticothalamic fibers,
which becomes particularly obvious by using Kluver-Barrera staining
(see Supplementary data). The presence of these bundles results in
fragmentation of the nucleus into numerous mediolaterally oriented
strips of cell bodies. The RTN can be generally divided into three parts,
the dorsal (see also Figs. 1A, B), the ventral and the lateral part,
exhibiting together a clear shell-like morphology. Parvalbumin
staining of the RTN from Ca,2.3*/* (Figs. 1A, C) and Ca,2.37~ mice
(Figs. 1B, D) clearly exhibited that different reticular thalamic cell types
can be distinguished (Spreafico et al., 1991; Battaglia et al., 1994;
Nagaeva and Akhmadeev, 2006): 1. round neurons (“R”) that make up
about 37% of RTN neurons predominantly localized in the rostral pole
of the RTN harboring 4-8 principal dendrites; 2. large fusiform neurons
(F) contributing to about 49% to the RTN cell mass being equally
represented throughout the nucleus with 2-4 dendrites from two
poles) and finally small fusiform neurons (f) contributing app. 14% of
the RTN cell mass mainly distributed in the medial and lateral border of
the RTN with two polar dendrites (Figs. 1C, D). The parvalbumin
antibody provided specific and intense staining not only of the soma
but also the axonal and dendritic processes (Figs. 1C, D). Similarly,
intense parvalbumin immunoreactivity in GABAergic interneurons
was observed in the neocortex of Ca,2.3"* and Ca,2.37/~ mice (Figs. 1E, F).
These neurons are also known to express Ca,2.3 forming part of the
thalamocortical circuitry. In summary, detailed investigation of
parvalbumin stained sections from both controls and Ca,2.3™/~ brains
did not show alterations in cell-type specific composition of the RTN or
structural connectivity between the GABAergic interneurons.

To directly prove that Ca,2.3 is coexpressed with parvalbumin in
GABAergic interneurons within the RTN and the cortex, double
immunofluorescent labeling of the brain section from control and
Ca,2.37" mice was performed. However, two different antibodies
against Ca,2.3 (see Experimental methods) exhibited non-specific
staining throughout the whole mouse brain sections of both
genotypes. In stark contrast, the anti-Ca,2.3 195A antibody (Grabsch
et al., 1999; Weiergraber et al., 2000) exhibited a distinct staining
pattern in the RTN on rat brain sections (Figs. 2A;y—Cy;v). These Ca, 2.3
positively stained cells are in fact GABAergic as they were co-
immunostained for parvalbumin (Fig. 2Ay;v1). In contrast, there were
low numbers of calretinin positive neurons in the rat RTN (Fig. 2B v)
that were only partially Ca,2.3 positive (Fig. 2Byyi). No immuno-
reactivity of calbindin was seen in the rat RTN (Fig. 2C; ).

Ca,2.3-deficient mice do not exhibit spontaneous SWDs indicative of
absence seizure activity

We previously reported that both video analysis and radio-
telemetric electrocorticographic and deep, intracerebral electroence-
phalographic recordings from Ca,2.37/~ mice did not exhibit
spontaneous epileptiform behavior or ictal discharges indicative of
convulsive seizure activity (Weiergraber et al., 2006a; Weiergraber
et al., 2006b). Furthermore, a detailed qualitative and quantitative
analysis of long-term ECoG recordings from various cortical regions,
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Fig. 2. Immunolocalization of Ca,2.3 E/R-type calcium channels in the rat RTN and coexpression with calcium-binding proteins. As Ca,2.3 antibodies failed to exhibit specific
staining on murine brain sections, we performed immunofluorescent double staining for the calcium-binding proteins parvalbumin (A), calretinin (B) and calbindin (C) together
with Ca,2.3 Ca?* channels on rat brain sections using the anti-Ca,2.3 195A antibody. Parvalbumin staining (A;;,) displays the characteristic shell-shaped structure of the RTN
localized at the lateral edge of the thalamic region. The number of calretinin positive RTN neurons is considerably less (B, ) and there was hardly any immunopositive reaction for
calbindin (Cyyy). Immunolocalization of Ca,2.3 E/R-type Ca®* channels (A;y—Cyy) revealed almost complete staining of the RTN with double staining exhibiting strong
colocalization of Ca,2.3 Ca?* channels with parvalbumin (Ay;, vi) but to a much lesser extent with calretinin (Byjvi). Bar (Ai_—Ci_yi): 200 um; bar (Ap_vi—Cry_vi): 75 pm.

such as the motor cortex (M1/M2) or the somatosensory cortex
(Fig. 3Ac1c2, Fig. 4Ac12) clearly demonstrates that Ca,2.3-deficient
mice do not spontaneously exhibit SWDs indicative of non-convulsive
absence seizure activity.

Increased SWD activity in Ca,2.3-deficient mice following
v-hydroxybutyrolactone (GBL) administration

To investigate the functional relevance of the Ca,2.3 E/R-type Ca%*
channel in SWD generation in vivo, we systemically administered -
hydroxybutyrolactone (GBL), a prodrug of <y-hydroxybutyric acid
(GHB), into control mice (27.86+1.78 g, 16.36+1.24 weeks, n=38, all
') and Ca,2.3-deficient animals (32.16£0.99 g, 15.09+1.05 weeks,
n=8, all &'). Both genotypes were given at least 7 days after
implantation to allow for full recovery (Ca,2.3**: 13.75+1.33 days;
Ca,2.377:12.00+0.82 days). GBLis a moderate GABAg-receptor agonist
but exerts also strong agonistic effects on the newly characterized GBL-
receptors (Andriamampandry et al., 2007) probably via G-protein
coupled pathways (Snead, 2000). It is known that GABAg-receptor
agonists exacerbate absence seizures, whereas GABAg-receptor
antagonists suppress them (Snead, 1992; Hosford et al., 1992; Smith
and Fisher, 1996). Thus, GBL injection results in highly organized
bilaterally synchronous SWD activity typically associated with beha-
vioral phenomena, such as facial myoclonus, vibrissal twitching and
most importantly, motoric arrest (Snead et al., 2000).

In controls, administration of GBL at 70 mg/kg results in typical
paroxysmal SWD activity (Figs. 3A, Bs) predominantly in the frequency

range of 2-5 Hz. As depicted in Fig. 4A, Ca,2.3™/~ mice are capable of
exhibiting SWD activity at earlier stage following GBL injection
compared to control animals (see also Fig. 5A). Statistical analysis
revealed that ictal SWD latency was significantly shorter in Ca,2.37/"
mice compared to controls (Ca,2.37": 149.8+20.4 s, n=8 versus
Ca,2.3**: 723.54136.3 5, n=8, p<0.001; Fig. 5A). Furthermore, the
total number of SWD episodes within the entire one-hour observation
period was increased in Ca,2.37" mice (22.13£1.01, n=8) versus
controls (7.00+£0.46, n=8, p<0.001, Fig. 5B) and the same trend held
for the total duration of SWD epochs (Ca,2.3"*: 1179.4+122.3 s; n=8
versus Ca,2.37": 2264.4+188.8 s; n=8; p<0.001, Fig. 5D). On the
contrary, the average duration of each SWD events was reduced in
Ca,2.3-deficient animals (105.1+12.2 s; n=8) compared to controls
(173.7£22.9 s; n=8 p=0.019, Fig. 5C). Intriguingly, these results
demonstrate that systemic ablation of the Ca,2.3 E/R-type Ca?* channel
results in increased absence seizure susceptibility and altered absence
seizure architecture unravelled by the modified electroencephalo-
graphic SWD parameters.

~v-hydroxybutyrolactone (GBL) induced motoric arrest in Ca,2.37" mice
and controls

Gamma-hydroxybutyrolactone, which is metabolized to GHB, is
known to cause a typical biphasic motoric phenotype characterized by
initial cessation of activity accompanied with dominant absence
seizure activity which is then followed by irregular and increasing
locomotion again. We therefore investigated the motoric activity
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Fig. 3. Spike-wave discharges induced by y-hydroxybutyrolactone (GBL) in control and Ca,2.37~ mice (Fig. 4). (A) Representative 1 min radiotelemetric ECoG recordings before (cy, c,)
and after the administration of GBL (70 mg/kg i.p.) at the time points indicated. Horizontal bars (labeled 1-3) represent EEG segments that are displayed with an expanded time scale
in By_s3.In Ca,2.3"/* (B3) and Ca,2.37" (Fig. 4B,_3) typical bilaterally synchronous SWD activity becomes apparent. (C) Power-spectrum density analysis of a control segment (Ac,) and
EEG epoch 5 min after GBL injection exhibits typical theta- and delta-wave activity due to SWDs in Ca,2.37~ mice (Fig. 4C). Note that latency till first occurrence of absence seizure

activity is reduced in Ca,2.3-deficient animals (Fig. 4As3, see also Fig. 5A).

(activity index) of controls and Ca,2.3-deficient mice on a horizontal
plane using the implantable radiotelemetry. Although both genotypes
exhibit the characteristic biphasic locomotion profile, there are
marked differences in their initial hypoactive segment (Fig. 6A).
Whereas control animals displayed only a moderate reduction in

motoric activity, administration of GBL in Ca,2.37/~ mice results in a
total cessation of activity for at least 20-25 min following injection
(Fig. 6A). Detailed analysis demonstrated that the mean activity index
is reduced in Ca,2.3”~ mice compared to controls approaching a level
of significance (2.46+0.66 rel. units, n=8 versus 6.90+2.08 rel. units,
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Fig. 4. Spike-wave discharges induced by y-hydroxybutyrolactone (GBL) in control (Fig. 3) and Ca,2.37/~ mice. (A) Representative 1 min radiotelemetric ECoG recordings before (cy, c,)
and after the administration of GBL (70 mg/kg i.p.) at the time points indicated. Horizontal bars (labeled 1-3) represent EEG segments that are displayed with an expanded time scale
in B_3. In Ca,2.3*/* (Fig. 3B3) and Ca,2.37/~ (B;_3) typical bilaterally synchronous SWD activity becomes apparent. (C) Power-spectrum density analysis of a control segment (Ac,) and
EEG epoch 5 min after GBL injection exhibits typical theta- and delta-wave activity due to SWDs in Ca, 2.3~ mice (C). Note that latency till first occurrence of absence seizure activity
is reduced in Ca,2.3-deficient animals (As, see also Fig. 5A).

n=8, p=0.061, Fig. 6C). Specifically, the time of total inactivation is induced hypolocomotion was typically accompanied by transient
significantly increased in Ca,2.3-deficient animals (46.13+2.81 min, hypothermia which was also measured by radiotelemetry (data not
n=8 versus 25.00+2.43 min, n=8, p<0.001, Fig. 6B). In addition, GBL- shown). These results clearly illustrate that the increased SWD activity
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Fig. 5. Quantitative SWD analysis in controls and Ca,2.3”~ mice following GBL administration. Latency till first occurrence of SWD is shortened in Ca,2.37~ mice (A). Furthermore, the
total number of SWD episodes as well as the total SWD duration is increased in Ca,2.3-deficient mice compared to controls (B, D). However, the average SWD duration in transgenic
mice was reduced (C), indicating increased SWD susceptibility and altered SWD architecture in Ca,2.37/~ mice.

observed in Ca,2.3”~ mice coincides with enhanced motoric arrest
typical of GBL-induced absence seizure activity.

Power-spectrum density analysis of GBL-induced absence seizure
activity in Ca,2.3”7~ mice and controls

In addition to the analysis of SWD activity by visual inspection
of the EEG and quantification of indirect behavioral phenomena,
e.g. motoric activity, we used a third independent mathematical
approach based on power-spectrum density (PSD) analysis to further
validate increased bilaterally synchronous SWD activity in Ca,2.3-
deficient mice. In the primary analysis, we performed both con-
tinuous and discontinuous PSD analysis of 30 s ECoG segments
before and after GBL administration to ascertain that GBL-induced
SWD activity is embodied in the theta- and delta-wave frequency

range (not shown, but see also Fig. 4C, Figs. 7A, B). Based on these
findings, we performed a three-dimensional PSD plot for the total
one-hour observation period following GBL injection for the different
EEG frequency ranges, 6, 0, o, 3 and . Most importantly, the theta
and particularly the delta frequency range known to represent SWDs
typical of absence seizure activity are strongly increased in Ca,2.37"
mice compared to controls, particularly within the first 25 min after
GBL administration (Figs. 7A, B). During this early period, the
enhanced ictal theta- and delta-wave activity in Ca,2.37~ mice was
again accompanied by complete cessation of locomotive activity in
these animals, whereas there was only moderate theta and delta PSD
increase associated with minor hypolocomotion in the control group
(Figs. 6A, B).

These results were further supported by the analysis of PSD peak
latencies of the individual frequency bands (Fig. 7C). In agreement
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Fig. 6. Hypolocomotion in control and Ca,2.37~ mice following GBL administration. (A) Continuous plot of the activity index (representing movement on the horizontal plane) for
one-minute episodes averaged for control and Ca,2.3™~ mice. Ca,2.37~ mice display a complete cessation of activity within the first 20-25 min after GBL administration, which is only
moderate in control mice. Whereas the mean activity does not differ significantly between both genotypes (C), the time of complete inactivity is markedly increased in Ca,2.3

deficient animals (B).

with three-dimensional PSD analysis (Figs. 7A, B), the delta EEG
frequency band reaches its PSD peak much earlier in Ca,2.37~ mice
compared to control animals (delta, 0-4 Hz: 10.50+0.82 min in
Ca,2.3”" mice, n=8 versus 16.25+1.94 min in Ca,2.3""*, n=8,
p=0.016) and the theta band (4-8 Hz) approaches a level of signi-
ficance (13.00+4.28 min in Ca,2.3”" mice, n=8 versus 24.75+4.47

min in Ca,2.3**, n=8, p=0.078, Fig. 7C). For the other frequency
ranges, alpha (8-12 Hz), beta (12-32 Hz) and gamma (32 - 50 Hz),
there was no difference in PSD activity between both genotypes
(Figs. 7A, B). In addition, the peak latency for alpha and beta PSD
activity remained unchanged. The significant reduction in gamma
PSD peak latency in control animals compared to Ca,2.37" mice is
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based on fluctuating low level PSD values (see also Figs. 7A, B) of
which the biological relevance remains to be determined (18.25+
8.02 min in Ca,2.3"*, n=8 versus 51.25+3.18 min in Ca,2.37", n=8§,
p=0.002, Fig. 7C).
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Frequency distribution of GBL-induced thalamocortical hyperoscillation
in control and Ca,2.3-deficient mice

In order to investigate the frequency distribution of thalamocor-
tical hyperoscillation, we performed a continuous PSD analysis of 5 s
SWD epochs ranging from 0 to 12 Hz in both controls and Ca,2.37/
mice. Figs. 8A and B illustrates the spectral distribution with PSD
normalized to peak values. Both plots display that GBL-induced SWDs
characteristic of absence seizure activity predominate in the theta and
particularly the delta frequency range. Furthermore, the SWD peak
frequency is slightly reduced in Ca,2.37~ mice compared to controls
(2.79%£0.23 Hz in Ca,2.37, n=8 versus 3.34+0.24 Hz in Ca,2.3"",
n=8), however, not reaching the level of significance (p=0.128,
Fig. 8C). Previous studies in Ca,3.17~ and control mice have revealed
similar frequencies of 3-4 Hz of paroxysmal SWDs in epidural EEG
recordings (Kim et al., 2001).

Discussion

The thalamocortical circuitry is part of a complex neural system
that is involved in the control of different stages of vigilance. Within
this circuitry thalamic relay cells project to cortical pyramidal neurons
that finally reproject to the ventrobasal thalamus. An important
structural component in this circuitry is the RTN formation, which is
composed of GABAergic interneurons receiving not only collateral
glutamatergic projections from cortical pyramidal and thalamic relay
cells but also GABAergic projections from other RTN neurons
(Manning et al., 2003; Khosravani and Zamponi, 2006). Other than
GABA, somatostatin, acetylcholine, CCK and serotonin are also found
in RTN terminals (Nagaeva and Akhmadeev, 2006). An intriguing
feature of these neurons is that they can exhibit two different modes
of action characteristic of different stages of vigilance. At high
vigilance, deeper brain structures, e.g. the reticular formation exerts
excitatory input on thalamic relay cells and inhibitory effects on RTN
neurons. The cells slightly depolarize resulting in the so-called tonic
mode of action. Under these conditions, spiking frequency and pattern
codes for the information perceived in the periphery which is finally
processed to the cortex via ventrobasal thalamic relay cells (Llinas and
Steriade, 2006). The ECoG correlate of this tonic behavior is a typical
low-amplitude, high-frequency pattern as observed in the beta- and
gamma-wave band. With decreasing activity from deeper activating
brain structures the thalamic neurons re- and hyperpolarize, passing
the intermediate state finally exhibiting the burst mode of action. At
hyperpolarizing membrane potentials, low-voltage-activated T-type
Ca?* channels deinactivate, a process known as repriming which
allows these channels to be activated upon small depolarization steps
due to hyperpolarization and cyclic-nucleotide gated channels (HCN2,
HCN4). This results in the generation of low-threshold calcium spikes
(LTCSs) superimposed with sodium bursting (Llinas and Steriade,
2006). This rebound burst firing mode in ventrobasal thalamic cells
and RTN neurons is a major cellular electrophysiological phenomenon
typical of low stages of vigilance, e.g. during slow-wave sleep (Shin,
2006). Subsequent oscillatory thalamocortical activity triggers char-
acteristic low-frequency, high-amplitude theta- and delta-wave EEG

Fig. 7. Power-spectrum density analysis of GBL-induced SWD activity in control and
Ca,2.3-deficient mice. Three-dimensional plot of averaged absolute PSD (mV?/Hz) from
controls (A) and Ca,2.37~ mice (B). PSD was calculated for 2 min ECoG epochs. Both
genotypes predominately differ in theta- and delta-wave activity representing ictal
SWDs. The steep increase in theta and particularly the delta PSD within the first 20 min
after GBL administration in Ca,2.37/~ mice coincides with enhanced hypolocomotion
up to complete motoric cessation in this genotype (Fig. 6A). (C) Power-spectrum
density peak latency of different EEG frequency bands following GBL administration.
The mean latencies till the occurrence of peak PSD for the individual frequency ranges
were calculated by analyzing 2 min ECoG epochs. The ictal delta power-spectrum
density peak exhibits reduced latency in Ca,2.37" mice compared to controls as
depicted in (A) and (B).
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Fig. 8. Frequency distribution of SWD activity in controls and Ca,2.37~ mice. Three
representative 30 s SWD segments from each control and Ca,2.3-deficient mouse were
analyzed by continuous PSD analysis and plotted as mean normalized PSD distribution
in a frequency range from 0-12 Hz (A, B). GBL-induced SWD activity is predominant in
the upper delta to lower theta wave range (3-6 Hz) as reported previously. Though
slightly reduced, thalamocortical peak oscillation frequency during absence seizure
activity does not differ significantly from control mice.

activity. Enhanced rebound burst firing of thalamic relay neurons and
RTN cells has been clearly implicated to play a crucial role in the
etiopathogenesis of absence epilepsy (Shin, 2006).

Within the last decade VGCCs have gained major relevance in the
etiopathogenesis of absence epilepsy due to their unique electro-
physiological properties and cellular distribution (Weiergraber et al.,
2006b). The Ca,2.3 E/R-type VGCC is expressed in GABAergic
interneurons in the cortex and also in the RTN where Ca,3.2 and
Ca,3.3 T-type Ca®" channels can also be found (Fig. 1; Talley et al.,
2000; Weiergraber et al., 2006a). In contrast, thalamic relay cells do
not express considerable Ca,2.3 amounts, whereas Ca,3.1 displays
high transcript levels (Talley et al., 1999; Talley et al., 2000). In

accordance with its selective expression in the thalamic relay nucleus,
Kim et al. (2001) and Lee at al. (2004) demonstrated that Ca,3.1 null
mutants are resistant to absence seizures induced by GBL or baclofen,
exhibiting strong reduction of slow-wave sleep and alteration of sleep
architecture. In addition, crossbreeding Ca,3.17" mice with various
Ca,2.1 mouse mutants (e.g. tottering, tottering leaner, rocker, rolling
Nagoya, lethargic) or Ca,2.17/~ mice that display spontaneous absence
seizure activity resulted in offspring that were either free from
absence seizures or displayed significant reduction in SWD activity
(Song et al., 2004). These findings demonstrate that the Ca,3.1 T-type
Ca2* channel is of functional relevance in thalamocortical rhythmicity
and absence epileptogenesis by contributing to low-threshold Ca®*
spikes and rebound bursting in ventrobasal thalamic neurons. Most
interestingly, reticular thalamic neurons were also reported to
generate spontaneous oscillations, such as rhythmic spike-burst
activities (Von Krosigk et al,, 1993; Kim et al.,, 1995) which exert
severe inhibitory input to ventrobasal relay neurons serving as a major
driving force for rebound burst firing due to hyperpolarization. Thus,
SWD activity in absence epilepsy can originate from RTN neurons.
Although gene ablation studies on Ca,3.2 and Ca,3.3 T-type Ca®"
channel involvement in absence epilepsy in mice have not been
published yet, preliminary data suggest a significant contribution of
Ca,3.2 to the generation of SWD induced by baclofen (Shin, 2006). In
addition, several Ca,3.2 gain-of-function mutations have been
reported in humans associated with childhood absence epilepsy
(CAE) (Khosravani et al., 2004; Khosravani et al., 2005; Shin, 2006).
Therefore, low-voltage activated T-type Ca%*-current enhancement in
both thalamic relay cells and RTN neurons is involved in SWD
generation and thus absence epileptogenesis.

Though expressed in the RTN, the functional implications of
Ca,2.3 in thalamocortical rhythmicity still remain unknown. In this
study we analyzed Ca,2.3-deficient mice with respect to their
propensity to generate SWDs using a well-established pharmacolo-
gical GBL model of absence seizure activity. Our results provide the
first and conclusive evidence for a critical role of Ca,2.3 E/R-type
Ca®* channels in the generation of and prevention from absence
seizures and thalamocortical hyperoscillation. We demonstrated that
Ca,2.3 ablation results in increased absence seizure susceptibility
and altered absence seizure architecture. The increased SWDs
activity in Ca,2.37~ mice compared to controls was further shown
to coincide with enhanced motoric arrest in Ca,2.3-deficient animals,
which is typical of simple absence epilepsy not only in humans but
also in rodents. There is a general agreement that the Ca,2.3 non-L-
type Ca?* channel exhibits mid- to high-voltage activated behavior
(Catterall et al., 2005; Kisilevsky and Zamponi, 2008). Thus,
activation of Ca,2.3 Ca?* channels would further depolarize RTN
neurons facilitating the tonic firing mode and preventing the cells
from exhibiting rebound burst firing (Fig. 9A). This antihyperoscilla-
tory and SWD activity suppressing effect of high-voltage activated
Ca?* channel activation has been reported for GAERS, a rat model of
absence epilepsy, in which SWDs are effectively diminished by BayK-
8644 administration, an L-type Ca®" channel agonist or increased by
L-type Ca®* channel blockers, e.g. dihydropyridines (van Luijtelaar
et al., 2000). As normal thalamocortical rhythmicity is based on a
functional equilibrium of low- and high-voltage activated Ca'-
current in RTN neurons, ablation of Ca,2.3 Ca®* channels is likely to
result in a functional overbalance of the low-voltage activated T-type
Ca* channel fraction and would thus facilitate rebound burst firing
as it is unmasked in Ca,2.3-deficient mice following GBL adminis-
tration (Fig. 9B). Furthermore, our findings clearly parallel data
obtained by van de Bovenkamp-Janssen et al. (2004) in WAG/Rij rats,
illustrating that occurrence of SWDs in this rat model of absence
epilepsy is accompanied by a lack of expression of the Ca,2.3 E/R-
type VGCC in the RTN at the age of absence seizure onset. In
addition, de Borman et al. (1999) and Lakaye et al. (2002) detected a
significant reduction of Ca,2.3 transcript levels in both cerebellum
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A MVA/HVA: Ca,2.3 E/R-type VGCC
ST
B Ca,2.3 E/R-type VGCC ablation

Fig. 9. Voltage-gated Ca?* channels as functional regulators of thalamocortical burst
activity. Depending on the depolarizing or hyperpolarizing input, thalamic relay cells
and RTN neurons can switch between different modes, the tonic, intermediate and
burst mode of action. Activation of high-voltage activated Ca** channels is supposed to
result in further depolarization of the cell, thus facilitating the tonic mode of action. In
contrast, enhanced low-voltage-activated T-type Ca®*-currents or reduced high-voltage
activated Ca®* channel activity facilitates the burst mode of action. As Ca,2.3 E/R-type
channels exhibit mid- to high-voltage activated properties (A), ablation of this channel
results in functional overbalance of the T-type Ca** channel population which would
subsequently favor thalamocortical burst activity in Ca,2.37 mice (B). As Ca,2.3 is also
expressed in extrathalamocortical structures, modulatory influence on RTN membrane
potential cannot be excluded.

and medulla of GAERS, pointing to a functional involvement of
Ca,2.3 in absence epileptogenesis and further stressing the role of
Ca,2.3 positive extrathalamocortical structures projecting to the
thalamocortical circuitry.

It is conceivable that the lack of Ca,2.3 in the neocortex may also
contribute to the increased absence seizure susceptibility in Ca,2.37/"
mice. The neocortex has been well documented to be involved in the
generation of SWDs. Interestingly, athalamic animals are also capable
of exhibiting SWDs in the cortex following bicuculline administration,
indicating an important role of the cortex in the genesis of SWDs
(Steriade and Contreras, 1998). This might be of particular relevance as
Ca,2.3 is also expressed in GABAergic cortical interneurons (Rhee et
al., 1999; Timmermann et al., 2002). However, GBL-induced absence
seizures are predominantly thalamus-dependent due to GABAg and
GBL receptor agonistic effects (Steriade and Contreras, 1998; Seiden-
becher et al., 1998; Manning et al., 2004; Shin, 2006).

Finally, it cannot be excluded that there may be compensatory
changes in other VGCC expression in thalamic relay neurons or RTN
cells. However, previous investigation of VGCC transcript levels
isolated from total thalamic preparation did not reveal significant
differences between controls and Ca,2.3-deficient animals (Weier-
graber et al., 2006a). Furthermore, other mechanisms, such as reduced
excitatory but normal inhibitory synaptic transmission as reported in

B and Ca,2.1%®/*® mice thalami (Caddick et al., 1999), or enhanced
GABAg-receptor expression (Hosford et al., 1992), could also result in
relatively enhanced GABAergic input and thus facilitate burst firing.

Some anti-epileptics such as lamotrigine exert inhibitory actions
on Ca,2.3 VGCCs (Hainsworth et al, 2003) and were proven to
effectively suppress SWDs in both GAERS and WAG/Rij rats (van
Luijtelaar et al., 2002; Manning et al., 2003) and thalamocortical burst
complexes in rat brain slices (Gibbs et al., 2002). However, lamotrigine
strongly inhibits T-type Ca?" channels (Hainsworth et al., 2003) thus
its anti-absence effect is likely due to its predominant inhibitory effect
on low-voltage-activated T-type Ca®" channels.

In summary, Ca,2.3 E/R-type VGCCs exhibit a Janus-faced behavior
in epileptogenesis. Whereas previous studies have demonstrated that
the Ca,2.3 VGCC is proepileptogenic in convulsive seizures (Weier-
graber et al., 2006a; Weiergraber et al., 2007), such as generalized
tonic-clonic and hippocampal seizures, it clearly exhibits anti-
epileptogenic capacity in typical non-convulsive absence epilepsy.
These findings illustrate that the channel per se is neither pro- nor
anti-epileptogenic. Indeed, it is the functional and structural integra-
tion within specific neuronal circuitries that endows its pathophysio-
logical implications. Finally, our results shed new light on Ca,2.3 as a
possible therapeutic target in absence epilepsy treatment and the
involvement of this ion channel in the physiology of slow-wave sleep.

Experimental methods
Study animals

Ca,2.3-deficient mice backcrossed into C57BI/6 have been gener-
ated and described previously (Pereverzev et al., 2002; Weiergraber et
al., 2006a). Male Ca,2.3-deficient animals and male control mice (with
identical genetic C57BI/6 background) were used in this study. Mice
were housed in Makrolon cages type Il and maintained at a
conventional 12-h light/dark cycle with food and water available ad
libitum. All animal experimentation was approved by the local
institutional committee on animal care.

Antibodies

Mouse monoclonal parvalbumin and calbindin antibodies (both
1: 4000) were purchased from Sigma (Germany), the monoclonal
murine calretinin antibody (1:15) was obtained from Acris
Antibodies (Germany). Two different sources of antibodies against
Ca,2.3 were used to detect for the channel on both murine and rat
brain sections, namely, the polyclonal anti-Ca,2.3 195A antibody
(1:100) raised in rabbit with the target epitope being localized in
pore-loop (IS5-6) of domaine I (Grabsch et al., 1999; Weiergraber
et al., 2000), and a commercially available Ca,2.3 antibody (1:50)
raised in rabbits and directed against the II-IIl loop of the channel
(Alomone Labs, Israel).

Immunofluorescence and immunohistochemistry

Brains from Ca,2.3** and Ca,2.3”~ mice were fixed by perfusion
with 4% formaldehyde in 0.1 M PB-buffer (pH 7.4) and embedded in
paraffin. The paraffin sections (6 um) were dewaxed, cleared in xylene,
rehydrated in decreasing percentage of ethanol and finally transferred
into TBS (50 mM Tris-HCI, pH 7.4; 150 mM NaCl). Microwave antigen
retrieval was performed in 0.1 M sodium citrate buffer (pH 6.0).
Sections were blocked either by non-serum based blocking reagent
(DAKO, Germany) or M.O.M blocking reagent (Vector Lab., USA),
depending on the secondary antibodies used. For immunofluorescent
staining using the mouse parvalbumin, calbindin and calretinin
monoclonal antibodies, the M.0.M. blocking reagent was applied on
sections for 2 h at RT. The primary mouse monoclonal antibodies
against parvalbumin and calbindin (Sigma, Germany) were diluted
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1:4000, the calretinin antibody 1:15 in TBS solution containing 10%
normal goat serum and 0.5% Triton X-100 and was incubated at RT for
1.5 h. A goat-anti-mouse secondary antibody (1:1000) conjugated
with Alexa 546 (Invitrogen, Germany) was diluted in the same
solution and incubated on sections at RT for 1.5 h. Unbounded
antibodies were removed by rinsing sections 3x5 min in TBS buffer.
The nuclei were stained by 0.1% Hoechst 33258 (1:500, Invitrogen,
Germany) for 10 min. Sections were finally mounted with coverslips
using DAKO fluorescent mounting medium.

For enzyme-linked indirect immunohistochemical labeling, DAKO
Envision” (mouse Ig) kit was used and the staining was performed
according to the manufacturer's instruction. The primary parvalbumin
antibody was diluted in 3% (w/v) BSA/TBS and the color development
of DAB chromogen was controlled by checking its intensity under the
light microscope. DAB-stained sections were counter-stained by
Haematoxylin (Sigma), dehydrated in ethanol series and cleared in
xylene. The sections were mounted with coverslips using DAPX
mounting medium (Fluka, Germany). Negative controls were carried
out using normal mouse serum. Histology of brain slices from Ca,2.3*/*
and Ca,2.37"~ mice was further investigated using standard Nissl and
Kliiver-Barrera staining.

For double immunostaining of Ca,2.3 and parvalbumin on rat
brain, sections were first incubated with anti-parvalbumin antibody
according to the above mentioned procedure, and then followed by
incubation of anti-Ca,2.3 195A antibody at RT for 1 h. The
immunoreactivity was detected by goat-anti mouse Ig conjugated
with Alexa 488 (Invitrogen) and goat-anti rabbit Ig conjugated with
Alexa 546 (Invitrogen), respectively.

Radiotelemetric surface EEG recordings (Electrocorticograms, ECoG)

The TA10ETA-F20 transmitter (DSI, St. Paul, MN, USA) was used for
electrocorticographic (surface) recordings in Ca,2.3"/* and Ca,2.37/"
mice. The radiotelemetry system, implantation procedure, and post-
operative treatment including pain management are as previously
described (Weiergraber et al., 2005; Weiergraber et al., 2006a;
Weiergraber et al., 2007). Epidural leads were positioned at the
primary somatosensory cortex (S1), the transition zone of barrel field,
dysgranular region and shoulder region at the following stereotaxic
coordinates: (+)-lead, Bregma -1 mm, lateral of Bregma 2.5 mm (right
hemisphere); (-)-lead, Bregma —1 mm, lateral of Bregma 2.5 mm (left
hemisphere) and finally fixed at the neurocranium using dental
cement. Animals were given at least 10 days to fully recover before
initiating injection experiments (Kramer and Kinter, 2003).

Thalamocortical hyperoscillation induced by GBL administration

To evaluate the impact of Ca,2.3 in SWD generation, y-hydro-
xybutyrolactone (GBL, Sigma, Germany), a prodrug of y-hydroxybu-
tyric acid (GHB) was systemically administered to a radiotransmitter
implanted Ca,2.3"/* (27.86+1.78 g, 16.36+1.24 weeks, n=8, all &) and
Ca,2.37" mice (3216+0.99 g, 15.09+1.05 weeks, n=8, all &) at a
dosage of 70 mg/kg. GBL provokes electroencephalographically
recordable absence seizures in rodents which are associated with
behavioural arrest (Snead et al., 2000). Gamma-hydroxybutyrolactone
was freshly dissolved in physiological 0.9% NaCl before injection. Both
genotypes received GBL injection at least 10 days after implantation to
ensure full recovery from radiotransmitter implantation (Ca,2.3**:
15.50+0.92 days; Ca,2.37/": 12.60+1.12 days). Each animal was
isolated for >30 min before intraperitoneal (i.p.) administration of
the non-convulsant epileptogenic agent.

Collecting data for absence seizure susceptibility analysis

SWD latencies were calculated as the time interval from the
moment of GBL injection to the first electroencephalographic

observation of SWDs. If an animal did not exhibit SWDs, it was
assigned the maximum latency of the total observation period, i.e.
60 min. In addition, the frequencies and total duration of SWD
episodes (ictal phases) and interictal epochs during the 1 h observa-
tion period were evaluated using radiotelemetric ECoG recordings.
SWD episodes with an interictal period >3 s were regarded as
separate events.

Evaluation of EEG data and statistical analysis

To acquire and analyze EEG data, the Dataquest A.R.T. 4.1 software
(DSI) was used. In addition to EEG recordings following GBL
administration, 24 h control recordings were carried out at day 7
and day 10 post-implantation for each individual animal. EEG activity
was sampled at 1000 Hz with no a priori filter cut-off. Absolute power-
spectrum density (PSD, mV?/Hz) was calculated from 2 min segments
using the periodogram function (FFT based with Hamming window-
ing method). Frequency ranges were defined as follows: delta, 6 (1-
4 Hz), theta, (4-8 Hz), alpha, o (8-12 Hz), beta, 3 (12-32 Hz), and
gamma, v (32-50 Hz). Additional to this discontinuous PSD evalua-
tion, continuous PSD analysis was also performed to elicit the
SWD frequency distribution. All data are calculated and displayed as
means+SEM. Continuous variables were analyzed using the para-
metric Student's t-test, considering p<0.05 as statistically significant.
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Abstract

The Ca,2.3 encoded Ca>* channel is probably one of the least well-understood voltage-gated calcium channels in terms of physiology,
pharmacology and clinical relevance. Here we provide a detailed insight into the functional involvement of Ca,2.3 in etiology and
pathogenesis of both convulsive and non-convulsive seizures. In the CNS, Ca,2.3 containing E/R-type Ca>* channels are involved in
triggering epileptiform discharges by significantly contributing to plateau potentials and afterdepolarisations. Pharmacological analysis
further revealed that various antiepileptic drugs specifically target Ca,2.3 VGCCs capable of blocking epileptiform burst activity.
Whereas electroencephalographic recordings in Ca,2.3~/~ mice did not reveal any ictal-like discharges, seizure susceptibility was
dramatically reduced in Ca,2.3~/~ animals compared to controls, further supporting the observation that Ca,2.3 is an important factor
in triggering epileptiform activity in neuronal populations. Although some aspects of its relationship to epilepsy have been uncovered,
further functional characterization of Ca,2.3 in etiology and pathogenesis of human epileptic syndromes as well as development of new
antiepileptic drugs specifically targeting Ca,2.3 turns out to become indispensable.
© 2006 Elsevier Ltd. All rights reserved.
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1. Voltage-gated calcium channels (VGCCs) in neuronal
calcium channelopathies—animal models of epilepsy and
human disorders

In contemporary society, the frequency, importance and
sociocultural effects of epilepsy can hardly be overesti-
mated. Manifest epilepsy affects around 0.5-1% of the
population in Europe and North America (Forsgren et al.,
2005), 5% of the population perceive a single seizure in
their lifetime and about 10% display an increased seizure
susceptibility. Furthermore, epilepsy is characterized by a
strong heterogeneity concerning etiology, age of onset,
seizure type, responsiveness to pharmacological treatment,
prognosis and occurrence of additional disorders. Princi-
pally, epileptic disorders can be differentiated into primary,
idiopathic forms as well as secondary forms, e.g. due to
neoplasms, cerebral ischemia or brain macro-/microdys-
genesis. Regardless of the underlying cause, the funda-
mental electrophysiological basis for hyperexcitability
associated with ictogenesis/epileptogenesis are paroxysmal
depolarization shifts in neuronal cell populations and
within the last decade a number of epileptic disorders
originally termed idiopathic turned out to be due to ion
channel dysfunctions triggering depolarization shifts.
These ion channel entities comprise both voltage-gated
Na®-, K-, Ca’?"-, Cl -channels and ligand-gated ion
channels (GABA, glutamate, glycine, acetylcholine recep-
tors) (Kullmann, 2002; Mulley et al., 2005). Among these
candidates, VGCCs significantly contribute to etiology and
pathogenesis of epilepsies, such as absence epilepsy or
juvenile myoclonic epilepsy (Turnbull et al., 2005). Besides,
mutations in neuropeptides, vesicle docking complex
proteins, transporters, signal transduction molecules
and extracellular matrix proteins were also reported
to be linked to an epileptic phenotype (Puranam and
McNamara, 1999).

Physiologically, VGCCs regulate Ca>" influx into living
cells and thereby trigger a number of cellular processes,
such as excitation—contraction coupling (Bers, 2002),
excitation—secretion coupling (Yang and Berggren, 2005),
neurotransmitter/hormonal release (Catterall, 1999) and
regulation of gene expression (Bito et al., 1997; Hofmann
et al., 1999). Ten different pore-forming «l-subunits of
VGCCs have been cloned so far which are subdivided
based on electrophysiological and pharmacological proper-
ties into high-voltage activated L-type (Ca,l1.1-1.4) and
Non-L-Type (Ca,2.1-2.3) Ca’>" channels, and low-voltage
activated T-type channels (Ca,3.1-3.3) (Catterall, 2000;
Perez-Reyes, 2003). Besides, a number of auxiliary subunits

(B1—4, 2201_4, y1_g) are associated with the ion-conducting
Ca,ol-subunit capable of modulating basic electrophysio-
logical and pharmacological properties of the Ca’”"
channel complex (Lacinova, 2005). Recent studies elicited
an increasing number of mutations in both, ion-conducting
and auxiliary subunits, associated with various cardiovas-
cular, muscular and neurological diseases not only in
different animal models but particularly in humans, the so-
called calcium channelopathies (Clapham, 1997; Lehmann-
Horn and Jurkat-Rott, 1999; Pietrobon, 2005). So far,
neuronal calcium channelopathies in humans are primarily
restricted to the Ca,2.1 and Ca,3.2 VGCCs resulting in
absence epilepsy like activity, episodic ataxia type 2 (EA-2),
spinocerebellar ataxia type 6 (SCA-6) or familial hemi-
plegic migraine (FHM) (Pietrobon, 2005) in Ca,2.1 or
absence epilepsy in patients with Ca,3.2 mutations (Chen
et al., 2003). In addition, not only autoantibodies against
Ca,2.1 but also those against Ca,2.2 are associated with
Lambert-Eaton myasthenic syndrome (Pinto et al., 1998)
and may be of significance in sporadic amyotrophic lateral
sclerosis too (Missiaen et al., 2000). In the retina
ontogenetically originating from the diencephalon, muta-
tions in the Ca, 1.4 VGCC are reported to cause congenital
stationary night blindness (CSNB) in humans (Bech-
Hansen et al., 1998). Furthermore, a gain-of-function
missense mutation (G406R) of Ca,l.2 was recently
described to cause Timothy syndrome, a multi-system
disorder in humans including complex neuropsychatric
symptoms such as autism (60%), autism spectrum dis-
orders (80%), mental retardation (25%) and seizures
(21%) (Splawski et al., 2004).

In addition, several animal models with complex
neurological disorders, e.g. cerebellar ataxia, paroxysmal
dyskinesia and absence epilepsy have been described in the
past based on mutations either in the pore-forming Ca,o1-
subunit or auxiliary subunits. Most of these mutations are
again restricted to the Ca,2.1 VGCC, e.g. the rottering (tg)
(Fletcher et al., 1996), rottering leaner (tg') (Fletcher et al.,
1996), rolling Nagoya (tg™") (Mori et al., 2000) and rocker
(rkr) (Zwingman et al., 2001) mouse model, whereas others
are related to mutations in accessory subunits, e.g. the
f4-subunit mutation in lethargic (Ih) mice (Burgess et al.,
1997), y,-subunit mutation in stargazer (stg) mice (Letts
et al., 1998) and the a,0,-subunit mutations associated with
the ducky (du) and entla (ent) phenotype (Burgess and
Noebels, 1999; Gao et al., 2000; Barclay et al., 2001; Brill et
al., 2003). This turns out to be an astonishing observation,
particularly as other VGCCs are also widely distributed
throughout the brain, e.g. the Ca,2.3 E/R-type channel
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which is present in most basal ganglia regions, the
thalamus, hypothalamus, amygdala, hippocampus and
cortex (Soong et al., 1993; Williams et al., 1994). The
L-type Ca®" channels Ca,l.1-1.4 are not reported to be
directly associated with primary or secondary forms of
epilepsy despite incidental occurrence of seizures in
Timothy patients as outlined above. In addition, no seizure
phenotype has been associated with mutations in the
Ca,2.2 and Ca,2.3 VGCC itself yet. Nevertheless, both
high-voltage and low-voltage activated Ca’" channels
represent potent targets for antiepileptic drugs, as blockade
of these channels can inhibit neurotransmitter release
(Turner, 1998) or interfere with neuronal firing patterns
such as burst activity or intrinsic oscillations (Rogawski
and Loscher, 2004). Some newer antiepileptic drugs
directly target the pore-forming Ca,xl-subunit of Ca®*
channel complexes, e.g. lamotrigine, felbamate, topiramate
and levetiracetam for high-voltage activated channels and
ethosuximide or zonisamide for low-voltage activated
T-type Ca’" channels (Gomora et al., 2001; Rogawski
and Loscher, 2004; Remy and Beck, 2006). Other
antiepileptic drugs however were shown to interact with
auxiliary subunits, e.g. gabapentin and pregabalin that
interfere with the a,d subunit of VGCCs (Sills, 2006).

Constrictively, one has to state that most of these
antiepileptic drugs are broad-spectrum pharmacons that
also exert modulating effects on other voltage- and ligand-
gated ion channels. In this review, we elaborate remarkable
new findings on the functional relevance of the Ca,2.3
VGCC in etiology and pathogenesis of both convulsive and
non-convulsive seizures. Based on biochemical, molecular,
electrophysiological and pharmacological analysis given,
we will develop an integrative view of how Ca,2.3 is
capable of triggering epileptiform activity and why Ca,2.3
is getting more and more important as a novel target in
antiepileptic drug treatment in humans.

2. Functional characteristics of the Ca,2.3 E/R-type
VGCC—what makes Ca,2.3 an interesting player in
ictogenesis/epileptogenesis and seizure propagation?

The Ca,2.3 VGCC is widely distributed throughout the
organism, not only in the peripheral and central nervous
system (CNS), but also the endocrine (Jing et al., 2005;
Pereverzev et al., 2005), cardiovascular (Lu et al., 2004;
Weiergréber et al., 2005), reproductive (Sakata et al., 2002)
and gastrointestinal system (Grabsch et al., 1999). Gen-
eration of mice lacking the Ca,2.3 VGCC has provided
detailed insight into the functional relevance of this
intractable channel in the last few years. Within the CNS,
Ca,2.3 is involved in neurotransmitter release and pre-
synaptic plasticity (Breustedt et al., 2003; Dietrich et al.,
2003). In addition, Ca,2.3 was reported to be involved in
the physiology of fear (Lee et al., 2002), control of pain
behavior (Saegusa et al., 2000) and myelinogenesis
(Chen et al., 2000). Furthermore, Ca,2.3 seems to exert a
protective role in ischemic neuronal injury (Toriyama

et al., 2002) and be involved in vasospasms following
subarachnoid hemorrage in humans (Ishiguro et al., 2005)
(Table 1).

2.1. Cellular distribution and functional implications

The Ca,2.3 VGCC exhibits a dominant presynaptic
expression, e.g. in mossy fibers of the hippocampus (Day
et al., 1996) and the pallidal globe (Hanson and Smith,
2002) (Table 2), besides Ca,2.1 (Wu et al., 1999) and
Ca,2.2 (Westenbroek et al., 1992) and it can also be found
at the neuromuscular junction (Day et al., 1997). Pre-
synaptically, a smaller fraction of Ca,2.3 is restricted to the
active zone of the vesicle fusion machinery and thus
involved in neurotransmission (Wu et al., 1999) whereas a
larger fraction is localized more distant in the synapse
responsible for synaptic plasticity, e.g. long-term potentia-
tion (LTP) (Dietrich et al., 2003; Kamp et al., 2005). E/R-
type Ca®" channels also exhibit a prominent expression on
the soma and dendrites.

Localization experiments revealed that Ca,2.3 is
preferentially distributed homogenously on the cell soma
and the dendritic arbor. Dendritic expression appears
to be most complex and only certain CNS nuclei and
specific cell types exhibit positive staining in dendrites,
e.g. CAl neurons, which will be discussed in more detail
below. Depending on the cell type a distribution in
proximal or distal dendrites is preferred, an observation
that differs from other high-voltage activated Ca®"*
channels pointing out the highly organized spatial dis-
tribution of Ca,2.3 (Westenbroek et al., 1995). Conse-
quently, Ca,2.3 was found to be involved in the generation
of Ca®"*-dependent action potentials that are conducted
along the length of the dendritic arbor which is an
important site of Ca®" entry and electrogenesis in neurons
(Tank et al., 1988). This somatic and dendritic role of
Ca,2.3 is of special interest and likely to contribute to a
number of electrical phenomena characteristic for ictiform/
epileptiform activity, which are discussed later in more
detail.

2.2. Novel mechanisms of Ca,2.3 Ca’*-sensitivity

Numerous splice variants of the Ca,2.3 Ca>" subunit
have been described (Pereverzev et al., 2002) and this
diversity could potentially be further amplified by partner-
ing with the various isoforms of the o9, f, and y Ca>™
channel accessory subunits. On the biochemical level,
Ca,2.3 is subject to complex regulatory mechanisms,
including phosphorylation and dephosphorylation. Such
mechanisms are of particular importance as they may alter
basic electrophysiological properties of a channel and
induce epileptiform burst activity in neurons (Remy and
Beck, 2006). Surprisingly, Ca>" influx through Ca,2.3
E/R-type Ca®>" channels has opposite effects on the
channel activity itself. At lower cytosolic Ca®" concentra-
tions, a positive feedback mechanism, which includes



M. Weiergraber et al. | Neuroscience and Biobehavioral Reviews 30 (2006) 1122—1144

Table 1
Ca,2.3 deficient mouse models

1125

Mouse model Gene inactivation

Location of
mutation

Phenotype of Ca,2.3-deficient
mice or cells

Miscellaneous

Ref.

A. Miller/ Homologous

Chicago recombination in
CJ7 ES cells, and
breeding into
C57BI/6J mice

B. Tanabe/ Homologous

Tokyo recombination in
J1 ES cells
(derived from 129/
Sv mice)

C. Shin/Seoul

D. Schneider/ Homologous

recombination in
R1 ES cells, and
breeding into
C57B1/6J mice

Cologne

S4—S6 regions
of domain II
were replaced

Deletion of a
2.3kb NotI -
Sstl fragment
containing
exon 1 (= full
N-terminus)
and part of
intron 1

Deletion of the
0.5kb Xbal—

Clal fragment

in exon 1

Deletion of
exon 2 (=
trans-
membrane
segment IS1
and loop to
1S2)

Cultivated cerebellar granule cells
loose their SNX-482 sensitive
component

Increase in the threshold for
inducing mossy fiber long term
potentiation

Normal pain behaviour in
Ca,2.3%/~ and Ca,2.37/~ mice
against acute mechanical, thermal,
and chemical stimuli, but reduced
responses to somatic
inflammatory pain in Ca,2.3"/~,
and increased responses to a
somatic inflammatory pain in
Ca,2.3 ~/mice when presensitized
with visceral noxious stimuli.
Impaired spatial memory (Morris
water-maze test)

After occlusion of middle cerebral
artery (focal ischemia), Ca,2.37/~
mice suffer from increased
neuronal injuries

Control of sperm function: the
rising rates of Ca>" transients in
the head region of sperms were
lower than in control sperms
Altered cocaine effects (missing
enhancement of locomotor
activity, no response to acute
cocaine administration)
Decreased sensitivities for
propofol and halothane

Enhanced morphine analgesia,
but reduced morophine tolerance

Loss of pharmacoresistant type
Ca®" current in central amygdala
neurons, and exhibited signs of
enhanced fear in vivo (vigorous
escaping behavior and aversion to
open-field conditions)
Disturbance in glucose-tolerance,
insulin release, and stress-induced
hyperglycemia; suppressed second
phase insulin release concomitant
with a reduced oscillatory Ca®*
signaling; impaired glucose-
mediated suppression of
glucagons secretion; coexpression
of insulin and glucagons in a
fraction of islets

Cardiac arrhythmia in isolated
prenatal hearts, and adult mice as
well as altered autonomic control
in the cardiovascular system

Even in cultured cerebellar
granule cells from Ca,2.37/~
mice, 31% of Ba>" current is
pharmaco-"resistant”

(see also: Brenowitz and
Regehr, 2003

f-galactosidase as reporter in
the inactivated allele by an in-
frame insertion of nlacZ

Long term potentiation in CAl
region was not impaired; also,
Ca,2.37/~ mice were able to
establish and to maintain fear
memories

Ca,2.3 is neuroprotective
during ischemia by a
mechanism which includes
GABergic neuronal activities
Ca,2.3 plays some roles for the
control of flagellar movement

Propofol enhances GABAergic
effects

Inhibition of R-type Ca*"
current may lead to high-
efficiency opioid therapy
without tolerance.

GFP as reporter in the
inactivated allele by an in-
frame insertion

Wilson et al. (2000)

Breustedt et al. (2003)

Saegusa et al. (2000)

Kubota et al. (2001)

Toriyama et al.
(2002)

Sakata et al. (2001),
Sakata et al. (2002)

Han et al. (2002)

Takei et al. (2003)

Yokoyama et al.
(2004)

Lee et al. (2002)

Jing et al. (2005),
Pereverzev et al.
(2002a), Pereverzev et
al. (2002b),
Pereverzev et al.
(2005), Vajna et al.
(1998, 2001),

Lu et al. (2004),
Weiergriber et al.
(2005)
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Table 1 (continued)

Mouse model Gene inactivation  Location of Phenotype of Ca,2.3-deficient Miscellaneous Ref.

mutation mice or cells
Impairment of mossy fiber CA3 Dietrich et al. (2003),
long term potentiation in Sochivko et al. (2002)
hippocampus
Reduced pentylene-tetrazol Seizure sensitivity towards 4- Weiergriber et al.
(PTZ)—induced seizure aminopyridine was unchanged  (2006)
susceptibility

The cacnale gene encoding the Ca,2.3 containing E-/R-type voltage-gated Ca®>" channels has been inactivated by homologous recombination in 4
different laboratories (Miller-Chicago-lab, Tanabe-Tokyo-lab, Shin-Seoul-lab, Schneider-Cologne-lab). In all four mouse models the mice are fertile and
show a normal life span although male Ca,2.3-deficient mice suffer from their increased aggression which may be based on their enhanced fear.
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Table 2
Localization of the Ca,2.3 VGCC in the brain
Location Species Method of detecting Ca,2.3 Reference
Telencephalon
Neocortex Mouse PC Sochivko et al. (2002)
Mouse RT-PCR Weiergriber et al. (2006)
Layers 11-VI Rat ISH Soong et al. (1993)
Pyramidal cells Rat PC; RT-PCR Foehring et al. (2000)
GABAergig neurons Mouse IHC Timmermann et al. (2002)
Frontal cortex Mouse ISH Williams et al. (1994)
Dorsal cortex (layers I-VI) Rat IHC Yokoyama et al. (1995)
Cingulate cortex Mouse ISH Williams et al. (1994)
Endopiriform nucleus Guinea pig PC Brevi et al. (2001)
Hippocampus Mouse RT-PCR Weiergriber et al. (2006)
Dentate gyrus Human IHC, ISH Day et al. (1996)
Human PC Sochivko et al. (2002)
Mouse ISH Williams et al. (1994)
Rat IHC Yokoyama et al. (1995)
Rat ISH Soong et al. (1993)
Field CA3 Mouse ISH Williams et al. (1994)
pyramidal cell layer Human THC Day et al. (1996)
Rat IHC Yokoyama et al. (1995)
Stratum lucidum/ Human IHC Day et al. (1996)
Mossy fiber terminals Mouse PC Gasparini et al. (2001)
Dietrich et al. (2003)
Breustedt et al. (2003)
Field CA2 Human IHC Day et al. (1996)
Mouse ISH Williams et al. (1994)
Rat IHC Yokoyama et al. (1995)
Field CAl Human IHC Day et al. (1996)
Mouse ISH Williams et al. (1994)
Mouse PC Sochivko et al. (2002)
Rat IHC Yokoyama et al. (1995)
Rat PC Metz et al. (2005)
Rat PC Yasuda et al. (2003)
Parahippocampal gyrus Human IHC Day et al. (1996)
Entorhinal cortex Human IHC Day et al. (1996)
Rat ISH Soong et al. (1993)
Olfactory bulb Rat IHC Yokoyama et al. (1995)
Rat ISH Soong et al. (1993)
Mouse ISH Williams et al. (1994)
Amygdala Rat THC Yokoyama et al. (1995)
Rat ISH Soong et al. (1993)
Central amygdala Mouse PC Lee et al. (2002)
Rat PC Yu and Shinnick-Gallagher (1997)
Claustrum Mouse ISH Williams et al. (1994)
Striatum Rat IHC Yokoyama et al. (1995)
Rat ISH Soong et al. (1993)
Rat PC; RT-PCR Foehring et al. (2000)
Rat MD; PC Bergquist and Nissbrandt (2003)
Diencephalon
Globus pallidus Rat IHC Hanson and Smith (2002)
Rat IHC Yokoyama et al. (1995)
Habenula (medial part) Rat ISH Soong et al. (1993)
Mouse ISH Williams et al. (1994)
Thalamus Mouse ISH Williams et al. (1994)
Mouse RT-PCR Weiergriber et al. (2006)
Rat THC Yokoyama et al. (1995)
Rat ISH Soong et al. (1993)
Reticular thalamic nucleus Mouse RT-PCR/IHC Weiergriber et al. (2006)
Subthalamic nucleus Rat IHC Yokoyama et al. (1995)
Medial geniculate body Mouse ISH Williams et al. (1994)
Hypothalamus Mouse RT-PCR Weiergriber et al. (2006)
Rat IHC Yokoyama et al. (1995)
Rat ISH Soong et al. (1993)
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Table 2 (continued)

Location Species Method of detecting Ca,2.3 Reference
Supraoptic nucleus Rat ISH Soong et al. (1993)
Ventromedial nucleus Mouse ISH Williams et al. (1994)
Dorsomedial nucleus Mouse ISH Williams et al. (1994)
Pituitary gland Rat ISH Soong et al. (1993)
Oxytocin-releasing neurons Rat PC, RIA Wang et al. (1999)
AtT-20-Cells (pituitary gland) Mouse RT-PCR Vajna et al. (1998)
Williams et al. (1994)
Pineal gland Rat ISH Soong et al. (1993)
Cerebellum
Mouse ISH Williams et al. (1994)
Human/Mouse/Rat RT-PCR Vajna et al. (1998)
Granule cell layer Rat PC Randall and Tsien (1995)
Tottene et al. (1996)
D’Angelo et al. (1997)
Rat ISH Soong et al. (1993)
Rat IHC Grabsch et al. (1999)
Purkinje cell layer Rat IHC Yokoyama et al. (1995)
Rat IHC Grabsch et al. (1999)
Rat ISH Soong et al. (1993)
Human IHC Volsen et al. (1995)
Deep cerbellar nuclei Rat IHC Yokoyama et al. (1995)
Midbrain and mesencephalon
Substantia nigra, pars compacta Rat ISH Soong et al. (1993)
Rat MD, PC Bergquist and Nissbrandt (2003)
Dorsal raphe nucleus Rat ISH Soong et al. (1993)
Medulla Mouse RT-PCR Weiergriber et al. (2006)
Periaqueductal gray Mouse ISH Williams et al. (1994)
Pontine nuclei Rat ISH Soong et al. (1993)
Mouse ISH Williams et al. (1994)
Locus coeruleus Mouse ISH Williams et al. (1994)
Rat PC Chieng and Bekkers (1999)
Dorsal vagal complex Mouse ISH Williams et al. (1994)
Dorsal lateral and medial parabrachial nuclei Mouse ISH Williams et al. (1994)
Posterior cochlear nucleus Guinea pig PC Molitor and Manis (1999)
Calyx of held Rat THC, PC Wu et al. (1998), Wu et al. (1999)
Nucleus n. facialis Rat IHC Yokoyama et al. (1995)
Spinal tegmental nucleus Mouse ISH Williams et al. (1994)

Area postrema

reviewed by Hay (2001)

Abbreviations: IHC—immunohistochemistry; ISH—in situ hybridization; MD—microdialysis; PC—patch clamp technique; RIA—radioimmunoassay;
RT-PCR—reverse transcription—polymerase chain reaction
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activation through protein kinase C (PKC) slows down
inactivation and speeds up recovery from short-term
inactivation (Leroy et al., 2003; Klockner et al., 2004).
Such a positive feedback is dependent on the presence of
the exon 19 encoded arginine rich insert 1 in the cytosolic
II-IIT loop (Pereverzev et al., 2002). For Ca,2.3e E/R-type
Ca’" channels, which are lacking exon 19 encoded insert 1,
a minor but still significant phorbol ester mediated
stimulation is left. We interpreted this as a reduced
affinity for scaffolding proteins, which bind PKC to the
II-1II loop of the Ca,2.3d splice variant containing insert 1
(Fig. 1). (Krieger et al., 2006). This model is supported by
the observation that coexpression of PKCo with Ca,2.3e
leads to similar kinetics of inactivation and recovery as
recorded for the full length II-III loop splice variant
Ca,2.3d. Thus, the pattern of Ca,2.3 splice variants in
different brain regions is likely to be of tremendous
importance for neuronal mechanisms underlying neuro-
protection, icto-/epileptogenesis and seizure propagation
(Weiergrdber et al., 2006) (Fig. 1). Besides Ca,2.3, a
positive feedback mechanism by incoming Ca®>* was also

reported for L-type Ca’’ channels and is mediated
through Ca’" Jcalmodulin kinase II (Dzhura et al., 2000).
However, at elevated cytosolic Ca®>" concentrations, a
prominent Ca®"-dependent inactivation renders the
channel activity to further increase (for overview see Liang
et al., 2003).

PKC-mediated phosphorylation is of substantial phy-
siological relevance, mediating hormonal effects and those
of intracellular messengers. Voltage-gated Ca®>" channels
are effectors in various regulatory neurotransmitter and
hormonal pathways initiated by G-proteins. Principally,
this G-protein dependent regulation of VGCCs can either
be indirect via second messengers and/or protein kinases or
direct via physical interaction between G-protein subunits
and the Ca,-al subunit. Functional studies elicited that
G-protein interaction reversibly inhibits neuronal non-L-
type Ca®"'-channels. Peak current amplitude is reduced
and activation kinetics are slowed. The effects of the
hetereotrimeric G-proteins on VGCC are well described for
the Gp, dimer (Herlitze et al., 1996; Ikeda, 1996), whereas
the role of G, is yet not well understood. There is evidence
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Fig. 1. Distribution of neuronal Ca,2.3 splice variants. Major neuronal Ca,2.3 splice variants differ by exon skipping either in the II-III loop (exon 19) or
in the C-terminus (exon 45). Both exons are only expressed in the splice variant Ca,2.3d which was cloned from human fetal brain. (A) Cartoon for
indicative fragments of Ca,2.3 and their relation to gene structure. (B) Total RNA was isolated from neocortex (Cx), hippocampus (Hp), the thalamus and
hypothalamus (Th), cerebellum (Cer), mesencephalon (Mes) and the medulla (Med). Known Ca,2.3 splice variants were identified by RT-PCR after
amplifying indicative fragments of the II-11I loop and the C-terminus. Using the oligonucleotide primer pairs which are flanking the segment containing
exon 19 (insert # 1) and the adjacent insert # 2 (in exon 20) leads to the detection of indicative patterns of the II-I11 loop. The expected sizes of cDNA
fragments are 363 bp (lacking exon 19), 399 bp (lacking insert 2), and 420 bp representing the full-length segment within the II-III loop. (C) Using the
oligonucleotide primer pair which is flanking exon 45 (insert # 3) leads to the detection of indicative patterns of carboxy terminal fragments of Ca,2.3.

that Gg, directly interacts with the I-II linker of the Ca,
al-subunit (De Waard et al., 1997; Zamponi et al., 1997).
In addition, the N-terminus of Ca,2-«1 subunits also
seems to be involved in G-protein coupled channel
modulation (Dolphin, 2003b) including Ca,2.3. As the
Gg, interaction site within the I-II linker partially overlaps
the AID (oq-interacting domain) where f subunits bind,
this mechanism suggests a physical competition between
the agonistic f-subunits (De Waard and Campbell, 1995;
Dolphin, 2003a) and the antagonistic effects of Gy,
(Sandoz et al., 2004). Interestingly, Gg, seems to exert
inhibitory effects on low-voltage-activated T-type Ca®"-
channels via interaction with the II-ITI-loop (Wolfe et al.,
2003). In addition, there are hints of a complex inter-
dependence between PKC and G-protein pathways as
activation of PKC antagonizes adjacent receptor-mediated
G-protein inhibition of VGCC (Zamponi et al., 1997;
Doering et al., 2004).

Accumulation of internal Ca®" at low concentra-
tions therefore leads to tonic activation of Ca,2.3d
resulting in augmented responses, slowed inactivation
and accelerated recovery from inactivation (Leroy et al.,
2003). According to Dietrich et al. (2003) Ca,2.3 con-
tributes selectively to the so-called residual [Ca’®™];
which also underlies various forms of synaptic plasticity
but contributes less to neurotransmitter release. However,
this residual internal background Ca®* reaches concentra-
tion of up to 0.5uM (Brenowitz and Regehr, 2003)
and is in the same range as has been shown to facilitate
Ca®" currents through Ca,2.3d channels (Leroy et al.,

2003). Initial positive feedback mechanisms based on
PKC activity might later be attenuated by negative
feedback loops involving N-lobe calmodulin-dependent
modulation as described previously by Liang et al. (2003)
and therefore help to maintain physiological [Ca®™];
concentrations.

2.3. Internal cell calcium and neuronal excitability

A number of cell functions are regulated by the free
cytosolic Ca>" concentration. Calcium ions can enter the
cell via different types of Ca®>" channels, the Na™ /Ca®" -
exchanger, and through release channels from internal
Ca’" stores. The resulting Ca®" signal is highly organized
in space, frequency and amplitude because the localization
and the integrated free cytosolic Ca®" concentration over
time contains specific information (Missiaen et al., 2000).
Action potentials induce Ca®>" entry through high-voltage
activated Ca®" channels in pyramidal cells (Markram
et al., 1995; Helmchen et al., 1999). Until buffering
mechanisms restore resting Ca®"* levels (Markram et al.,
1995; Kannurpatti et al., 2000; Gibney et al., 2002),
cytoplasmic free Ca>" regulates critical cellular functions,
including neurotransmitter release, gene transcription and
channel modulation. Cytoplasmic Ca®>* may also provide
the cell with an index of recent spiking activity (Helmchen
et al., 1999).

The calcium hypothesis of epileptogenesis claims that
alterations in internal Ca®" play a crucial role in the
development of epilepsy (Albowitz et al., 1997; DeLorenzo



M. Weiergraber et al. | Neuroscience and Biobehavioral Reviews 30 (2006) 1122—1144 1131

et al., 1998; Sun et al., 2002). Consequently, the extracellular
Ca®" concentrations deceases during epileptiform activity
(Hamon and Heinemann, 1986). Although a number of
studies provide clear evidence for increased neuronal
Ca®" influx during epileptiform activity, direct visualiza-
tions and measurements of the underlying [Ca®"]; are
rare and the structural/molecular background of Ca®”"
influx is only partially known. High-voltage activated
Ca®" channels are likely to be predominant candidates for
[Ca®"]; elevation during epileptiform activity (Albowitz
et al., 1997; Pisani et al., 2004), contributing to both seizure
initialization and propagation. In hippocampal tissue for
example, Ca®" current density was reported to be upregu-
lated during epileptogenesis (Beck et al., 1998) and blockade
of these channels also depressed epileptiform activity
(Straub et al., 1990). Furthermore, Berg et al. (1995)
proved that seizure activity induced by kainate, e.g. in
the hippocampus is strongly based on internal Ca®"
which also plays a crucial role in seizure-related excitotoxi-
city. Consequently, various antiepileptic drugs were
reported to exert neuroprotective effects in different animal
models by inhibiting components of the excitotoxic
cascade (Sullivan, 2005). By regulating internal Ca®*-levels
and given the functional interdependence of Ca,2.3
channel activation and cellular Ca>" modulated via Ca*"/
calmodulin and PKC, Ca,2.3 becomes a key regulator in
neuronal excitability and consequently in triggering of
epileptiform activity, as discussed later for CAl neurons
(Section 4).

3. Ca,2.3 in non-convulsive seizures—functional
interdependence with the Ca,2.1 and Ca,3.1 VGCC in
absence epileptogenesis

Typical absence epilepsy is characterized behaviourally
by a paroxysmal loss of consciousness of sudden onset
and termination that is normally accompanied with
bilateral synchronous spike-wave discharges activity of
species specific frequency (Manning et al., 2003). The
involvement of the thalamocortical circuit, particularly
the contribution of the ventrobasal thalamus and the
reticular thalamic nucleus in establishment and propaga-
tion of absence seizures has been established for several
years (Steriade, 2005). Furthermore, various extrathala-
mocortical structures such as the reticular formation,
laterodorsal tegmental nucleus, pedunculopontine tegmen-
tal nucleus, raphe nuclei, locus coeruleus, basal nucleus of
Meynert as well as cerebellar structures project to that
circuitry. Some brain structures like hippocampus or
cerebellum classically not known to be involved in the
production of absence spike-wave discharges could in
fact participate in the development of this phenotype
(Lakaye et al.,, 2002). Pathophysiologically, aberrant
corticothalamic rhythms are believed to be the substrate
of spike-wave discharges. Thalamic neurons have the
intriguing capability to shift between two functional
modes, the tonic and burst firing mode, which strongly

regulates transmission of external information to the
cortex (Blumenfeld and McCormick, 2000). Oscillatory
behavior within the thalamocortical circuitry is substan-
tially driven by the reticular thalamic nucleus which serves
as a key modulator of information transfer between
thalamus and cortex. These reticular thalamic nucleus
neurons are gabaergic, strategically localized lateral to the
ventrobasal thalamic relay neurons exerting inhibitory
action on each other as well as thalamic relay cells
(Steriade, 2005).

It is interesting to note that the majority of single-
mutation mouse models of absence epilepsy are associated
with defects in genes encoding subunits of VGCCs,
indicating the central role that such channels might play
in absence epileptogenesis. Particularly, Ca,2.1 as well as
T-type Ca®* channels have been reported to play a major
role in this field. The Ca,3.1 VGCC knock-out mouse
model was reported to lack burst firing in thalamocortical
neurons and displays resistance to absence seizures (Kim
et al., 2001). In addition, Cay3.17/~ mice are characterized
by altered sleep architecture and lack of delta waves (Lee
et al., 2004). Ca,3.1 is dominantly expressed within
thalamic relay neurons and the results obtained from
Ca,3.17/~ mice strongly indicate the functional relevance
of VGCCs and also Ca,2.3 within the thalamocortical
circuitry. In contrast to Ca,3.1 deficient animals, Ca,2.17/~
mice are prone to absence epilepsy with spike-wave
discharges and motoric arrest (Jun et al., 1999). Further-
more, the ablation of P/Q-type Ca’>" channel currents
resulted in altered synaptic transmission and progressive
ataxia in these mice. Interestingly, T-type Ca’>" currents
were increased in thalamocortical relay neurons from these
mice (Zhang et al., 2002). Double knock-out experiments
further revealed that Ca,2.17/~ Ca,3.17/~ mice do not
exhibit spontaneous spike-wave discharges and no T-type
Ca®" current in thalamocortical neurons was observed
(Song et al., 2004). However, in some mouse models, e.g.
Ca,2.1 leaner, Ca,3.1 is down regulated in the cerebellar
granule cells while expression in Purkinje cells is increased
and might therefore be involved in complex movement
disorders such as ataxia and paroxysmal dyskinesia
(Nahm et al., 2005; Pietrobon 2005). Thus, increased
T-type Ca®" currents in various structural components of
the thalamocortical circuitry seem to be a common feature
in absence epileptogenesis though it is not an absolute must
(Song et al., 2004).

However, within the thalamocortical circuitry T- and P/Q-
type VGCCs are not the only players. Gabaergic interneur-
ons of the reticular thalamic nucleus and cortex as well as
extrathalamocortical structures were clearly shown to express
Ca,2.3 (Soong et al., 1993; De Borman et al., 1999; Talley
et al, 2000; van de Bovenkamp-Janssen et al., 2004;
Weiergrdber et al., 2006). Most studies on the role of
Ca,2.3 in absence epileptogenesis were carried out on the
Genetic Absence Epilepsy Rats from Strasbourg (GAERS)
and the Wistar Albino Glaxo rats (WAG/Rij). In GAERS
an increase of T-type Ca’" current in reticular thalamic
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nucleus neurons has been reported (Tsakiridou et al., 1995)
and later on also alterations in Ca,3.1 and Ca,3.2 expression
in the adult ventroposterior thalamic nuclei and reticular
thalamic nucleus neurons, respectively (Talley et al., 2000).

Astonishingly, de Borman et al. (1999) and Lakaye et al.
(2002) detected a significant reduction of Ca,2.3 transcript
levels in both cerebellum and medulla of GAERS, two
extrathalamocortical brain structures, the brainstem and
cerebellum which project to the thalamocortical circuitry,
capable of modifying its oscillatory behavior (Filakovszky
et al., 1999; Deransart et al., 2001). On the other hand, the
WAG/Rij rat model of absence epilepsy was also reported
to exhibit altered VGCC expression. Development of
spike-wave discharges in these rats is concomitant with
an increased expression of Ca,2.1 in the reticular thalamic
nucleus. Furthermore, van de Bovenkamp-Janssen et al.
(2004) demonstrated that normal control rats exhibit an
increase of Ca,2.3 expression within the RTN during
development (from 3 to 6 months of age) whereas WAG/
Rijj rats were lacking this Ca,2.3 increase concomitant with
the establishment of SWDs. These observations clearly
point to a functional role of Ca,2.3 in etiology and
pathogenesis of absence epilepsy like activity and, in
addition might be related to sleep disorders.

Pharmacological studies further support this observa-
tion. Lamotrigine for example, which exerts inhibitory
actions on Ca,2.3 VGCCs (Hainsworth et al., 2003) was
proven to be effective in suppressing spike-wave discharges
in both GAERS and WAG/Rjj rats (van Luijtelaar et al.,
2002; Manning et al., 2003) and thalamocortical burst
complexes in rat brain slices (Gibbs IIT et al., 2002).
However, the electrophysiological properties and func-
tional implications of Ca,2.3 expression within reticular
thalamic nucleus cells, gabaergic interneurons of the cortex
and extrathalamocortical structures on thalamocortical
oscillations have not been described yet. In conclusion,
there are strong hints that Ca,2.3 might play a primary
or secondary role in the establishment of spike-wave
discharges.

4. The Ca,2.3 VGCC in convulsive seizures
4.1. Ca,2.3 in neuronal apoptosis

In a recent study, Suzuki et al. (2004) characterized five
missense mutations within EFHCI, an EF-hand protein
interacting with the C-terminus of the Ca,2.3 VGCC. This
protein is primarily localized on the soma and dendrites of
pyramidal neurons and Purkinje cells. Surprisingly,
patients carrying these mutations were reported to exhibit
juvenile myoclonic epilepsy, a common form of generalized
epilepsy in humans. Suzuki et al. (2004) deduced that
EFHCI1 normally controls neuronal apoptosis via Ca,2.3
mediated Ca® " influx further supported by the observation
that apoptosis was suppressed by 30nM SNX-482 in
mouse hippocampal primary culture but not by other Ca®*
channel antagonists. Interestingly, mutations in EFHCI

were shown to prevent EFHCI1 from binding to and
activating Ca,2.3, thus prohibiting neuronal apoptosis in
patients suffering from juvenile myoclonic epilepsy. How-
ever, EFHCI does not only bind to Ca,2.3, but also
interacts with other proteins capable of modifying the
seizure phenotype. The intriguing aspect of these findings is
that mutations in EFHCI result in lack of neuronal
apoptosis during early brain development and conse-
quently, increased neuronal cell density leads to the
establishment of altered neuronal connectivity and hyper-
excitable circuits proposing a completely new mechanism
of epileptogenesis in juvenile myoclonic epilepsy patients.
Most common, epileptogensis is related to primary or
secondary forms of neuronal degeneration. However,
increased neuronal density in association with epilepsy is
rarely described in literature (Andres et al., 2005).
Principally, apoptosis involves a genetic reprogramming
of the cell to promote a cascade of biochemical and
morphological changes that finally result in cell death and
elimination. Different stimuli, e.g. Ca’>" influx through
VGCCs could serve this function. So far, no reports on
markers of neuronal apoptosis in Ca,2.3~/~ and control
mice are available. However, as Ca,2.3™/~ mice did not
exhibit spontaneous epileptiform discharges in electroen-
cephalographic (EEG) recordings and turned out to be
more seizure resistant than their Ca,2.3"7/" counterparts
(Weiergrdber et al., 2006), the functional involvement
of Ca,2.3 in neuronal apoptosis is obviously more
complex than actually expected and definitely needs further
investigation in the future.

4.2. The Ca,2.3 VGCC in neuronal epileptiform activity

Abnormal burst activity is a characteristic feature of
epileptiform, neuronal activity. Each cellular burst is
sustained by a slow, persistent depolarization, the so-called
plateau potential (Andrew and Dudek, 1983), which is
initiated at the beginning of the burst and lasts for several
hundred milliseconds to seconds (Andrew, 1987). The
plateau is spike dependent and regenerative and is triggered
by the summation of depolarizing action potentials
(Andrew and Dudek, 1984). The depolarizing action
potentials that follow two or more closely spaced spikes
sum up to a much larger afterpotential, and the resulting
depolarization can take the cell above spike threshold.
Additionally, a concomitant increase in internal Ca® " after
multiple spikes further supports this process by inhibiting
Ik 1eax and so more strongly depolarizes the cell. If the
resulting summed depolarizing action potentials are then
sufficient to carry the cell above spike threshold, the
resulting action potential brings in more Ca’>" eliciting
further depolarizing action potentials via a positive feed-
back mechanism. Consequently, this process repeats
resulting in a sustained plateau potential which supports
repetitive spiking (Andrew and Dudek, 1983). After several
seconds of activity, but long before termination, [Ca’®™];
attains a plateau that is typically >200nM above rest.
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However, the plateau potential quickly collapses, once the
electrical activity has ceased and the membrane repolarizes
again (Andrew and Dudek, 1984). The cause of plateau
potential termination has not yet been fully established,
although an accumulation of [Ca®*]; and the subsequent
activation of a hyperpolarizing Ca’*-dependent K-
mediated afterhyperpolarisation has been proposed
(Hlubek and Cobbett, 2000; Roper et al., 2003). A shift
from Ca’"-dependent facilitation to Ca’" dependent
inactivation of VGCCs at elevated [Ca®"]; might also play
a role. In neocortical pyramidal cells, Abel et al. (2004)
have shown that there is a linear relationship between
plateau [Ca®*]; and firing frequency in soma and proximal
dendrites and the rise in [Ca®"]; finally activates K™
channels underlying the afterhyperpolarization, consisting
of two Ca’"-dependent components, medium and slow
afterhyperpolarisation.

Principally, plateau potentials as outlined above, but
also afterdepolarisations are a common feature of different
neuronal cell types in various brain regions, e.g. spinal and
brainstem motoneurons, spinal interneurons, dorsal horn
neurons, subthalamic nucleus neurons, suprachiasmatic
neurons, striatal cholinergic neurons, hippocampal pyr-
amidal cells, subicular and entorhinal cortical cells (Pierson
et al., 2005).

Though a common phenomenon within the CNS,
plateau potentials and afterdepolarisations still harbor a
plethora of secrets as the underlying ion channel entities
are still not fully described. However, recent studies more
and more point to the fact that Ca,2.3 indeed is a potent
player in plateau potential and afterdepolarisation genera-
tion. In lumbar spinal cord motor neurons, plateau
potentials were originally reported to be driven by L-type
Ca’" channels in dendrites (Simon et al., 2003). Li and
Bennett (2003) have argued that a TTX-sensitive persistent
sodium and L-type Ca’" current are responsible for
plateau potentials in these cells. Both Cd** (400 uM),
a non-specific Ca’>" channel blocker, and nimodipine
(10-20uM), a specific L-type Ca®* channel blocker,
completely abolished this TTX-resistant plateau and
therefore Li and Bennett (2003) concluded that it was
mediated by L-type Ca®" channels. However, the nimodi-
pine-sensitive Ca’?" current in this preparation was
low-voltage activated (—50mV) and concluded to be
associated with the Ca,1.3 Ca®" channel with low-voltage
behavior. This L-type current was usually fully activated at
<—40mV. Additionally, the authors clearly ruled out
that the high-voltage activated Ca®* channels Ca,2.1 and
Ca,2.2 are related to the persistent low-threshold inward
Ca’" current by using various Ca>" channel blockers, e.g.
w-conotoxin GVIA (2uM) and w-conotoxin MVIIC
(1 uM). Although L-type Ca>* channels are conventionally
considered as high-voltage activated channels, Li and
Bennett (2003) demonstrated that the threshold of L-type
Ca’" channels in their preparation is around the firing
threshold of the motoneurons, which is similar to the low-
threshold obtained in other studies of plateaus in neurons

(i.e., —45 to —55mV; Hounsgaard and Kiehn, 1989; Mills
and Pitman, 1997; Morisset and Nagy, 1999; Voisin and
Nagy, 2001; Zhang and Harris-Warrick, 1995). Amazingly,
many other studies further elicited that these L-type like
Ca’" channels involved in generation of plateau potentials
require a higher concentration of dihydropyridines, e.g.
10 uM nimodipine (Li and Bennett, 2003), 15uM nifedi-
pine (Hounsgaard and Kiehn, 1989); 10 uM nifedipine
(Voisin and Nagy, 2001) or 50 uM nifedipine (Mills and
Pitman, 1997) to be completely blocked than actually do
conventional L-type Ca’?" channels (<1pM) (Fanelli
et al., 1994; McCarthy and TanPiengco, 1992). However,
one has to consider that these data were obtained from
different tissue preparations from various species and that
dihydropyridine action on VGCCs is further influenced by
experimental conditions, such as cell membrane potential
or penetration depth of these drugs in CNS slices.

Similar studies were carried out by Vergara et al. (2003)
in striatal medium spiny neurons of the rat. Again, L-type
Ca’" channels were reported to be necessary for promot-
ing the generation of plateau potentials from relatively
depolarized holding potentials if elicited from the soma
(=60 to —55mV) (Hernandez-Lopez et al., 1997; Hernan-
dez-Lopez et al., 2000). The application of the L-type Ca>"
channel antagonist nitrendipine (5uM) reduced plateau
potentials in these and other cells tested (Vergara et al.,
2003). A central question remains: what’s the nature of this
low-dihydropyridine sensitive, L-type like Ca>" current?

Fascinatingly, not only neurological but also cardiovas-
cular studies suggest that Ca,1.3 is a possible candidate for
a low-threshold and low-dihydropyridine sensitive L-type
Ca’" current component (Koschak et al., 2001; Xu and
Lipscombe, 2001) and thus is likely to promote generation
of plateau potentials in different studies on neuronal cell
types. Whereas the characteristics of a low-voltage
activated behavior of Cayl.3 have recently been described
(Koschak et al., 2001; Michna et al., 2003), Ca,2.3 has
already been reported to conduct transient Ca®" currents
with both activation and steady-state inactivation occur-
ring at relatively negative membrane potentials, thus
sometimes called a low- to mid-voltage activated channel
(Soong et al., 1993).

To determine, whether Ca,2.3 might be indeed a possible
candidate for a low dihydropyridine sensitive VGCC, we
recently performed dose—response analyses of isradipine
effects on two Ca,2.3 splice variants, Ca,2.3d and Ca,2.3e
yielding 1Csq values of 9.1 and 14.6 uM, respectively (Lu
et al., 2004) (Fig. 2). Furthermore, when Ca,2.3 was
coexpressed with a»d and S, in COS-7 cells the dihydro-
pyridine nicardipine was reported to exert a 51+7%
inhibition of Ca’>" influx at 1 pM (Stephens et al., 1997).
In contrast, other studies failed to show an inhibitory
effect of nifedipine or isradipine on Ca,2.3 VGCCs
expressed in Xenmopus oocytes (Soong et al., 1993;
Wakamori et al., 1994; Williams et al., 1994) indicating
that the expression system, splice variants and sub-
unit distribution might be of central importance for
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* Species and Swissprot accession numbers of sequences for aligning to the skeletal muscle sequence on top of each segment:
Ca,l.1: rabbit, P07293 Ca,2.1: human, 000355 Ca3.1: human, NP_938190
Ca,1.2: human, Q13936 Ca,2.2: human, NM_000718 Ca,3.2: human, AAC67239
Ca,l.3 human, Q01668 Ca,23: human, Q15878 Ca3.3: rat, AAG35188
Ca,14: human, 060840 (identical to human, AF393329)

Fig. 2. High-affinity dihydropyridine binding. Alignment of sequences from non-L- and T-type voltage-gated Ca> " channels with the two most important
segments for high affinity dihydropyridine binding in L-type Ca®>* channels. (A) Initially, the dihydropyridine receptor binding site was analyzed by
covalent drug binding (Striessnig et al., 1998) and alanine-scanning (Peterson et al., 1997), which helped to identify critical amino acid residues for high-
affinity drug binding. The consecutive molecular modeling of the dihydropyridine binding site with the inner pore of L-type Ca*"* channels (Lipkind and
Fozzard, 2003) strengthened the idea that within domain III and IV the transmembrane segments S6 are most important for high-affinity drug binding.
Dihydropyridines are thought to dock to a crevice, which may be formed by two neighboring tilted S6 helices of domains III and IV below the selectivity
filter. According to this model, the dihydropyridine ring may be located between Phe-1176 (homolog to mouse Phe-1159) of I111S6 (see panel A1, labeled by
a $-sign) and Ala-1512 (homolog Ala-1467 in mouse Ca,1.2) of IVS6 (see panel A2, $-sign), parallel to the pore axis. In addition, non-polar interactions
with hydrophobic side chains of Ile-1173, Ile-1180, and Ile1516 (in mouse: Ile-1156, Ile-1163, and Ile-1471) on the bottom of the binding cavity may
stabilize the channel’s closed/inactivated state (Lipkind and Fozzard 2003). Interestingly, the amino acid residue in IIIS6, which binds to the
dihydropyridine ring, is identical in L- and non-L-type channels. Similar, one of the two Ile-residues, also is identical in both subfamilies but different in T-
type channels. In total, the reduced affinity of the non-L-type Ca,2.3 channel for dihydropyridines arises from multiple differences within the other critical
residues as highlighted in panel A. (B) Whole cell recordings with 5mM extracellular Ca>" as charge carrier from stably transfected HEK-293 cells
expressing the ion-conducting subunit Ca,2.3d of human E-/R-type Ca>* channels. Superimposed traces of Ca>" inward currents are shown which were
activated from a holding potential of —50mV to test potentials of 30 mV. (C) After normalizing the peak inward currents, the dose-response relationship
for (+)isradipine is shown for either Ca,2.3d (closed circles) or the cardiac/endocrine splice variant Ca,2.3e (open circles). Data were fitted using the Hill
equation yielding an I1Cs, value of 9.1 and 14.6 uM for Ca,2.3d and Ca,2.3e, respectively (Lu et al., 2004).

dihydropyridine-sensitivity. Nevertheless, it is highly ques-
tionable whether low micromolar concentrations of dihy-
dropyridines should be regarded as diagnostic for L-type
Ca®>" channels. Considering, that Ca,1.3 and Ca,2.3 are
coexpressed in most regions capable of exhibiting neuronal
plateau potentials, it becomes obvious, that Ca,2.3 is likely

to contribute significantly to plateau potential and after-
depolarisation generation.

In 2005 Pierson et al., further corroborated this
hypothesis by demonstrating that E/R-type Ca®" channels
are likely to play a major role in the genesis of plateau
potentials in hypothalamic suprachiasmatic neurons from
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rat (Pierson et al., 2005). In contrast to most other studies
carried out before, the authors used low doses of isradipine
(2uM) which clearly failed to prevent or reduce Ca®"-
dependent plateau potentials, whereas w-conotoxin GVIA
(1uM) and w-agatoxin IVA (200 nM) caused only a slight
reduction in plateau potential duration. Based on this
observation, Pierson et al. (2005) concluded that E/R-type
Ca’" channels significantly contribute to plateau potential
generation, particularly, as suprachiasmatic neurons seem
to express large E/R-type Ca’" currents of up to 50%
(Cloues and Sather, 2003). Thus, by contributing to
sustained plateau potentials, E/R-type Ca®* channels
might enhance neuronal excitability and contribute to
epileptogenic processes.

Moreover, two recent publications directly proved that
Ca,2.3 is involved in generation of plateau potentials and
afterdepolarisations and contributes to epileptiform burst
activity in CAl neurons of the hippocampus (Kuzmiski
et al., 2005; Metz et al., 2005). Early studies by Fraser and
MacVicar (1996) and Fraser et al. (2001) already elicited
that cholinergic stimulation of hippocampal CA1l neurons
using carbachol results in slow afterdepolarisation and long-
lasting plateau potentials resembling epileptiform activity.
Principally, triggering the cholinergic system is one well-
known mechanism to induce limbic seizure activity in vitro
and in vivo (Lothman et al., 1991; Wasterlain et al., 1993)
and plateau potentials are supposed to play an important
role in this field by Ca®* entry through VGCCs as well as
muscarinic receptor-mediated activation of guanylate cy-
clase activity and subsequent increase in cGMP (Kuzmiski
and MacVicar, 2001). It is further known that E/R-type
Ca®" channels are primarly responsible for the Ca>" influx
in dendrites and spines of CA1 neurons (Yasuda et al., 2003)
and therefore reduction of E/R-type Ca®>" current results in
reduction of postsynaptic Ca”>" accumulation, especially
during repetitive synaptic activation (Qian and Noebels,
2001, 2003). The role of Ca,2.3 seems to be particularly
important during cholinergic stimulation, as in the absence
of carbachol large plateau Ca®" spikes are based on L-,
N-, and P/Q-type Ca®" channels, with E/R-type Ca’"
channels exhibiting only minor contribution (Magee and
Johnston, 1995a,b; Westenbroek et al., 1990). However,
when carbachol is present, L-, N-, and P/Q-type VGCCs are
depressed (Gahwiler and Brown, 1987; Toselli et al., 1989)
whereas E/R-type-dependent spiking is unmasked and
dramatically enhanced.

In 2000 Palmieri et al., reported that topiramate can
depress carbachol-induced plateau potentials in subicular
bursting cells (Palmieri et al., 2000). Whereas the authors
did not further investigate the ionic background of plateau
potentials, Kuzmiski et al. (2005) directly proved that
topiramate inhibits generation of plateau potentials by
depressing E/R-type VGCCs. Topiramate itself is a newer
antiepileptic drug, used in treatment of partial seizures,
primary generalized tonic-clonic seizures and seizures
associated with Lennox-Gastaut-syndrome (LaRoche and
Helmers, 2004). On the molecular level, topiramate is

supposed to interfere with different systems, e.g. block of
voltage-gated sodium channels, VGCCs, AMPA /kainite
receptors or GABA(A) receptors, although there are
also contradictory reports (Waugh and Goa, 2003;
Kuzmiski et al., 2005). Using Ca,2.3 expressing tsA-201
cells cotransfected with f;, and o, subunits, Kuzmiski
et al. (2005) revealed that topiramate is capable of
inhibiting Ca,2.3 mediated Ca®"* currents at therapeuti-
cally relevant concentrations (ICso = 50.9 uM) and, in
addition shifts the steady-state inactivation curve to more
negative potentials supporting transition of the channel
into the inactivated state. Interestingly, topiramate had no
effect on Ca?" spikes under control conditions, but it
reduced Ca”™" spikes after cholinergic receptor stimulation
which is in accordance with increased E/R-type activity
after carbachol application. Carbachol-induced plateau
potentials in CA1 neurons were completely depressed by
topiramate at therapeutically relevant concentrations
(50 uM). Calcium spikes elicited in this study were high-
threshold activated, transient Ca®"*-dependent action
potential. Using a cocktail of TTX and various VGCC
blockers (i.a. nifedipine 10 uM) the remaining Ca®* spike
was E/R-type based and shown to be increased by
carbachol, besides an increase in spike frequency and
decrease in threshold for Ca,2.3-mediated spiking. Again,
topiramate resulted in a highly significant reduction of
E/R-type Ca’" spike amplitude. Although Kuzmiski et al.
(2005) did not try to block this E/R-type Ca®" current
component by SNX-482, a selective blocker of E/R-type
Ca’" channels (Newcomb et al., 1998), it is known that
Ca,2.3 contributes at around 80% to the blocker-resistant
E/R-type Ca’>" current in CA1 neurons (Sochivko et al.,
2002) and in addition the E/R-type component turned out
to be sensitive to low concentrations of Ni** (50 uM).
Considering the fact that 10 uM nifedipine is likely to exert
inhibitory effects on Ca,2.3 (Stephens et al., 1997; Lu et al.,
2004) one could imagine that the real Ca,2.3-mediated
topiramate effect on carbachol-induced Ca® " spikes is even
more dramatic.

Studies by Melliti et al. (2000) and Bannister et al. (2004)
have provided first detailed information how Ca,2.3
is actually regulated by M;, M3 and M5 muscarinergic
receptors, e.g. via carbachol. All three muscarinic receptors
were proven to exert various effects on Ca,2.3 VGCCs. The
Gg, subunit was reported to mediate inhibition of Ca,2.3
whereas the stimulation of Ca,2.3 involves a pertussis
toxin-insensitive Gyq/1; subunit, PLC, DAG and a Ca*"
independent PKC mechanism. This PKC mediated stimu-
lation might also have severe pharmacological implications
regarding topiramate effects on Ca,2.3 (Curia et al., 2004).
It is also possible that VGCCs, e.g. Ca,2.3 trigger further
intracellular cascades that effect other channel and receptor
systems. In rats deep dorsal horn interneurons, it has been
described that after initiation of plateau potentials,
activation of a Ca® " -activated non-selective cation current
can prolong existing plateau potentials (Morisset and
Nagy, 1999).
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Recently, muscarinic activation via M;/Mj-cholinergic
receptors was shown to enhance R-type, but not T-type,
Ca’”" currents in rat hippocampal CA1 pyramidal neurons
after N-, P/Q-, and L-type Ca’" currents were selectively
blocked (Tai et al., 2006). This muscarinic stimulation, e.g.
using carbachol is capable of inducing sADP and PP on the
cellular level but also 6 bursts in extracellular recordings
from the CAl region. Hippocampal pyramidal neurons
express high levels of postsynaptic M; and Mj receptors
(Levey et al., 1995) which are Gog;; coupled. Their
activation results in the generation of DAG and IP;
following PLC activation. Subsequently, DAG activates
Ca’"-independent group II PKCs, most probably PKCJ
(Tai et al., 2006). In the presence of PKC inhibitors R-type
Ca’" -currents were inhibited by muscarinic stimulation in
CA1 neurons probably mediated by activation of pertussis
toxin-sensitive G-protein-coupled M,/My receptors and
Gg, (Meza et al., 1999; Bannister et al., 2004). The
functional epileptogenic capacity of Ca,2.3 in triggering
hippocampal seizure activity is further supported by the
observation that M1 receptor knock-out mice exhibit
decreased seizure susceptibility to pilocarpine-induced
seizures (Hamilton et al., 1997).

To provide a global view of Ca,2.3 involvement in
epileptogenesis one also has to consider secondary effects
of VGCCs. In the rat hippocampus for example, the
establishment of a focus of epileptiform activity was
reported to lead to enhanced voltage-dependent Ca®”"
conductance of CA1 pyramidal neurones (Vreugdenhil and
Wadman, 1994). Hendriksen et al. (1997) induced epilep-
togenesis by application of electrical tetanic stimulation of
the Schaffer collateral/commissural fibre pathway in the
hippocampus. Interestingly, during the initial stages of
epileptogenesis, Ca,2.1, Ca,1.3- and particularly, Ca,2.3
subunit mRNA levels were significantly increased in the
different hippocampal subareas compared to levels in
control animals (Hendriksen et al., 1997). Similar results
were obtained from the hippocampus of seizure-prone
gerbils (Kang et al., 2004).

It becomes obvious that the complex regulation of the
Ca,2.3 VGCC by muscarinic receptors, including PKC-
mediated and Ca” " -dependent channel activation, harbors
a potent and outstanding epileptogenic mechanism that
will also enable pharmacological interference in the future.

5. Electroencephalographic characterization and seizure
susceptibility testing in Ca,2.3 deficient mice

Our electroencephalographic studies in both generalized
and brain-specifically Ca,2.3 inactivated mice revealed no
spontaneous epileptiform discharges indicative of convul-
sive or non-convulsive seizure activity (Fig. 3). However,
Ca,2.37/~ mice turned out to be less susceptible to
PTZ-induced convulsive seizures, whereas 4-AP sensitivity
remained unchanged (Weiergrdber et al.,, 2006). This
difference in seizure susceptibility is probably related
to the different convulsive mechanisms of 4-AP and PTZ.

4-Aminopyridine enhances synaptic transmission by redu-
cing K* currents, whereas PTZ serves as a GABA(A)
receptor antagonist in various brain regions. Expression of
other VGCCs was not significantly altered in Ca,2.37/~
mice indicating that reduced PTZ-seizure susceptibility is
directly related to Ca,2.3 ablation and not due to
compensatory changes. In addition, EEG analysis revealed
that Ca,2.3 deficient animals display less organized and
continuous generalized seizure stages of higher severity
whereas isolated spike activity in the interictal phase was
significantly increased. These results point to a severe
alteration in seizure architecture in Ca,2.37/~ mice
compared to controls (Fig. 3). Whereas most other studies
carried out before were performed on the cellular level,
these are the first results exhibiting the functional
consequences of Ca,2.3 ablation on spontaneous electro-
encephalographic activity and seizure susceptibility thus
providing first insight into the intriguing mechanisms of
Ca,2.3 on the systemic level.

Principally, three different systemic aspects of Ca,2.3
have to be discussed: Considering the functional involve-
ment of EFHCI and Ca,2.3 in neuronal apoptosis as
outlined above one might speculated that Ca,2.37/~ mice
display increased neuronal cell density associated with
altered neuronal connectivity and hyperexcitable circuits
(Suzuki et al., 2004). Although markers of neuronal
apoptosis have not been tested yet in brains from
Ca,2.37/~ mice, this mechanisms cannot account for
reduced seizure susceptibility in Ca,2.37/~ mice further
indicating that there are yet unknown mechanisms which
might regulate apoptosis and trigger hyperexcitability in
juvenile myoclonic epilepsy patients with EFHC1 muta-
tions.

The second system that Ca,2.3 is involved in is the
GABAergic system. GABAergic interneurons are well
known to express Ca,2.3 (van de Bovenkamp-Janssen
et al., 2004; Weiergriber et al., 2006) and are probably of
high importance for GABA homeostasis and excitatio-
n—inhibition balance within the CNS. Consequently,
diminished GABAergic neurotransmission in the cortex
results in the emergence of epileptiform activity (Jacobs
and Donoghue, 1991). Besides GABA(B) receptor
mediated effects, inhibitory action of GABA can basically
occur via postsynaptic GABA(A) receptor stimulation,
exhibiting phasic inhibition or via peri- or extrasynaptic
GABA(A) receptors exerting tonic inhibition (Richerson,
2004). The tonic inhibition is based on ambient GABA
probably released by GABA-transporters (Richerson and
Wu, 2004). Interestingly, expression studies in cultured
mouse cortical GABAergic neurons have revealed that
Ca,2.3 is expressed on neuronal cell bodies and proximal
dendrites, but not presynaptically (Rhee et al., 1999), thus,
Ca,2.3 may not be directly involved in vesicular GABA
release. However, its somatodendritic expression pattern
points to a role in the generation of conducted Ca’>* action
potentials and local Ca®" signals, and may thereby exert
indirect functions on GABA release. Its influence on
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Fig. 3. Susceptibility testing and seizure architecture in Ca,2.37/~ and control mice by electroencephalography. (A and B) Electrocorticographic
recordings (I) and deep intrahippocampal (CA3) recordings (II) from generalized Ca,2.3~/~ mice (Ca,2.3%%" BI) and brain-specific Ca,2.3 inactivated
animals (Ca,2.3%/nestin—ere™ BTy compared to controls (A). Ca,2.3 inactivated mice did not exhibit any epileptiform discharges indicative of convulsive
or non-convulsive seizure susceptibility. (C) Electrocorticographic characteristics following administration of pentylenetetrazol (80 mg/kg s.c.) in control
mice. (CI) Generalized myoclonus characterized by continuous trains of spikes and/or spike-waves. If seizure activity exhibits maximum spread a
generalized tonic-clonic event (CII) occurs causing death in most cases due to respiratory insufficiency. Ca,2.3~/~ mice exhibited a significant resistance to
generalized tonic-clonic seizures following PTZ administration. (D) Isolated spike activity in ECoGs from Ca,2.3"/* (DI) and Ca,2.3~/~ (DII) mice
following PTZ administration. Whole body twitchings (spike activity) were shown to be significantly increased and disperse in Ca,2.3 deficient mice

compared to controls suggesting altered seizure architecture in Ca,2.3~/~ mice.

ambient GABA and tonic inhibition is to some extent
speculative although astrocytes, which strongly support
tonic inhibition, display a strong expression of E/R-type
Ca’" current (Latour et al., 2003). Expression of Ca,2.3
within the reticular thalamic nucleus, which is part of the
thalamocortical-corticothalamic circuitry, also suggests a
functional role in non-convulsive seizure susceptibility and
sleep homeostasis. The observation that Ca,2.3 channels
play a protective role in ischemic neuronal injury by a
mechanism in which GABAergic neuronal actions are
involved (Toriyama et al.,, 2002) further supports a
functional involvement of Ca,2.3 in the GABAergic
neurotransmission. In addition, a number of antiepileptics,
like sipatrigine, 202W92 are neuroprotective under is-
chemic conditions (Caputi et al., 2001; Hainsworth et al.,
2003) as well as topiramate in several models of global and
focal ischemia (Edmonds Jr. et al., 2001). Nevertheless, we
are still lacking detailed information on Ca,2.3 influence on
GABA neurotransmission and thus, explanatory models
for altered PTZ-seizure susceptibility remain to some
extent speculative.

Recent data however, point to an even more intriguing
role of Ca,2.3 in epileptogenesis. In CA1 neurons, the
distribution of E/R-type VGCCs is restricted to distal
apical dendrites and they were shown to be involved in
dendritic burst firing (Magee and Johnston, 1995b). Lately
it was demonstrated that muscarinic-receptor stimulation

dramatically enhances E/R-type Ca®® spikes in CAl
hippocampal neurons and that enhanced E/R-type Ca®*
spiking plays an important role in the generation of
carbachol-induced oscillations, which resemble epilepti-
form activity in various animal models of epilepsy
(Williams and Kauer, 1997). In addition, E/R-type Ca>*
spikes contributed to the initiation of complex spikes
during trains of action potentials which were similar to
those prominent during epileptiform bursting (McCormick
and Contreras, 2001). The ictogenic potential of the
Ca,2.3 VGCC is directly related to its basic biochemical
features and complex electrophysiological modulation via
G-proteins, internal Ca’" and PKC, as discussed in
Section 2. Recently, Metz et al. (2005) have shown that
E/R-type Ca®>" currents underlie afterdepolarisation in
CAI neurons and are important contributors to intrinsic
burst activity. This phenomenon seems to be widely spread
as up to 78% of pyramidal cells in the subiculum display
afterdepolarisation and burst activity. Topiramate was
now found to reduce ictal-like activity based on plateau
potentials in CAl neurons through a novel inhibitory
action on E/R-type Ca’>" channels (Kuzmiski et al., 2005)
and it also protects against seizures induced by AMPA,
4-AP and PTZ (Russo et al., 2004). Interestingly, plateau
potentials are not restricted to hippocampal neurons.
Indeed, a plethora of other neuronal cell types exhibit this
phenomenon such as suprachiasmatic neurons of the
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hypothalamus (Pierson et al., 2005), spinal interneurons
(Hounsgaard and Kjaerulff, 1992), dorsal horn neurons
(Russo et al., 1997; Morisset and Nagy, 1999) and striatal
cholinergic neurons (Dunia et al., 1996; Pisani et al., 2002)
in which Ca,2.3 could exert similar functions. Thus,
removal of GABA(A) receptor inhibition by PTZ might
trigger plateau potentials and afterdepolarisations in
various brain regions and might therefore be responsible
for reduced PTZ-seizure susceptibility in Ca,2.3~/ mice.
This is further supported by the observation that
GABA(A) receptor-mediated inhibition attenuates primary
and secondary bursting within the hippocampus (McCor-
mick and Contreras, 2001). Indeed, PTZ-treatment was
reported to enhance cholinergic-muscarinic neurotransmis-
sion in the CA3 hippocampal area and a number of studies
illustrate that potentiation of hippocampal cholinergic
transmission is related to epilepsy (Meilleur et al., 2003).
Therefore, cholinergic epileptogeneity is at least partly
related to the Ca,2.3 VGCC.

Vergara et al. (2003) also reported that NMDA and
AMPA /kainate receptor stimulation can induce plateau
potentials in corticostriatal slice preparations, whereas
inhibition via GABA(A) receptors reduces this effect. In
accordance with these findings, preliminary data also
indicate that kainate seizure susceptibility is also signifi-
cantly reduced in Ca,2.3~/~ mice (Weiergriber et al., 2006)
supporting our hypothesis that Ca,2.3 exhibits an out-
standing function in triggering epileptiform activity.
Furthermore, increased latency data and altered, fragmen-
ted seizure architecture in Ca,2.3~/~ mice following PTZ
administration point to a critical role of Ca,2.3 in the
propagation of epileptic discharges and seizure general-
ization. Thus, our findings that Ca,2.3 deficient mice
exhibit reduced PTZ-seizure susceptibility, strongly sup-
port a functional role of Ca,2.3 in seizure initiation and
propagation (Kuzmiski et al., 2005).

Principally, idiopathic epilepsies are primarily genetic
and etiologically heterogenous. Among these, monogenic
channelopathies associated with epilepsy syndromes are
still rare (Mulley et al., 2005) and strongly based on
voltage- and ligand-gated ion channels. However, the
majority of complex idiopathic epilepsies is supposed to
be polygenic harboring various susceptibility gene candi-
dates. Hyperexcitable, epileptiform neuronal activity in-
cludes triggering and initiation, perturbation/propagation
as well as remission of ictal-like discharges and numerous
studies have demonstrated VGCCs to be significantly
involved in these processes. The fundamental basis is their
intriguing proictogenic/proepileptogenic electrophysiologi-
cal capacity when dysfunctioning or being dysregulated.
Low-voltage activated T-type Ca’>" channels for example
can perform low-threshold Ca*>" spikes and rebound burst
firing in intact neuronal populations. In mouse models of
epilepsy and human childhood absence epilepsy patients
increased T-type Ca’ " -channel activity results in thalamo-
cortical hyperoscillation and generation of spike-wave
discharges. High-voltage activated L-Type channels on

the other hand, harbor the capability to induce and
maintain two other proictogenic electrophysiological
events, plateau potentials and afterdepolarisation. As
reviewed here, Ca,2.3 significantly contributes to plateau
potentials and afterdepolarisations as well, besides its
involvement in synaptic plasticity. Though we know, that
VGCCs are of functional relevance in etiology and
pathogenesis of epileptiform activity and conconcomitant
neurotoxicity, our knowledge on functional interaction of
individual subtypes during seizure activity is still fragmen-
ted. Initiation of seizure activity might be triggered by
neurotransmitters, e.g. acethylcholine via muscarinic recep-
tors within the CA1 hippocampal region leading to a shift in
Ca?" -entry from P/Q-, N- and L-type Ca® " -channels to the
Ca,2.3 R-type VGCC, now triggering epileptiform burst
activity in these neurons as described above (Gahwiler and
Brown, 1987; Tai et al., 2006). In contrast, the pathological
burst mode of thalamic relay neurons or reticular thalamic
nucleus neurons are strongly based on low-threshold Ca®”*
spikes mediated by T-type channels. Interestingly, activa-
tion of high-voltage activated Ca®*-channel via BayK 8644
can force T-Type channel to inactivate and is thus capable
of reducing spike-wave discharges dose-dependently,
whereas consequently, L-type channel antagonists, e.g.
nimodipine, facilitate spike-wave discharges (van Luijtelaar
et al., 2000; Russo et al., 2004). Thus, depending on the
seizure entities and neuronal cell types involved, VGCCs
can exert proictogenic as well as antiictogenic effects. An
all-illuminating integrative view of VGCCs in epilepsy still
remains a challenging task for the future.

6. The Ca,2.3 VGCC as a target in convulsive and non-
convulsive seizure therapy

VGCCs represent important molecular targets for a
number of antiepileptic drugs (Rogawski and Loscher,
2004; Remy and Beck, 2006). Most antiepileptic drugs
described in the past were reported to inhibit low-voltage
or high-voltage activated channels others than Ca,2.3.
However, there is increasing evidence that the Ca,2.3
VGCC indeed serves as an important target in both
convulsive and non-convulsive seizure therapy. Lamotri-
gine for example, is a broad-spectrum antiepileptic drug
used to treat typical absence seizures but also Lennox-
Gastaut syndrome (Matsuo, 1999; McCabe, 2000). The
principle mechanism of action is the blockade of both
voltage-gated sodium and calcium channels (Xie and
Hagan, 1998). Within the VGCC family it targets Ca,2.1-
and Ca,2.2 channels (Stefani et al., 1996; Wang et al.,
1996), but also Ca,2.3 E/R-type and T-type VGCCs
(Hainsworth et al., 2003). As lamotrigine inhibits E/R-
type Ca’" currents rather than T-type currents, Ca,2.3 is
likely to be involved in the anti-absence action of
lamotrigine and therefore suggests a functional involve-
ment of Ca,2.3 in the pathogenesis of absence epilepsy.
Hainsworth et al. (2003) clearly demonstrated that
lamotrigine (10 uM) is capable of inhibiting recombinately
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expressed human Ca,2.3-a1 (coexpressed with f3) by 30%
at therapeutically relevant brain concentrations (440 uM).
In contrast, Ca,3.1 and Ca,3.3 exhibited only minor
sensitivity to lamotrigine. Thus, given the distribution of
Ca,2.3 within the thalamocortical circuitry, it is likely that
inhibition of E/R-type Ca®>" channels contributes to the
anti-absence effect of lamotrigine. In addition, lamotrigine
can clearly inhibit transient elevations in neuronal [Ca®"];
in rat pyramidal neurons. Alterations in neuronal Ca®"
homeostasis are believed to play an essential role in
generation and propagation of epileptiform events. Tran-
sient elevations in neuronal [Ca®"]; correlate to epilepti-
form discharges and antagonistic effects of lamotrigine on
[Ca®"];, might represent the basis for its anticonvulsant
efficacy and could preserve neuronal viability (Pisani et al.,
2004). Besides, structurally related agents, such as sipa-
trigine or 202W92 also exert inhibitory effects on Ca,2.3
with I1Csq values of 10 uM (therapeutically relevant brain
concentration: 20-100uM  (sipatrigine) and 56 uM
(202W92). In addition, both sipatrigine and 202W92 are
neuroprotective agents in animal models of ischemia
(Caputi et al.,, 2001; Hainsworth et al., 2000) and
interestingly, were shown to exert anticonvulsant effects
in genetically epilepsy-prone rats and DBA/2 audiogenic
mice (Hainsworth et al., 2003; Reddy et al., 1998).
Recently, McNaughton et al. (2004) revealed that
carbonic anhydrase inhibitors such as ethoxyzolamide,
acetazolamide and dichlorphenamide are capable of
blocking the Ca,2.3 E/R-type VGCC. Although carbonic
anhydrase inhibitors display a variety of possible clinical
applications such as induction of diuresis in congestive
heart failure, reduction of ocular hypertension and relief
from altitude sickness (Sun and Alkon, 2002; Supuran
et al., 2003), epidemiological studies indicate that carbonic
anhydrase inhibitors are also effective in patients with
absence epilepsy (Sun and Alkon, 2002) and protect against
provoked seizures in adults. Ethoxyzolamide application
resulted in a 66+4% reduction of E/R-type currents at
10 uM, whereas dichlorphenamide (10 uM), also used to
treat generalized epilepsies exhibited a reduction of
24+ 6% (McNaughton et al., 2004). Interestingly, topir-
amate, one of the most favoured and popular broad-
spectrum antiepileptic drugs in clinic shares structural
similarities, particularly the sulfonamide moiety with
classical carbonic anhydrase inhibitors and also exerts
residual carbonic anhydrase inhibitory activity. Previously,
topiramate was reported to inhibit L-type currents (Zhang
et al., 2000). Recently however, it was clearly shown in two
independent publications (McNaughton et al., 2004;
Kuzmiski et al., 2005) that topiramate exerts a strong
inhibitory effect on Ca,2.3 of 68+7% at therapeutically
relevant concentrations (10 pM). In addition, Kuzmiski
et al. (2005) demonstrated that topiramate is capable
of blocking plateau potentials in CAl neurons of the
hippocampus strongly based on its inhibitory effect on
Ca,2.3. These plateau potentials are of particular impor-
tance in the generation of epileptiform burst activity and

blocking of Ca,2.3 by topiramate is therefore involved in
the decrease of sustained repetitive firing, spontancous
epileptiform burst firing and spontaneous recurrent sei-
zures, as described previously (DeLorenzo et al., 2000).
Though antiepileptic drugs, such as lamotrigine and
topiramate were clearly shown to inhibit Ca,2.3 in
heterologous expression systems, one has to consider that
they do not solely act on Ca,2.3 but also a variety of other
channels mediating the anticonvulsant effect.

7. Perspectives

Within the recent years, studies on the involvement of
VGCCs in etiology and pathogenesis of epilepsies have
mainly focused on the non-L-type Ca,2.1 and the T-type
Ca, 3.2 VGCCs. However, recent biochemical, molecular
and electrophysiological findings on the cellular and whole
animal level together with pharmacological analyses point
to an outstanding role of the Ca,2.3 E/R-type Ca’"
channel in epileptogenesis and seizure propagation further
supported by Ca,2.3 splice variant distribution throughout
the brain and its biochemical regulation via muscarinic
receptors, PKC and Ca’"-dependent activation and
inactivation processes. Its therefore plausible that muta-
tions in Ca,2.3 will turn out to be responsible for different
forms of epilepsies in humans in the future. Thus,
generation of new antiepileptic drugs specifically targeting
Ca,2.3 becomes absolutely indispensable.
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KEYWORDS Summary Zonisamide (ZNS) is a multi-target antiepileptic drug reported to be efficient in
the treatment of both partial and generalized seizures, with T-type Ca?* channel blockade

Antiepileptic drug;
S - being one of its proposed mechanisms of action. In this study, we systematically investigated

Ca,3;

LO\\;«/-voltage electrophysiological effects of ZNS on cloned human Ca,3.1—3.3 CaZ* channels in a heterologous
e — HEK-293 expression system using whole cell patch-clamp technique. Concentration-response
T-type; ’ studies were performed in the range from 5uM to 2mM for Ca,3.2 Ca?* channels exhibiting a

15.4—30.8% reduction of Ca?* influx within the maximum therapeutic plasma range (50—200 p.M
INS). The other T-type Ca?* channel entities, Ca,3.1 and Ca,3.3, were even less sensitive to
ZNS. Both voltage- and concentration-dependence of inactivation kinetics remained unchanged
for Cay3.2 VGCC, whereas Ca,3.1 and Ca,3.3 exhibited minor, though significant reduction of
inactivation-tau. Interestingly, ZNS block of Ca, 3.2 VGCCs was not use-dependent and remained
unaffected by changes in the holding potential. Steady-state inactivation studies did not display
a significant shift in steady-state availability of Ca,3.2 channels at 100 uM ZNS (AVq,2 =3.1mV,
p=0.071). Our studies indicate that ZNS is a moderate blocker of human Ca,3 T-type CaZ*
channels with little or no effect on Ca,3.2 Ca2* channel inactivation kinetics, use- and state-
dependence of blockade. These results suggest that T-type Ca?* channel inhibition only partially
contributes to the anti-absence activity of ZNS antiepileptic drug.
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Introduction

Zonisamide (ZNS) is a synthetic 1,2-benzisoxazole deriva-
tive (1,2-benzisoxazole-3-methanesulfonamide, CgHgN,0sS)
with a non-arylamine sulphonamide moiety, and it is chemi-
cally unrelated to other common antiepileptic drugs (AEDs).
It was first synthesized in 1972 by Uno and later approved
in Japan (1989), the US (2000) and recently also in Europe
(2005) with more than two million patients per year being
treated with ZNS (Leppik, 2004; Baulac, 2006). Since then,
ZNS emerged as a widely used, broad-spectrum, multi-target
AED. As part of its pharmacodynamic profile, ZNS medi-
ates enhancement of neuronal inhibition via modulation
of neurotransmission in the dopaminergic, GABAergic and
serotonergic systems (Mimaki et al., 1990; Kaneko et al.,
1993; Okada et al., 1995; Ueda et al., 2003). Zonisamide
also inhibits excitatory glutamate-mediated transmission
(Okada et al., 1998; Zhu and Rogawski, 1999) which may
be related to secondary effects on voltage-gated sodium
channels (VGSCs) and voltage-gated Ca?* channels (VGCCs)
(Ueda et al., 2003). Similar to other sulfonamides, ZNS also
serves as a carbonic anhydrase inhibitor (CAl), but its effi-
cacy remains controversial (Masuda and Karasawa, 1993;
De Simone et al., 2005; Thone et al., 2008). Furthermore,
ZNS inhibits nitric oxide and hydroxyl radical formation by
serving as a free radical scavenger and thus being neu-
roprotective (Hayakawa et al., 1994; Minato et al., 1997;
Owen et al., 1997; Mori et al., 1998). The central aspect
of ZNS antiepileptic action, however, is blockade of VGSCs
and VGCCs (Schauf, 1987; Mimaki et al., 1990; Zhu et al.,
2002). Studies carried out on the Myxicola giant axon sug-
gested that ZNS preferentially binds to inactivated VGSCs,
producing use- and voltage-dependent blockade and slow-
ing the rate of recovery from inactivation (Schauf, 1987;
Rock et al., 1989). Thus, ZNS is effective in inhibiting high-
frequency repetitive firing and epileptiform burst activity
that is likely to account for its efficacy in the treatment
of partial seizures in humans (Thone et al., 2008). In addi-
tion, ZNS was recently found to enhance the activity of a
large-conductance Ca?*-activated potassium channel (BKc,)
(Huang et al., 2007).

Interestingly, two early studies favored the idea that
INS is a potent T-type VGCC blocker. Suzuki et al. (1992)
reported that ZNS could inhibit T-type currents in cultured
neurons of the rat cerebral cortex by 59.5+7.2% at 500 uM
without effecting L-type Ca?* current. The second study,
investigating ZNS effects on T-type CaZ* current in the human
neuroblastoma cell line NB-I, revealed a 38.3 £ 5.8% reduc-
tion at 50 uM but without changes in inactivation kinetics
and voltage-dependence of activation (Kito et al., 1996).
However, ZNS shifted the steady-state inactivation curve
by approximately —20mV to more negative potentials, re-
equilibrating the distribution of Ca?* channel conformation
to the favored inactivated state (Kito et al., 1995, 1996). In
addition, ZNS was reported to reduce L-type Ca®* current by
41.9 +8.0% at 50 uM in the human NB-I cell line (Kito et al.,
1994).

Concerning pharmacokinetics, the reported therapeutic
ZNS plasma levels differ from 6.7 to 40 ng/ml (Wilensky et
al., 1985; Rock et al., 1989; Seino et al., 1991; Yagi and
Seino, 1992; Mimaki, 1998; Oommen and Mathews, 1999;
Leppik, 1999). Approximately 40—50% of ZNS is bound to

plasma proteins and the ZNS concentrations in the cere-
brospinal fluid was reported not to differ significantly from
plasma levels (Mimaki, 1998).

Zonisamide is effective in the antiepileptic treatment
of both experimental animal models and humans (Leppik,
2004) and it was approved in the US in 2000 (Wilfong, 2005)
as adjunctive treatment of refractory partial seizures in
adults (Schmidt et al., 1993; Faught et al., 2001; Sackellares
et al., 2004; Brodie et al., 2005). It is also an effective drug
for the treatment of typical and atypical absence epilepsy
(Yagi and Seino, 1992; Kotani et al., 1994; Wilfong and
Schultz, 2005). Furthermore, ZNS is used in patients suf-
fering from secondarily generalized tonic-clonic seizures,
myoclonic seizures, West-syndrome, Lennox-Gastaut syn-
drome and infantile spasms (Leppik, 1999; Kothare et al.,
2004; Seino, 2004; Yagi, 2004; Hitiris and Brodie, 2006) by
suppressing not only ictal activity, but also interictal dis-
charges (Perucca and Bialer, 1996).

Up to now, various AEDs have been shown to partially
block T-type CaZ* channels, including phenytoin, valproic
acid, phenobarbital and suxinimides, such as ethosuximide
and methylphenylsuxinimide (Coulter et al., 1990; Gomora
et al., 2001; Heady et al., 2001; Stefan and Feuerstein,
2007). Only two studies have been carried out so far to
investigate ZNS effects on T-type Ca** currents (Suzuki et
al., 1992; Kito et al., 1996) revealing rather divergent
concentration-dependent blockade in cultured rat cortical
neurons and human neuroblastoma (NB-1) cells under dif-
ferent, but non-standardized experimental conditions. As
the amount of experimental evidence has been limited so
far, the antiepileptic action of ZNS has thus been predom-
inantly attributed to its inhibitory effect on T-type Ca%
channels. However, the major restriction in interpreting
previous results arises from the difficulty in pharmacolog-
ical and electrophysiological isolation of native T-type Ca%*
current, species-specific differences and the cell-specific
subunit composition of voltage-gated T-type Ca?* channel
complexes, that still remains largely unknown. Thus, the
aim of the present study is to unravel ZNS effects on cloned
human Ca,3.1-3.3 T-type Ca?* channels in the standardized,
heterologous HEK-293 expression system using the whole-
cell patch-clamp technique.

Materials and methods

Chemicals and drugs

All drugs, chemicals and solutions used for cell culture (DMEM,
FBS, penicillin, streptomycin, geneticin (G418), non-essential amino
acids and trypsin) were from Invitrogen (Karlsruhe, Germany).
Ultrapure chemicals necessary for electrophysiological measure-
ments were purchased from Sigma—Aldrich (Munich, Germany),
Merck (Darmstadt, Germany) and Roth (Karlsruhe, Germany). Zon-
isamide was also obtained from Sigma (Munich, Germany).

Generation and culturing of Ca,3 stably transfected cell
lines

Cay3.1-3.3 aq-subunit stably transfected HEK-293 cell lines were
used in our study: «1G-3, containing the human Cay3.1a channel
(Cribbs et al., 2000); hh8-5, containing the plasmid construct of
human Cay3.2 (Cribbs et al., 1998); and LT9-8, containing the plas-
mid construct of human Cay3.3. Stable cell lines were a gift from
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Dr. E. Perez-Reyes and had been constructed by transfecting HEK-
293 cells using the calcium phosphate method (CalPhos Maximizer
Transfection Kit, CLONTECH) as described previously (Gomora et al.,
2001). Transfected cells were cultured in DMEM (Dulbecco’s Modi-
fied Eagle’s Medium) supplemented with 15% fetal bovine serum
(FBS), 50 U/ml penicillin, 50 ug/ml streptomycin, 1 mg/ml geneticin
(G418) and 10 ul/ml non-essential amino acids. Cells were incu-
bated in 100 mm culture dishes at 37°C in an atmosphere of
95%air/5% CO, and split 2—3 times per week. Prior to electrophysio-
logical recordings, cells were washed with 5 ml PBS and dissociated
by digestion with 1 ml 0.05% (m/v) trypsin for 90s; 3 ml DMEM were
added following removal of trypsin. The triturated cell suspension
was centrifuged for 5min at 2000 rpm (580xg) using a IEC Cen-
tra CL2 centrifuge (Thermo Electron Corporation, Waltham, MA,
USA), rediluted 1.6—2-fold in DMEM/FBS medium and plated on
round cover slips (12 mm, Marienfeld GmbH, Lauda-Konigshoven,
Germany) in 30 mm culture dishes. Cells were placed in an incubator
for at least 4h up to 1 day prior to electrophysiological record-
ings.

Electrophysiological measurements of Ca,3 stably
transfected HEK-293 cells

Whole cell currents were recorded from stably transfected HEK-293
cells using the ruptured patch method on an electrophysiological
set-up with an inverted microscope Axiovert $100 (Zeiss, Gottingen,
Germany), three-axis hydraulic micromanipulator (MHO0-103, Nar-
ishige, Japan) and an EPC9 patch clamp amplifier (HEKA Elektronik,
Lambrecht, Germany). The standard internal pipette solution con-
tained 135mM CsCl, 10mM EGTA and 10mM HEPES. The pH was
adjusted to 7.3 with CsOH and osmolality ranged from 269 to
276 mosmol/kg. In addition, 4mM Mg3(ATP); and 0.3 mM Na3GTP
were freshly prepared and directly added to the internal solution
(kept at 4°C) prior to experiments. The bath solution was com-
posed of 5mM CaCl,, 155 mM tetraethylammonium (TEA) chloride,
and 10mM HEPES with pH adjusted to 7.4 using TEA-OH and a
mean osmolality of 310 mosmol/kg. Osmolalities were measured by
using a cryoscope (Osmomat 030, Gonotec, Berlin, Germany) and
adapted if necessary. All solutions were prepared with deionized
Milli-Q water (Millipore, Schwalbach, Germany), sterile filtrated and
stored at 4°C before use. Prior to cell attachment, the recording
electrode was adjusted to give zero current. The liquid junction
potential for internal and external solution was calculated as 8.8 mV
and compensated. Currents were filtered with a three-pole ana-
log Bessel filter set as a cut-off (—3dB) at 10kHz. Patch-clamp
electrodes were pulled from thick wall borosilicate glass (OD/ID:
2.0mm/1.12mm, 1B200F-4, World Precision Instruments, Sarasota,
USA) using a model P-97 Flaming-Brown pipette puller (Sutter Instru-
ment Co., Novato, CA, USA). Once filled with internal solution, the
pipette resistance was typically between 2.5 and 5.5 MQ and series
resistance ranged from 7.1 to 7.9 MQ and was compensated 50—70%
using fast (10 us) compensation. The mean cell capacitance was
21.8 + 1.1 pF (n=96 cells analyzed) and on-line P/N leak subtraction
was done. All experiments were performed at room temperature
(22—-24°C).

Experimental design

Zonisamide was freshly dissolved in external solution at concentra-
tions ranging from 5 uM to 2 mM. The recording chamber was a RC-25
equivalent (13 mm diameter, Warner Instruments, Hamden, CT, USA)
with cells plated on 12mm microscope cover slips (Marienfeld
GmbH, Lauda-Konigshofen, Germany). Gravitation driven perfusion
of ZNS test solutions was performed using a precision perfusion
controlling system (Sarstedt, Nurnberg, Germany) at 2.2 ml/min.
The electrophysiological set-up was used to analyze concentration-
response behavior, use-dependence of block, inactivation kinetics,

voltage-dependence of activation and steady-state inactivation
properties of Cay3 VGCCs in the presence of ZNS.

Data analysis and statistical procedures

Peak current analysis, exponential fits to currents and analy-
sis of current—voltage relationships were carried out by using
PULSEFIT and FITMASTER (HEKA Elektronik, Lambrecht, Germany).
Concentration-response analysis and graphing of the data were
performed with Prism (Graph-Pad, San Diego, CA). The following
equation was used to fit concentration-response data assuming a
monophasic sigmoidal curve progression with variable slope:

1
Y= 1 1 100108 ICs0—X)xn)

where X is the logarithm of concentration, Y the response (cur-
rent fraction remaining) and n the slope (Hill coefficient) of the
approximated curve.

For the analysis of voltage-dependence of activation the follow-
ing Goldman—Hodgkin—Katz based equation was used:

1 —exp(—(V — Erev)/kTe™")
1 —exp(—=V/kTe1)
. 1
(1 +exp(—(V = V1.2)/Slope))*

1(V) = Cond %

where V is the test potential; Cond, the conductance; Eey, the
reversal potential; Vq,2, the mid-point of activation; k, the Boltz-
mann constant; T, the absolute temperature; and ¢, the elementary
charge.

Calculation of inactivation kinetics was performed by using an
exponential fit according to the following equation:

I(t) = ap + a1 = exp (%t)

with t as the time constant of inactivation.
Finally, analysis of steady-state inactivation parameters was per-
formed using a Boltzmann equation:

G 1
Grmax 1+exp (—V”{V)

where Vq,; is the voltage at half-maximum inactivation and k the
slope factor.

All data were calculated and displayed as the means+S.E.M.
Statistical comparison of continuous variables was performed using
the parametric Student’s t-test, considering p <0.05 as significant.

Results

Concentration-dependent inhibition of Ca,3 T-type
voltage-gated calcium channels by zonisamide
antiepileptic drug

HEK-293 cells stably transfected with human Ca,3.1-3.3
VGCCs were studied using the whole-cell patch-clamp
configuration and continuously superfused with various zon-
isamide concentrations in a cumulative mode (Figs. 1 and 2).
The amplitude of the currents was stable for most record-
ings (10—15min), although there was some initial run-down
observed immediately after establishment of the whole-cell
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Inhibition of human Ca,3.2 («H) T-type Ca?*-channels by zonisamide. (A) Representative whole-cell recordings displaying

the effects of various ZNS concentrations on Ca,3.2 T-type Ca%*-currents. (B) Time course of peak currents normalized to control
for the same cell shown in A. Ordinate axis, peak current during steady-state exposure to zonisamide normalized by the peak
current before drug exposure, defined as the fraction of Ic, remaining. (C) Concentration-response relationship for ZNS block of
Ca,3.2 VGCC. The remaining fractional peak current is plotted against ZNS concentration. Numbers of cells investigated for each
concentration is indicated next to each data point. Due to limited ZNS solubility and the lack of fractional block >0.5, no IC5¢ value
could be determined in the absence of DMSO. D) ZNS block of Ca,3.2 mediated Ca2*-current in the presence of 0.5% DMSO. Light
gray: average therapeutic range (50—100 uM ZNS); dark gray: maximum therapeutic range (50—200 wM ZNS).

patch clamp. Long-term stability of CaZ* currents was mon-
itored in all experiments and only cells exhibiting negligible
run-down (less than 2%/min) were used. Recorded Ca?* cur-
rents were further corrected for run-down. Test pulses under
control, ZNS and washout conditions were applied till CaZ*
peak currents reached a stable plateau lasting for 50—100s.
For determination of fractional T-type blockade by ZNS only
plateau values were analyzed. Due to its predominant effect
in epileptogenesis, concentration-response studies were ini-
tiated on Ca,3.2 VGCCs. Applying rectangular test pulses
from —90 to —30mV for 150 ms at a frequency of 0.1Hz,
Ca, 3.2 stably transfected HEK-293 cells exhibited maximum

Table 1

peak currents of 1.58 +0.14nA with a mean current den-
sity of 99.8 +10.5pA/pF (Fig. 1A). Cell capacitance varied
from 5.8 to 35.6 pF and the mean series resistance R; was
7.9 +£0.5M. In contrast to Ca,3.1 and Ca,3.3 (see below),
Ca,3.2 exhibited a higher ZNS sensitivity with a Ca?* current
reduction of 15.44+2.8% (n=6) to 25.0+ 3.7% (n=7) at ther-
apeutically relevant concentrations of 50—150 uM (Fig. 1B
and C, Table 1). In total, ZNS concentrations ranging from
5uM to 2mM were used and significant reduction of Ca%*
current occurred at 5uM (p=0.002) and higher concentra-
tions (Table 1). The maximum ZNS concentration used in
this study was 2mM as higher concentrations approach the

Inhibition of cloned human Ca, 3 T-type VGCCs by various ZNS concentrations (percentage reduction as mean +S.E.M.).

All ZNS concentrations listed resulted in a significant reduction of Ca?*-current.

Percentaged Ca%* current reduction

INS (uM) Ca,3.1 Ca,3.2 Ca,3.3

50 13.6+£2.6 (n=7) 15.4+2.8 (n=6) 10.3£1.9 (n=6)
100 17.0£5.6 (n=3)

150 15.1+£6.3 (n=5) 25.0+3.7 (n=7) 16.7£2.9 (n=6)
200 30.8+5.1 (n=3) 17.2+£4.1 (n=3)
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currents recorded from a HEK-293 cell stably transfected with the Ca,3.1 (A) and Ca,3.3 (B) a-subunit in response to voltage-steps
to —30mV from a holding potential of —90mV applied every 10s. Current traces before and after application of various ZNS
concentrations are depicted. Concentration-response studies for ZNS block of Ca,3.1 (B) and Ca,3.3 VGCCs (D) are depicted on the
right. Fraction of unblocked peak current is plotted against drug concentration. Numbers of cells investigated for each concentration

is indicated next to each data point.

maximum water-solubility of ZNS. Interestingly, application
of 100 uM ZNS at a holding potential of —75mV did not
result in increased Ca,3.2 Ca** current blockade compared
to a holding potential of —90mV (20.4+5.0% (n=3) vs.
17.0+5.6% (n=8, p=0.716), suggesting that ZNS does not
significantly shift steady-state inactivation at this concen-
tration (Fig. 6C). Given the higher ZNS sensitivity of Ca,3.2
as compared to Ca,3.1 and Ca,3.3 (as outlined below), fur-
ther experiments involving use-dependence of block, IV- and
steady-state inactivation studies were carried out on Ca, 3.2
VGCCs. It is noteworthy that in the absence of DMSO as a sol-
vent, which represents the real pharmacological situation in
patients, fractional blockade of Ca,3.2 Ca** currents greater
than 0.5 could not be achieved. Thus, Hill—Langmuir approx-
imation of concentration-response data and subsequent
specification of ICsq values is invalid and practically impos-
sible. Consequently, the concentration-response behavior,
i.e. a mono- or polyphasic, remains speculative. It is note-
worthy that previous experiments on ZNS block of T-type
Ca?* current were carried in external solution with final
concentration of 0.5% DMSO. To elucidate the potential
interference of DMSO with ZNS action on Ca,3.2 VGCCs, we
also tested effects of 100 uM, 500 uM and 10 mM ZNS dis-

solved in 0.5% (v/v) DMSO revealing a 26.0 +0.03% (n=20),
31.7+0.02% (n=4) and 63.3 +3.1% (n=3) reduction in Ca%*
current, respectively. These inhibitory effects of ZNS on
cloned human Ca, 3.2 channels in the presence of DMSO are
about 10—20 times lower than those described for T-type
Ca?* current in the rat cortex or NB-| cell line before (Suzuki
et al., 1992; Kito et al., 1996).

Following the same test pulse regime, ZNS concentration-
responses on Ca,3.1 and Ca,3.3 VGCC were also recorded.
Ca, 3.1 stably transfected HEK-293 cells displayed maximum
peak currents of 595.5+50.1pA with an average current
density of 42.9+5.0pA/pF and cell capacitance ranging
from 6.5 to 20.2 pF (Fig. 2A). The mean series resistance was
7.1+£0.9MQ. ZNS exhibited only minor reduction of Ca,3.1
mediated Ca?* currents of 13.6 +2.6% (n=7) and 15.1 £+ 6.3%
(n=5) at pharmacologically relevant concentrations of 50
and 150 uM (Fig. 2B, Table 1). A significant reduction of
Ca?* current was observed at 5pM ZNS (p=0.017) and
higher concentrations (Table 1). Furthermore, whole-cell
patch-clamp experiments of Ca,3.3 stably transfected HEK-
293 cells displayed peak currents of 2.88 +0.50 nA with an
average current density of 148.3 +20.3 pA/pF, cell capac-
itance ranging from 14.3 to 28.6pF and a mean R; of
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7.6 £ 0.9 MQ. Test pulses were applied from —90 to —30mV
for 150ms at a frequency of 0.1Hz (Fig. 2C) and ZNS
superfused at concentrations from 50 to 200 wM. Similar to
Ca,3.1, ZNS only exerted minor inhibitory effects on Ca,3.3
mediated Ca?*-currents of 10.3+1.9 (n=6) and 16.7 +2.9%
(n=6) at pharmacologically relevant concentrations (50 and
150 uM ZNS) (Fig. 2D, Table 1) with significant reduction
of Ca%*-current observed at 50 uM (p=0.003) and higher
concentrations. In order to rule out that potential run-
down effects interfere with low-concentration ZNS effects
on Ca,3.1-3.3 Ca?* channels during long-term recordings,
both cumulative and singular ZNS application regimes were
performed which however, did not exhibit differences at low
ZNS concentration levels.

ZNS inhibitory effects on Ca,3 stably transfected HEK-
293 cells turned out to be partially (25—75%) reversible in
40% of cells analyzed and completely (>75%) reversible in
only 14.3% of the cells. The remaining fraction exhibited
washout effects less than 25%. Interestingly, in ZNS/DMSO
treated Ca, 3.2 stably transfected HEK cells there was hardly
any washout possible. Given the fact that ZNS shares a sul-
fonamide moiety with other AEDs, such as topiramate or
CAls that were previously shown to block the Ca,2.3 E/R-
type VGCCs (McNaughton et al., 2004; Kuzmiski et al., 2005)
we also checked for antagonistic effects on this Ca?* channel
entity. However, ZNS did not exert a detectable reduction
of Ca,2.3 mediated CaZ*-current in the 2C6 cell line (stably
transfected with the human Ca,2.3 «4-subunit) or the 1C5
cell line (stably co-expressing the same pore-forming Ca,2.3
aq- and the human B auxiliary subunit) even at 500 wM ZNS
(unpublished results).

Use-dependence of block

In order to investigate whether T-type Ca?* current block-
ade by ZNS is use-dependent, repetitive test pulses from
—110 to —30mV (duration 100ms) were applied to Ca,3.2
transfected HEK-293 cells every 0.3 and 55 in the presence
of 100 M ZNS. Both time course of fractional Ca?* cur-
rent block and mean steady-state values of ZNS block are
depicted in Fig. 3. At a recovery interval of 5s the obtained
fractional block was 0.014+0.012 (n=3). Although reduc-
tion of recovery interval to 0.3s resulted in a significant
increase in fractional block (0.065+0.012, n=4, p=0.031;
Fig. 3), the impact of 100 uM ZNS on use-dependence of
block is minor. Thus, ZNS mediated inhibition of Ca,3.2
Ca?*-current is not substantially facilitated by repetitive
high-frequency activation of the pore-forming o4 subunit.

Concentration- and voltage-dependence of
inactivation kinetics

INS effects on inactivation kinetics were studied for both
voltage- and concentration-dependence using an exponen-
tial fit (see Data analysis) in the range of 90—10% of
CaZ*-current amplitude. For Ca,3.2, as the most intensively
studied T-type VGCC candidate in this study, only minor
effects on voltage-dependence of inactivation-tau could be
detected not reaching level of significance at 100 uM ZNS
(Fig. 4B). A detailed investigation of current traces revealed
that ZNS is hardly capable of affecting the decay of Ca,3.2
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Figure3 Use-dependence of ZNS mediated Ca,3.2 T-type Ca2*

channel blockade. Fractional block by 100 wM ZNS significantly,
but slightly increased as the interval between repetitive 100-ms
depolarisation steps from —110 to —30mV decreased (5s, n=3;
0.3s, n=4). Inset, representative current traces in the absence
(black) and presence (red) of 100 uM ZNS. Currents recorded
with recovery intervals of 0.3 and 5s are depicted. (For inter-
pretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

Ca?*-currents which was tested during a command pulse
from —90 to —30mV (Fig. 4A, scaled and superimposed
traces). The washout was not able to restore the inactiva-
tion kinetics obtained under control conditions. In addition,
we investigated the concentration-dependent effects of
ZNS on Ca,3.1-3.3 inactivation-tau using test potentials to
—30mV. Whereas Ca, 3.2 inactivation kinetics turned out to
be unaffected by therapeutically relevant ZNS concentra-
tions, Ca,3.1 and Ca, 3.3 exhibited slight, though significant
reduction of inactivation-tau (Fig. 4C).

Current—voltage relationship

Current—voltage studies were carried out for Ca,3.2 sta-
bly transfected HEK-293 cells from a holding potential
of —90mV to +50mV in 10mV steps lasting for 100 ms.
Fig. 5A displays averaged IV-traces from four cells under
control conditions (M), following application of 100 puM
INS (A) and after washout (V¥). Interestingly, 100 uM ZNS
caused a significant shift in the half-activating voltage Vay,;
from —44.2+3.1mV to —48.5+2.3mV (n=4; p=0.0098),
which slightly increased even during washout procedure
(Va;;2=-53.5+£2.1mV). The peak current voltage also
shifted from —34.94+3.8mV to —-38.3+3.1mV (n=4;
p=0.0234) with the slope factor and reversal potential
unaffected. This is in contrast to earlier studies by Kito et al.
(1996) that failed to detect changes in voltage-dependence
of activation. Similar to concentration-response studies,
the washout was only partially effective. Performing the
same approach in presence of DMSO (0.5% final con-
centration) revealed similar results (Fig. 5B). The Vai.
value changed from —56.2+0.9mV under control con-
ditions to —61.3+1.0mV after ZNS (100 wM) application



N. Matar et al.

Ca3.2 | (A)
I 7
} {‘4 25 ms
| J'r
|
|
L control
| 100 uM ZNS
i1 washout
| 1
If
Ca,3.2
30 ~&- control
(B) —+100 pM ZNS
_ ¥ washout
1]
£
= 20}
(=1 -
g
g E §
£ 1o}t a
<3
ol
-50 -40 -30 -20 -10 0O 10 20
Vi (mV)
(C) Ca,3.1
S0 "I ;f’_._v
[ : f 5 WM ZNS
v | control
§ a i
k=1
§ 20¢ " A Ca,3.3
E 108 i --‘.
\ Hg N §_ ! =l
H b s
5 50 200 y
7N M /150 uM ZNS
ERSLin) Y control
[JCa3.1 N Ca32 E)Cay33
Figure 4 Zonisamide effects on Ca,3.2 T-type Ca®*-channel

inactivation kinetics. (A) Superimposed current traces at
—30mV from the same cell as illustrated in Fig. 1A and B.
Control-, ZNS- (100 wM) and wash-traces were normalized to the
amplitude of the control trace. (B) Voltage-dependence of the
inactivation-t under control (H)-, ZNS- (100 uM, A) and washout
(v)-conditions (n=4). Current traces obtained from IV-studies
were analyzed using an exponential fit and the resulting inac-
tivation time constants were plotted as function of voltage.
(C) Concentration-dependent ZNS-effects on Ca,3.1-3.3 Ca?*
channel inactivation kinetics. Inactivation time constants were
analyzed from concentration-response current traces using test
pulses from —90mV to —30mV and plotted versus the ZNS con-
centration (n=20). Right, exemplary normalized current traces
from Ca,3.1 and Ca,3.3 transfected HEK cells displaying alter-
ation in inactivation kinetics at various ZNS concentrations.

(n=8; p<0.001) and further increased during washout
(—63.5+1.1mV). One cannot rule out that the continuous
shift in Vay;; under ZNS and washout conditions is also
due to potential Ca?* current run-down during prolonged
recordings. Peak current voltage shifted from —38.8+1.4
to —47.4+2.1mV (n=8; p<0.001). In addition, DMSO
caused a prominent reduction of peak current amplitude as
reported previously (Suzuki et al., 1992).

Steady-state inactivation studies

The modulated receptor model is based on the observa-
tion that specific drugs exhibit different affinities to the
closed/resting state, the open state and the inactivated
channel state. Many pharmaceuticals, e.g. dihydropyridines
and suxinimides display increased affinity to the inactivated
state which serves as an important criterion of selectivity
of action (Triggle, 1999; Gomora et al., 2001). Voltage-
gated Ca?*-channels harbor the capability to directly switch
from the closed/resting state to the inactivated state
analyzed by applying long-lasting subthreshold prepulses
followed by a short test pulse. This so-called double-
pulse experiment provides data for steady-state inactivation
(hs)-studies. Drugs that preferentially bind to the inac-
tivated state shift the equilibrium from the closed to
the inactivated state and finally cause a shift of the
steady-state inactivation curve to more negative poten-
tials (Bean et al., 1983). The effect of 100 uM ZNS on
steady-state inactivation of Ca,3.2 T-type Ca?* channels
was determined by using a 5s prepulse followed by a test
pulse from —90mV to —30mV for 150ms (Fig. 6A and
B). Control recordings exhibited a half-maximum inacti-
vation voltage (V;,;) of —66.5+1.1mV (k=5.27 +0.41 mV)
and Vi/,=—69.6 £ 1.1mV (k=4.43 £0.22mV) at 100 uM ZNS
with an apparent shift of Ca,3.2 steady-state inactivation
of 3.1 mV not reaching level of significance (p=0.071, n=4)
(Fig. 6C). An attempt to reverse such effect by washing out
ZNS was again found ineffective, probably related to sec-
ondary, intracellular effects of ZNS (see Discussion). The
observation that 100 uM ZNS does not significantly shift the
steady-state inactivation curve and thus does not favor the
inactivated state at the upper therapeutic range, is con-
sistent with our finding that changing the holding potential
from —90mV to —75mV has no effect on ZNS block of Ca,3.2
VGCCs at 100 uM (17.0+5.6% vs. 20.4+5.0% reduction in
Ca%-current, p=0.716, Fig. 6C). As the electrophysiological
and pharmacological properties of the T-type Ca?* currents
reported in NB-I cells (Kito et al., 1995, 1996) resemble
those known from Ca,3.2 Ca?* channels (Perez-Reyes, 2003;
Catterall et al., 2005), steady-state inactivation studies
were not extended to Ca,3.1 and Ca,3.3 Ca%* channels.

Discussion

The present study describes the effects of zonisamide
antiepileptic drug on Ca,3.1-3.3 T-type voltage-gated CaZ*
channels. Previously, only two electrophysiological studies
have addressed the question of ZNS block of T-type Ca?'
channels, with one using cultured cortical neurons from rat
(Suzuki et al., 1992) and the second one analyzing its effects
in the human neuroblastoma cell line NB-1 (Kito et al., 1996).
However, ZNS sensitivity of cloned human Ca,3 T-type Ca**
channels has not been investigated till now. This is of partic-
ular relevance as low-voltage activated (LVA) Ca?* channels
were repetitively claimed to serve as a primary target for
ZNS, although inter-species sequence variations are known
to severely influence pharmacological properties of T-type
channels (Lee et al., 1999; Cribbs et al., 2000). A closer look
into previous studies reveals some of the aspects that might
account for the apparent discrepancy in ZNS sensitivity of
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Figure 5 ZNS effects on current—voltage relationship. Current traces were obtained from HEK-293 cells stably expressing Ca, 3.2
in the absence (n=4) and in the presence of 100 uM ZNS (n = 8) stepping from —90 mV to the indicated voltages for 100 ms with 5mM
Ca’* as a charge carrier. Current—voltage relationships of Ca,3.2 VGCCs before administration of (M), in the presence of 100 uM
(A) and after washout of ZNS (v) are displayed (A). An identical current—voltage regime was performed in presence of 0.5% DMSO
(B). The smooth lines are spline curves fit to the calculated values of current using the product of the Goldman—Hodgkin—Katz and
Boltzmann equation (see also Data analysis).

T-type Ca?* currents. Studies by Kito et al. (1996) suggested via pressure ejection elicited a much lower ZNS sensitivity
a 38.3 +£5.8% reduction of T-type Ca’*-current in NB-I cells with 59.5+7.2% Ca** current reduction at 1mM ZNS simi-
at 50 uM and an ICsy approaching 100 uM with a preferen- lar to the rather weak ZNS effects on Ca,3.2 VGCC in the
tial binding to the inactivated channel state. In contrast, presence of DMSO observed in our study (Fig. 1C and D). In
an early study by Suzuki et al. (1992) using ZNS application contrast to the high ZNS sensitivity of T-type Ca?* currents
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sentative traces recorded from double-pulse experiments with a 5s prepulse to the indicated voltages followed by a test pulse to
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in NB-1 cells (Kito et al., 1996), our data demonstrate that
ZNS application on cloned human Ca,3.1—-3.3 «-subunits
does not result in profound reduction of Ca?* influx within
the therapeutic range. Two major reasons might account
for this divergent observation: first, differences in electro-
physiological recording conditions and second, variations in
Ca?* channel complex subunit composition in cultured neu-
rons. In previous studies (Suzuki et al., 1992; Kito et al.,
1996), T-type Ca?* currents were elicited by voltage steps
from either —60 to —10mV or —80 to —20 mV resulting in
partial LVA CaZ* channel inactivation or contamination with
L- or non-L-type CaZ* currents due to the lack of proper
pharmacological isolation. In both studies, ZNS was further
dissolved in DMSO (0.5% final) and cells were pre-incubated
for at least 5min prior to recordings. The pre-incubation
and DMSO mediated cytosolic accumulation of ZNS might
give rise to secondary intracellular effects of ZNS that are
likely to interfere with T-type Ca?* channel activity. These
effects may include modulation of nitric oxid/hydroxyl rad-
ical formation, redox potentials and pH changes (due to ZNS
interference on CAs) (Owen et al., 1997; Mori et al., 1998;
Leppik, 2004) that are known to interfere with T-type Ca?*
channel activity (Gottfried and Chesler, 1995; Zhang et al.,
2000; Tabet et al., 2004). The hypothesis that intracellu-
lar effects influence ZNS blockade of T-type Ca** channels
is further strengthened by the observation that inhibitory
effects on VGSCs are at least partially dependent on intra-
cellular ZNS and not on extracellular concentrations of the
drug (Schauf, 1987).

Apart from experimental parameters, the differences in
subunit composition of T-type voltage-gated Ca?* channel
complexes needs to be considered, though it has not been
well documented. Co-expression of cloned B-subunits with
cloned Ca,3-subunits did not alter the electrophysiological
properties (Dolphin et al., 1999), whereas coexpression with
either o381 or a;82 was found to double the size of the
Ca,3.1 mediated Ca?* current (Dolphin et al., 1999; Gao et
al., 2000). Furthermore, y-subunits were reported to exert
no or minor effects on cloned Ca,3 Ca?* channels (Klugbauer
et al., 2000; Green et al., 2001). The y¢-subunit, however,
exerts strong inhibitory effects on Ca,3.1 VGCCs (Hansen
et al., 2004). In contrast to the distinct over-expression of
Cay3 aq-subunits in HEK-293 cells in this study, T-type sub-
unit composition in rat cortical neurons and human NB-I
cells is unknown and might influence ZNS efficacy due to
its interaction with auxiliary subunits as has been reported
previously for other AEDs, such as gabapentin or pregabalin
that mediate blockade via «;8-subunit interaction (Felix,
2005).

Our detailed investigation of ZNS effects on inactiva-
tion kinetics of Ca,3.2 revealed no significant voltage-
and concentration-dependence, whereas Ca,3.1 and Ca,3.3
displayed minor yet significant concentration-dependent
reduction in inactivation-tau. In contrast to previous reports
(Suzuki et al., 1992; Kito et al., 1996), current—voltage
relationships of Ca,3.2 stably transfected HEK-293 cells
exhibited a slight, yet significant shift following ZNS
(100 wM) administration. Furthermore, therapeutically rel-
evant ZNS concentrations (100 uM) did not result in a
significant shift of the steady-state inactivation curve and
consequently, ZNS block was also unaffected by changes in
holding potentials (Fig. 6B and C).

Ca,3 T-type Ca** channels are responsible for media-
tion of low-threshold Ca?*-spikes (LTCS) in various neuronal
cell types, e.g. thalamic relay neurons or reticular thala-
mic neurons. LTCS capable of triggering burst activity are
the functional background of neuronal pacemaking activity
in these cells and hyperoscillation in the thalamocortical-
corticothalamic circuitry is known to underlie spike-wave
discharge activity in the EEG during non-convulsive absence
seizures and slow-wave sleep (Steriade, 2005). During the
awake state, thalamic relay neurons are normally slightly
depolarized switching from the burst into the tonic mode
characterized by repetitive, tonic Na*-spiking (Steriade and
Llinas, 1988). Thus, AEDs that effectively block T-type Ca**
channels succeed in stabilizing the tonic mode. Our results
demonstrate that ZNS is capable of blocking human Ca,3 T-
type CaZ* channels of up to 25% in the therapeutic range.
Although Ca, 3.2 Ca?* current blockade is minor at therapeu-
tically relevant concentrations, previous studies using mock
LTCS waveforms and suxinimides indicate that even par-
tial block of low-threshold Ca?* current can be sufficient to
effectively suppress thalamic burst activity (Gomora et al.,
2001). Narahashi (2000) has suggested that even a 10% block
of T-type current might be sufficient to substantially inhibit
action potential burst activity (Narahashi, 2000). Therefore,
INS block of human T-type Ca?* channels may exert lim-
ited effects in absence epilepsy treatment (Mimaki, 1998;
Wilfong and Schultz, 2005).

From all three T-type Ca?*-channels investigated in this
study, Ca,3.2 is the most sensitive one, similar to other AEDs
such as phenytoin (Heady et al., 2001). This is of particular
interest as Ca,3.2 VGCC emerged as a potential suscep-
tibility gene in the etiopathogenesis of various forms of
epilepsies in both animal models and humans (Tsakiridou et
al., 1995; Talley et al., 2000; Khosravani et al., 2004; Vitko
et al., 2007).

As the amount of experimental evidence has been lim-
ited in the past, the antiepileptic action of ZNS had been
predominantly attributed to its inhibitory effect on T-type
CaZ* channels. However, our current knowledge including
this study clearly demonstrates that ZNS is a multi-target
AED with only moderate T-type Ca?* channel block being one
of the pharmacodynamic properties that might account for
its anti-absence activity. Similar to other AEDs with only par-
tially inhibitory effect on T-type Ca?*-current that does not
represent its total function, block of Na*- and K*-channels or
interference with various neurotransmitter systems may also
contribute to the broad-spectrum antiepileptic character of
zonisamide.
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Contribute to Inhibitory Synaptic Transmission in the Rat
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Because inhibitory synaptic transmission is a major mechanism of general anesthesia, we examined the effects of isoflurane on properties
of GABAergic inhibitory currents in the reticular thalamic nucleus (nRT) in brain slices. The evoked IPSCs (eIPSCs) and spontaneous
minijature synaptic currents (mIPSCs) of visualized nRT cells in young and adult rats were recorded. Consistent with postsynaptic effects
on GABA, receptors, isoflurane prolonged the decay-time constants of both eIPSCs and mIPCSs. Surprisingly, isoflurane completely
inhibited the amplitude of eIPSCs at clinically relevant concentrations (ICs, of 240 = 20 M), increased the paired-pulse ratio, and
decreased the frequency of mIPSCs, indicating that presynaptic mechanisms may also contribute to the effects of isoflurane on IPSCs. The
overall effect of isoflurane on eIPSCs in nRT cells was a decrease of net charge-transfer across the postsynaptic membrane. The applica-
tion of 100 wm nickel (Ni**) and the more specific R-type Ca*" channel blocker SNX-482 (0.5 pu) decreased eIPSC amplitudes, increased
the paired-pulse ratio, and attenuated isoflurane-induced inhibition of eIPSCs. In addition, isoflurane potently blocked currents in
recombinant human Cay 2.3 («1E) channels with an IC5, 0£ 206 % 22 um. Importantly, in vivo electroencephalographic (EEG) recordings
in adult Cay 2.3 knock-out mice demonstrated alterations in isoflurane-induced burst-suppression activity. Because the thalamus has a
key function in processing sensory information, sleep, and cognition, modulation of its GABAergic tone by presynaptic R-type Ca*"
channels may contribute to the clinical effects of general anesthesia.

Key words: anesthesia; calcium channels; calcium current; GABA , receptor; GABAergic neuron; thalamus

Introduction

Recent studies have suggested that general anesthetics act
through specific ion channels to inhibit neuronal excitability. It is
now known that some ligand-gated channels such as GABA,
(Franks, 2008), NMDA (Jevtovi¢-Todorovic¢ et al., 1998; Men-
nerick et al., 1998), as well as background (leak) potassium chan-
nels (Franks, 2008), are sensitive to anesthetics. Furthermore,
some studies (Herrington et al., 1991; Takenoshita and Stein-
bach, 1991; Study, 1994; McDowell et al., 1996; Todorovic and
Lingle, 1998) indicate that voltage-gated Ca** channels are also
affected by volatile general anesthetics at concentrations that oc-
cur under clinical conditions. On the basis of the membrane
potential at which they activate, these channels are subdivided
into high-voltage-activated (HVA) and low-voltage-activated
(LVA), or transient (T-type) Ca*>* channels. Pharmacological
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and physiological experiments support the existence of multiple
types of native HVA Ca®" channels (Catterall, 2000). These
channels are products of different genes, which give rise to al
subunits that form the pores of the neuronal Ca®" channels
named Cay1 family (former alS, a1C, 1D, alF) encoding L-
type; Cay2.1 (alA) encoding P/Q-type; Ca,2.2 (a1B) encoding
N-type; and Cay2.3 (alE) encoding R-type. These channels in
neurons have a central function in sensory, cognitive, and motor
pathways by controlling cell excitability and neurotransmitter
release. Despite the determined sensitivities of certain Ca*™
channels to anesthetic blockade, previous studies have not con-
clusively established that presynaptic Ca>* channels in neurons
are sites of anesthetic action. This is important because small
changes in Ca*®" influx into presynaptic terminals can result in
profound changes in transmitter release and synaptic efficacy
(Wu and Saggau, 1997). Thus, even if Ca>* channels are only
partially blocked by anesthetics at concentrations within the clin-
ically relevant range, it is important to determine the effects of
anesthetics on presynaptic neuronal Ca*" channels.

There is growing recognition that thalamic nuclei are impor-
tant in awareness and cognitive functions (Kinney et al., 1994;
McCormick and Bal, 1997; Llinas et al., 1999; Alkire et al., 2000).
The rhythmicity of this complex circuitry depends to a great ex-
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tent on the ability of thalamic cells to burst in oscillatory patterns.
A key element in rhythm generation within the thalamus is the
GABAergic nucleus reticularis thalami (nRT), which is not only
reciprocally connected to thalamocortical relay neurons of dorsal
thalamic nuclei, but also receives collateral excitatory connec-
tions from corticothalamic and thalamocortical fibers (Jones,
1985). In addition, nRT neurons create numerous axonal and
dendrodendritic synapses that can inhibit one another (Sanchez-
Vives et al., 1997; Shu and McCormick, 2002) and may receive
GABAergic inputs from other forebrain structures as well (Jour-
dain et al., 1989; Paré et al., 1990; Asanuma, 1994). Earlier in vivo
extracellular recordings have shown that volatile general anes-
thetics modulate synaptic transmission and depress the excitabil-
ity of thalamic neurons, which in turn causes blockade of
thalamocortical information transfer (Angel, 1991; Detsch et al.,
2002; Vahle-Hinz et al., 2007a,b). Thus, we hypothesized that
voltage-gated Ca*™ channels that support fast synaptic transmis-
sion in nRT neurons may be affected by isoflurane, the prototyp-
ical volatile general anesthetic.

Materials and Methods

In vitro tissue slice preparation

Most experiments were done on transverse rat brain slices taken through
the middle anterior portion of the nRT (Paxinos and Watson, 1986).
Sprague Dawley rats were housed in the local animal facility in accor-
dance with protocols approved by the University of Virginia Animal Use
and Care Committee. All treatment of rats adhered to the guidelines in
the NIH Guide for the Care and Use of Laboratory Animals.

Rats [postembryonic day 7 (P7-28)] were briefly anesthetized with
isoflurane and decapitated. The brains were rapidly removed and placed
in chilled (4°C) cutting solution consisting, in mwm, of 2 CaCl,, 260 su-
crose, 26 NaHCO;, 10 glucose, 3 KCl, 1.25 NaH,PO,, and 2 MgCl,
equilibrated with a mixture of 95% O, and 5% CO,. A block of tissue
containing the thalamus was glued to the chuck of a vibratome (World
Precision Instruments) and 250-300 wm slices were cut in a transverse
plane. The slices were incubated in 36°C oxygenated saline for 1 h, then
placed in a recording chamber that had been superfused with extracellu-
lar saline at arate of 1.5 c¢/min. Incubating saline consisted, in mm, of 124
NaCl, 4 KCl, 26 NaHCO;, 1.25 NaH,PO,, 2 MgCl,, 10 glucose, and 2
CaCl, equilibrated with a mixture of 95% O, and 5% CO,. Slices were
maintained in the recording chamber at room temperature and re-
mained viable for at least 1 h. Because the half-life of halogenated volatile
anesthetics in nerve tissue after induction of anesthesia is only ~10 min
(Stevens and Kingston 1992), it is unlikely that the isoflurane used to
euthanize animals could have interfered with the results of our experi-
ments, which were performed at least 2 h later.

Recording procedures
The standard extracellular saline for recording of IPSCs and voltage-
gated Ca’" currents in brain slices consisted, in mm, of 2 CaCl,, 130
NaCl, 1 MgCl,, 10 glucose, 26 NaHCO;, 1.25 NaH,PO,, and 2 mm KCI
equilibrated with a mixture of 95% O, and 5% CO,. For recording
GABA , evoked (eIPSC) and miniature (mIPSC) IPSCs, we used internal
solution containing, in mm, 130 KCI, 4 NaCl, 0.5 CaCl,, 5 EGTA, 10
HEPES, 2 MgATP,, and 0.5 Tris-GTP. For recording mIPSC, 5 mm Li-
docaine N-ethyl bromide was added to the internal solution and 0.5 um
TTX was added to the external solution to prevent the influence of action
potentials on neurotransmitter release. To eliminate glutamatergic exci-
tatory currents, all recordings of IPSCs were done in the presence of 5 um
NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo|[f]quinoxaline-2,3-
dione) and 50 um p-APV ((2 R)-amino-5-phosphonovaleric acid; AP5
(2R)-amino-5 phosphonopentanoate). For a subset of recordings of
eIPSCs from nRT neurons, we included in our external solution 100 nm
CGP55845A [(28)-3-[[(1S)-1-(3,4-dichlorophenyl)ethylJamino-2-
hydroxypropyl](phenylmethyl)phosphinic acid], a specific GABA re-
ceptor antagonist.

For recordings of HVA Ca?* current in HEK recombinant cells and
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intact brain slices, we used internal solution containing, in mm, 110
Cs-methane sulfonate, 14 phosphocreatine, 10 HEPES, 9 EGTA, 5
MgATP, and 0.3 Tris-GTP, pH adjusted to 7.15-7.20 with CsOH. The
external solution used to record recombinant Ca,,2.3 Ca** currents con-
tained, in mwm, 2 BaCl,, 152 TEA-CI, and 10 HEPES adjusted to pH 7.4
with TEA-OH. Whole-cell recordings were obtained from nRT neurons
visualized with an IR DIC camera (Hammamatsu, C2400) on the Zeiss 2
FS Axioscope (Carl Zeiss) with a 40X lens.

Electrophysiological recordings

We recorded GABA ,-evoked and miniature IPSCs in thalamic slices
from a total of 193 visually identified nRT and 6 thalamocortical (TC)
relay neurons (R values <20 M{2). Synaptic stimulation of nRT neurons
was achieved with a Constant Current Isolated Stimulator DS3 (Digi-
timer Ltd.) and electrical field stimulation achieved either by placing a
stimulating electrode in the outer region of the internal capsule (see Fig.
1A) or within the nRT soma layer. Recordings were made with standard
whole-cell voltage clamp technique. Electrodes were fabricated from
thin-walled microcapillary glass with final resistances of 3—6 M{(}; mem-
brane currents were recorded with an Axoclamp 200B amplifier (Molec-
ular Devices). Voltage commands and digitization of membrane currents
were done with Clampex 8.2 of the pClamp software package (Molecular
Devices) running on an IBM-compatible computer. Neurons were typi-
cally held at =70 mV.

Currents were filtered at 5 kHz. Series resistance was typically com-
pensated by 50—80% during experiments. In most experiments, during
recordings of recombinant and native HVA currents, a P/5 protocol was
used for on-line leakage subtractions. HEK293 cells were stably trans-
fected with both the «lE (Cay2.3) and B3 Ca** channel subunits as
described previously (Nakashima et al., 1998). Cells were typically used
1-4 d after plating. Steps used to activate Ca,2.3-generated currents in
HEK cells in whole-cell experiments were typically from a holding po-
tential (V},) of =70 mV to test potentials (V,) at 0 mV.

Analysis of current

Current waveforms or extracted data were fitted using Clampfit 8.2 (Mo-
lecular Devices), Mini Analysis Program 6.0 (Synaptosoft) and Origin 7.0
(OriginLab). The decay of eIPSCs and mIPSCs was estimated by a
single-or double-exponential term. If double exponential function was
done, we used weighted averages for our analyses. The limit for mIPSCs
detection was set in most recordings at three times the root mean square
of baseline noise. The accuracy of detection was visually verified. The
amplitudes of all mIPSCs greater than the detection criteria were in-
cluded in the amplitude analysis.

The percentage reduction in peak current at a given blocker concen-
tration was used to generate concentration—response curves. For each
concentration—response curve, all points are averages of multiple deter-
minations from at least six different cells. Mean values in concentration—
response curves were fitted to the following (Hill-equation) function:
PB([Drug]) = PB,,,/1 + (IC5y/[Drug])”, where PB___is the maximal
percentage block of peak eIPSCs or IBa**, the ICy, is the concentration
that produced 50% of maximal inhibition, and # is the apparent Hill
coefficient for blockade. Fitted values were typically reported with 95%
linear confidence limits. Fitting was done with Origin 7.0. Numerical
values are given in the text as means = SEM unless stated otherwise.
Statistical analysis was done with paired or unpaired Student’s ¢ test
where indicated, with statistical significance determined with p < 0.05.

Drugs and chemicals

Tetrodotoxin (TTX) was obtained from Alomone Labs. SNX-482,
Omega-Agatoxin IVA, and Omega-Conotoxin MVIIC were obtained
from Peptides International. Isoflurane was obtained from Abbott. All
other salts and chemicals were obtained from Sigma Chemical. The fol-
lowing drugs were prepared as stock solutions: TTX, 5 um; NBQX and
APV, 5 mm; SNX-482, Omega-Agatoxin IVA and Omega-Conotoxin
MVIIC, 500 wm; Ni?*, 100 mm and picrotoxin, 20 mm. Drugs were
freshly diluted to the appropriate concentrations at the time of experi-
ments. All stocks were prepared in H,O except for NBQX and picrotoxin,
which were prepared in DMSO. The maximum final concentration of
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DMSO in any one experiment was 0.1%; at that concentration, DMSO
has no effect on eIPSCs in nRT cells (n = 3, data not shown).

Solutions
A glass syringe served as a reservoir for a gravity-driven perfusion system
consisting of multiple independently controlled glass capillary tubes.
Manually controlled valves allowed switching between solutions. All
experiments were done at room temperature (20-24°C). Aliquots of
anesthetic solutions were prepared from saturated saline solutions incu-
bated with isoflurane (60 cc of saline with 40 cc of isoflurane in a closed
100 cc vial) for atleast 24 h (Todorovic and Lingle, 1998; Todorovic etal.,
2000; Joksovic et al., 2005). To quantify the actual anesthetic concentra-
tions in solutions, we had analyzed samples of saturated stock solutions
and aliquots in a gas chromatograph calibrated with appropriate volatile
anesthetic standards (Todorovic and Lingle, 1998; Joksovic et al., 2005).
By measuring actual concentrations, we found a loss of <10% if the
solution was used within 30 min after preparation. Thus, all anesthetic
solutions were used within 30 min after preparation. Test solutions were
maintained in all-glass syringes tightly sealed with Parafilm punctured
with a small escape hole when a whole-cell was obtained that allowed
anesthetic solution to fall by gravity. All stock solutions were freshly
diluted to appropriate concentrations at the time of an experiment. Dur-
ing an experiment, solution was removed from the end of the recording
chamber opposite the glass capillary tubes by constant suction. Changes
in current amplitudes in response to rapidly acting drugs or ionic
changes are typically complete in 2—4 min. Switching between separate
perfusion syringes, each containing control saline, resulted in no changes
in the amplitude of IPCSs, IBa?" or ICa?™".

Methodological considerations

By necessity, thalamic slices were obtained from young rats. With current
technology, direct visualization of nRT neurons in this heavily reticu-
lated region of the thalamus of adult animals is difficult. Importantly, we
performed a limited number of recordings in slices from adult rats (older
than P21) as shown in Figure 3B, demonstrating qualitatively similar
results of isoflurane modulation of eIPSCs.

Because voltage control is compromised in whole-cell recordings from
slices because of the presence of extensive cell processes, we paid close
attention to good voltage control, ensuring that there was no extensive
delay in the onset of current and that the onset and offset kinetics de-
pended on voltage, not on the amplitude of current. Because intact nRT
neurons have long processes, rapid components of recorded current,
such as fast-activation kinetics or tail currents, are not likely to reflect the
true amplitude and time course of Ca?™ current behavior. However, all
our measurements of amplitudes from holding, peak, and steady-state
currents were made at time points sufficient to ensure reasonably well
clamped current conditions. Furthermore, using brain slices from young
animals, in which dendritic processes are not fully developed, amelio-
rated the space-clamp problem.

We applied all drugs in intact brain slices until an apparent equilib-
rium was reached. Delivery of lipid-soluble substances such as isoflurane
to intact tissue slices is compromised by a decline in drug concentrations
along the length of the bath and diffusion through the tissue. Thus,
although our method allowed investigation of the effects of anesthetic
agents in intact native cells, all quantitative assessments should be taken
with caution. Actual effective concentrations of all drugs are likely to be
lower than those reported.

In vivo EEG recordings
Study animals. Generation of the Ca,2.3 null mutant, which was back-
crossed into C57BL/6, has been described in detail (Pereverzev et al.,
2002; Weiergraber et al., 2006). Mice were housed in Makrolon cages
type II and maintained on a conventional 12 h light/dark cycle with food
and water available ad libitum. All animal experimentation was approved
by the Committee on Animal Care of the University of Cologne. All
efforts were made to minimize animal suffering and to use only the
number of animals necessary to produce reliable data.

Telemetric EEG recordings. The TAIOETA-F20 radiotransmitter (Data
Sciences International, Transsoma Medical) was used for electrocortico-
graphic (ECoG) recordings in Ca,2.3 /" and control mice. The teleme-
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try system, anesthesia, implantation procedure and postoperative treat-
ment have been described in detail (Weiergriber et al., 2005).

Surface electrode implantation. In all, three Ca 2.3 */* mice (21.62 =
2.71 weeks old) and three Ca,2.3 /" animals (22.14 * 0.29 weeks old)
were studied. Epidural leads were positioned above the somatosensory
cortex at the following stereotaxic coordinates: (+)-lead, bregma —1
mm, lateral of bregma 2.5 mm (right hemisphere); (—)-lead, bregma —1
mm, lateral of bregma 2.5 mm (left hemisphere). Leads were fixed at the
underlying neurocranium with glass ionomer cement. Radiotransmitter-
implanted Ca,2.3 ~/~ and control mice were given at least 11 d (16.00 =
2.65,n = 3 vs 14.67 = 1.86, n = 3) to fully recover after surgery.

Isoflurane treatment of EEG-radiotransmitter implanted mice. Isoflurane
was given at 1%, using a calibrated vaporizer in the presence of oxygen (2
1/min flow). Mice were given 30 min of equilibration time after the admin-
istration of isoflurane, followed by a 30-min ECoG recording used for later
analysis. During the complete experimental procedure, mice’s body temper-
ature was maintained using a heating support with a semicircular recess and
continuously monitored by the implanted radiotransmitter.

Data acquisition and analysis. We used A.R.T. 4.1 software (Data Sci-
ences International) to acquire and analyze EEG data. Dataquest EEG
recordings under isoflurane treatment were obtained throughout the
complete 2 h exposure period. In addition, long-term ECoGs (up to 24 h)
were obtained before isoflurane treatment. EEG activity was sampled at
1000 Hz with no filter cutoff. After the isoflurane equilibration phase,
mice exhibited typical EEG patterns of repetitive transient sequences of
high-voltage slow waves intermingled with sharp waves, or bursts; these
episodes alternated with periods of depressed background activity or
complete EEG flatness, termed suppression. The time of individual
bursts and suppression episodes was analyzed together with their fre-
quencies; the suppression to burst ratio was also calculated. Burst epi-
sodes of 2 s duration were analyzed by power spectrum density (PSD)
analysis (Dataquest A.R.T. 4.1 software, Data Sciences International) to
reveal frequency distribution and burst peak frequency. All data were
calculated and are shown as the means = SEM with p < 0.05 considered
to be significant.

Results

Electrophysiological characterization of evoked GABA ,
IPSCs in nRT cells

The thalamic nRT is a thin layer of cells that surrounds the thal-
amus and segregates it from the internal capsule (IC). Stimula-
tion of fibers in close proximity to the internal capsule (~200 wm
from recorded cells) (Fig. 1A) evokes picrotoxin-sensitive
GABA, IPSCs (eIPSCs) in nRT neurons. Figure 1B shows an
example of eIPSCs with characteristic slow decay (Zhang et al.,
1997; Huntsman and Huguenard, 2000) in which 20 um picro-
toxin, a potent noncompetitive GABA, receptor antagonist, has
completely blocked the amplitude of eIPSCs. The time course for
the same experiment is shown on the right side of Figure 1 B. It
has been established that synaptic transmission is triggered by
Ca’* ion entry into presynaptic nerve terminals (Katz and
Miledi, 1970). To confirm the Ca* dependency of eIPSC in nRT
neurons, we made recordings in a solution containing 1 mMm
Ca**, finding that the size of eIPSCs decreased by 37 = 8% (n =
5, p < 0.05) (Fig. 1C). Furthermore, elimination of Ca*" ions
from extracellular media (within an average of 2—4 min) almost
completely and reversibly eliminated the development of eIPSCs
on introduction of nominal Ca®"-free recording solution. A
same-strength stimulus evoked IPSCs on reintroduction of 2 mm
Ca** into our recording medium (Fig. 1D).

Previous recordings of HVA Ca** currents in acutely isolated
nRT neurons demonstrated that a significant portion of current
was sensitive to Ni*" (Huguenard and Prince, 1992), a preferen-
tial blocker of R-type voltage-gated Ca®" channels (Zamponi et
al., 1996). Thus, we reasoned that eIPSCs in these cells could
depend on R-type Ca** channels. To test this hypothesis, we
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Figure 1.  Isolation of elPSCs in nRT cells in intact brain slices. 4, Images showing stimulating (outer part of IC) and recording electrode (nRT). Evoked GABA,-ergic IPSCs were elicited by

stimulating fibers on the outer part of the IC opposite to the recording electrode. Horizontal bar indicates calibration. B, Representative traces of evoked GABA, IPSCs recorded in control conditions
and in the presence of 20 wum picrotoxin (ptx), a selective GABA, and receptor antagonist (on the left). Time course from the same cell showing the partially reversible, potent, and fast blocking effect
of picrotoxin (on the right). , elPSCs traces recorded in the presence of 1and 2 mm external calcium. Note faster current decay with 1 muthan 2mm Ca ™. The decay time constant decreased to 88
mswith 1mmCa"* compared with 149 = 9 msin control recorded with 2 mm Ca® . D, Traces (on the left) and time course (on the right) showing evoked GABA, IPSCs recorded before, during, and
after the application of nominal Ca* -free external solution. E, Concentration—response curve showing the blocking effect of 50, 100, 300, and 500 wum Ni>™ on elPSCin nRT neurons, yielding 1Co
of 150 = 33 wmand slope constant 1.4 == 0.4. Each point represents mean value calculated from at least 6 neurons. Vertical bars represent mean SEs. F, Traces on the left and time course on the
right show the reversible effect of 500 wm Ni2* on evoked IPSCs. Horizontal bar represents duration of application.

recorded eIPSCs in the presence of different concentrations of
Ni*™ in the external solution. We found that Ni*™ at 50, 100, 300,
and 500 uM reversibly and almost completely inhibited the am-
plitude of total eIPSCs in these cells, yielding an IC5, of 150 = 33
uM and a slope factor n of 1.4 = 0.4 (n = 27 cells). Concentra-
tion—response curve and representative traces and time course
of the effect of Ni** on eIPSC in nRT cells are shown in Figure 1,
EandF.

The effect of isoflurane on IPSCs in nRT cells
We tested the effect of clinically relevant concentrations (75, 150,
300, and 600 uMm) of isoflurane on GABA ,-dependent eIPSCs in

the nucleus reticularis thalami. Isoflurane reversibly and almost
completely decreased the peak of eIPSCs evoked via stimulating
electrode under constant-strength current injections (Fig. 2 A, B),
with an ICs,, of 240 * 20 uMm and a slope factor n of 1.43 = 0.19
(n = 28 cells) (Fig. 2C). In addition, 300 uM isoflurane increased
the decay-time constant of eIPSCs by 40 = 2% (Fig. 2A) (n =9
cells, p < 0.05; note the criss-crossing pattern of eIPSCs decay).
However, despite the effects on decay-time constant, total charge
transfer was decreased in the presence of isoflurane by 40 = 7%
(n = 14, p < 0.01). Also, at concentrations of 75 and 150 um,
isoflurane did not significantly affect the decay-time constant of
eIPSCs (data not shown). In the presence of the specific GABAy
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Figure2.  Nucleus-specific effects of isoflurane applications on elPSCs in the thalamus. Panel

shows representative traces () and time course (B) of the effects of isoflurane (Iso) and picro-
toxin (ptx) on elPSCs in an nRT neuron. Peak values of elPSCs were plotted as a function of time
showing the reversible blocking effect of 300 wm isoflurane and the almost complete block of
elPSCs with 20 wm picrotoxin. Horizontal bars indicate duration of isoflurane and picrotoxin
application. Note that isoflurane caused a slight prolongation of elPSC decay as shown by
criss-crossing of current traces before and during its application. €, Concentration—response
curve showing the blocking effect of isoflurane on elPSCs in nRT neurons. The curve is best fitted
with Hill function, yielding an IG5, 0f 240 = 20 wmand aslope constant of 1.4 = 0.2. Each point
represents mean value calculated from at least 6 neurons. Vertical bars represent mean SEs. D,
Representative traces of elPSCs in a TC cell in control conditions and during application of 300
u isoflurane. Note that isoflurane had minimal effect on the amplitude of current but in-
creased decay time >2-fold (from 66 to 161 ms).

receptor antagonist CGP55845A (100 nMm), 300 uM isoflurane
inhibited the amplitude of eIPSCs to a similar degree (57 * 7%,
n = 3, p < 0.05; data not shown).

Next we examined the effects of isoflurane on eIPSCs in
thalamocortical (TC) relay cells of the ventrobasal complex,
which receives most of the inhibitory projections from nRT cells.
We placed the stimulating electrode within the nRT layer and
recorded eIPSCs from cells in the ventrobasal complex up to 250
um from nRT. Figure 2D shows traces of typical e[PSCs before
and during the application of 300 uM isoflurane. In contrast to its
effects in nRT cells, isoflurane caused minimal change in the
amplitude of eIPSCs (9 * 5%, n = 6, p > 0.05), but induced an
approximately twofold prolongation of the decay-time constant
from71 = 10to 145 = 12 ms (n = 6, p < 0.01). As a result, total
charge transfer was increased in the presence of isoflurane for
85 £ 13% in TC cells (p < 0.01). This finding argues that the
inhibitory effect of isoflurane on eIPSCs is synapse-specific for
nRT.

To discern the site of isoflurane’s action on eIPSCs in nRT
neurons, we used paired-pulse analysis to examine the potential
synaptic effects of presynaptic modulators (e.g., blockers of
voltage-gated Ca®" channels). This sensitive test is done by ana-
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lyzing changes in the ratio of eIPSCs elicited by two identical
presynaptic stimuli delivered in rapid succession. In nRT neu-
rons (Bessath et al., 2006) and other synapses (reviewed by
Zucker and Regehr, 2002), stimulation with a paired-pulse stim-
ulus interval of 0.01-10 s usually resulted in depression of the
second (test) eIPSC compared with the first (conditioning)
eIPSC. This depression of the test eIPSCs relative to the condi-
tioning eIPSCs is believed to be caused by depletion of a fraction
of readily available synaptic vesicles by the conditioning pulse
(Zucker and Regehr, 2002). Presynaptic depressants that change
the probability of transmitter release from presynaptic terminals
will cause a smaller fraction of the readily releasable pool of ves-
icles to undergo exocytosis and therefore will decrease paired-
pulse depression. This means that in the presence of presynaptic
modulators, the ratio of test IPSCs to conditioning IPSCs be-
comes larger. However, if a modulator simply eliminates a frac-
tion of the vesicle pool from availability or acts exclusively on
postsynaptic sites, paired-pulse depression should remain
unchanged.

Paired stimulation of afferent fibers resulted in paired-pulse
depression, a highly characteristic finding for nRT neurons (Fig.
3 A, B). We found that 300 uM isoflurane reversibly decreased the
size of eIPSCs by ~54% from the control level and significantly
changed the paired-pulse ratio (PPR, eIPSC-2:eIPSC-1 ratio)
from 0.86 * 0.02 in controls to 0.95 = 0.02, strongly suggesting
its presynaptic effect (n = 10 cells, p < 0.05) (Fig. 3A, B). Being
concerned about the fact that we were doing our recordings on
neonatal and juvenile rats (P7—14), we next recorded the effects of
isoflurane in slices older than P21. Figure 3C shows the effects of
300 wM isoflurane in thalamic slices from a P23 rat. The results
were similar to those in younger rats, with isoflurane inhibiting
~50% (average of 47 = 9%, p < 0.01, n = 5) of the amplitude of
e[PSCs and increasing PPR from 0.77 = 0.06 in controls to 0.92 *
0.02 in experimental rats (n = 5, p < 0.05) (Fig. 3D). Isoflurane in
these experiments also increased the decay-time constant of
eIPSCs by 56 * 5% ( p < 0.001), but decreased net charge trans-
fer for 29 = 7% ( p < 0.05). Hence, it appears that there are not
important developmental changes in the effects of isoflurane on
nRT eIPSCs.

To investigate the contribution of local axonal and dendro-
dendritic synapses, we recorded eIPSCs from decorticated slice
preparations while stimulating neurons directly within nRT (typ-
ically closer than 40 wm). However, the addition of 300 um
isoflurane to the external solution not only reversibly blocked
eIPSCs by 55 * 4% (p < 0.05, n = 5 cells), but prolonged the
decay-time constant by 20 * 2% (p < 0.05) and increased
paired-pulse ratio from 0.70 = 0.08 to 0.86 = 0.02 ( p < 0.05;
data not shown). Overall, our data from decorticated slices are
consistent with our previous finding from intact thalamic slice
preparations, suggesting that, regardless of the method of
stimulation, isoflurane inhibits eIPSCs by a presynaptic
mechanism.

To confirm that all the inhibitory effects of isoflurane on IP-
SCs are likely to be the result of actions on the presynaptic termi-
nal, we also examined the effects of isoflurane on the GABA ,-
evoked amplitude, duration, and frequency of spontaneous
miniature synaptic currents (mIPSCs) in nRT neurons. In min-
iature synaptic currents, presynaptic effects alter the frequency of
events, whereas postsynaptic effects alter the amplitude and/or
duration. Thus, we recorded GABA, picrotoxin-sensitive mIP-
SCs (Fig. 4 D) in the same cells in the presence and absence of 300
uM isoflurane (Fig. 4A—C). Histograms on Figure 4E indicate
that isoflurane significantly increased the decay-time constant
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Figure 3.  Presynaptic effects of isoflurane applications on elPSCs in nRT neurons. A, Repre-

sentative traces of evoked GABA, receptor IPSCs obtained during recording in a paired-pulse
protocol before and during application 0f 300 pmisofluranein an nRT cell from animmature rat.
Isoflurane reversibly blocked ~50% of elPSCs without changing the holding current. Paired-
pulse depression was observed in 98% of neurons from nRT. B, Time course from the same cell
as that in A. Peak values of first (black circles) and second (white circles) evoked IPSCs (at 20 s
intervals) were plotted as a function of time showing the reversible blocking effect of 300 um
isoflurane. Horizontal bar indicates duration of isoflurane application. Note that isoflurane more
efficiently depressed the first elPSC. Interval between conditioning and test pulse was 500 ms.
€, Representative traces of evoked GABA, receptor IPSCs obtained during recording in a paired-
pulse protocol (interval 1.1s) before and during application of 300 wmisoflurane in an nRT
cell from an adult rat. Isoflurane blocked ~50% of elPSCs without changing the holding
current. Paired-pulse depression was observed in all neurons in this age group. D, Histo-
gram bars indicate PPR obtained by dividing the amplitude of elPSC2/eIPSC1 in control
conditions (black bars) and during application of 300 wm isoflurane (open bars) in nRT
cells from immature (P7-14, n = 10) and adult (P22-28, n = 5) slices. Isoflurane in both
groups increased paired-pulse ratio, strongly suggesting its presynaptic site of action.
Asterisks indicate p < 0.05.

from 52 * 3 ms in controls to 72 * 4 ms (p < 0.01) and de-
creased the frequency of single mIPSC-events from 0.50 = 0.06
Hzt00.30 = 0.06 Hz ( p < 0.05), but had no significant effect on
the amplitude of mIPSCs in these cells (control 17.7 = 1.4 pA,
isoflurane 18.3 = 1.2 pA, p > 0.05, n = 12). The effect of isoflu-
rane on frequency of mIPSCs appears to be strongly correlated
with its presynaptic action as described in paired-pulse experi-
ments. However, the increased decay-time constant of mIPSCs
and eIPSCs argues for the postsynaptic effect of isoflurane on
GABA , receptors.

Is there a common presynaptic target for isoflurane

and Ni**?

Different types of voltage-gated Ca*>* channels have an impor-
tant function in the sensory system and are targeted by many
clinically relevant pharmacological agents. It appears that
HVA Ca®* channels (N-, P-, Q-, L-, and R-type) are princi-
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pally responsible for supporting synaptic transmission (for
review, see Catterall, 2000). We found that Ni**, thought to
be selective for R-type in preference to other subtypes of HVA
Ca*" channels (Schneider et al., 1994; Zamponi et al., 1996),
when used at a concentration of 100 uMm, reversibly blocked
eIPSCs while increasing paired-pulse ratio (Fig. 5A,B). On
average, Ni*" changed the PPR from 0.72 = 0.08 in controls to
0.85 = 0.02 (n = 5 cells, p < 0.01), strongly suggesting
the presynaptic site as a possible target for Ni** modulation
of eIPSCs.

Our recordings with isoflurane and Ni** both showed high
potency effects on eIPSCs and PPR suggesting that these agents
affect common targets on the presynaptic membrane. To test this
possibility, we applied 300 um isoflurane after the exposure of
intact slices to 100 um Ni?™, which blocked ~50% of amplitude
of eIPSCs. In this occlusion experiment, we found that 300 um
isoflurane had a less prominent effect on the remaining eIPSCs
(Fig. 5C,D, representative traces and time course are shown).
Overall, isoflurane blocked significantly fewer eIPSC currents af-
ter the administration of Ni*" (31 = 5%, n = 8 cells) than it did
in control conditions (54 * 6%, n = 10 cells, p < 0.05). Thus, it
appears that isoflurane and Ni** affect common presynaptic tar-
gets in nRT cells. At a concentration of 100 um, Ni** was less
effective in inhibiting eIPSCs in TC cells (13 = 7%; n = 6; p <
0.001, data not shown).

Next we tested whether, in intact slice preparations, 100 um
Ni*" and 300 uM isoflurane can significantly block HVA Ca**
current, which supports synaptic transmission. Because at least
some of the inhibitory synapses in nRT neurons are recurrent
connections from the same cells (Cox et al., 1996), we recorded
HVA Ca*" currents from the soma of these neurons. In support
of our hypothesis, we found that Ni** reversibly decreased total
HVA Ca** current amplitude in nRT neurons by 30 * 3% (n =
5 cells, p < 0.01) (Fig. 5E, F) and that isoflurane similarly inhib-
ited 38 = 9% of total HVA current amplitude (n = 5, p < 0.01,
data not shown).

Isoflurane-sensitive R-type Ca*>* channels contribute to
inhibitory synaptic transmission in the reticular
thalamic nucleus
The potent blocking effects of Ni" on eIPSCs in our experi-
ments were highly suggestive of the possibility that R-type Ca**
channels are involved in inhibitory synaptic transmission in the
thalamus. To investigate the contribution of R-type Ca*" chan-
nels to inhibitory synaptic transmission, we recorded eIPSCs in
the presence of SNX-482, a selective R-type channel blocker. Pre-
vious studies documented the existence of SNX-482-sensitive
R-type current (up to 0.5-1 um SNX-482) (Newcomb et al., 1998;
Tottene et al., 2000). In an earlier study, we found that 0.5 um
SNX-482 selectively blocked HVA but not T-type Ca** currents
in nRT neurons (Joksovic et al., 2005). That is why, in these
experiments, we recorded eIPSCs in the presence of 0.5 um SNX-
482. We found that in most cells 0.5 um SNX-482 blocked evoked
eIPSCs by 40 * 4% (n = 9, p < 0.001) (Fig. 6A, B), apparently
irreversibly. SNX-482, similar like isoflurane and Ni%*, increased
paired-pulse ratio from 0.70 = 0.03t0 0.83 £ 0.04 (n = 4, p <
0.01, data not shown), strongly suggesting a presynaptic site of
action. Overall, our results indicate that SNX-482-sensitive
R-type Ca** channels contribute to vesicular GABA release in
inhibitory synapses in the thalamus.

Based on our results, we hypothesized that the effect of isoflu-
rane on eIPSCs may be related to its effect on R-type Ca*" cur-
rents. To test this hypothesis, we did two sets of experiments.

2+
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First, in the same neurons, we recorded the
effects of 300 wM isoflurane on eIPSCs be- A
fore and after exposure to 0.5 um SNX-
482. Typical traces and the time course of
eIPSCs from this experiment are shown in
Figure 6, C and D. In seven cells studied
with this method, the peak amplitude of
eIPSCs blocked by 300 um isoflurane was
markedly reduced after the application of
SNX-482 to 25 £ 7%. For comparison,
300 wM isoflurane blocked 54 *= 6% of
eIPSCs in control conditions (p < 0.01).
Thus, a substantial portion of the eIPSCs
blocked by isoflurane was removed by the
irreversible blocking action of SNX-482 on
presynaptic R-type Ca®" current. Our re-
sults strongly suggest that isoflurane mod-
ulates eIPSCs in nRT neurons by blocking
presynaptic R-type Ca®" currents.

We then studied the effect of isoflurane
on recombinant Cay2.3 R-type Ca**
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channels stably transfected in HEK cells
(Nakashima et al., 1998). We found that L 0
isoflurane potently and reversibly blocked
recombinant human Cay2.3 currents in
concentration-dependent manner, yield-

ingan IC5, 0f206 = 22 uM and a Hill slope D
constant n of 1.66 = 0.35 (Fig. 7A-C). The

slope of the curve and the potency of isoflu-

rane in blocking recombinant Cay 2.3 cur-

rents were similar to the isoflurane inhibi-

tion of eIPSCs shown in Figure 2C.

control

Under isoflurane anesthesia, alterations
of thalamocortical rhythmicity occur in
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vivo in mice lacking Cay 2.3 channels
Under a variety of experimental and clini-
cal conditions thalamocortical circuitry in
vivo may generate rhythmic oscillations of
bursts and blackout sequences (suppres-
sions). This burst-suppression pattern,
which is often induced by various volatile
anesthetics, including isoflurane (Akrawi
et al., 1996), is generally thought to corre-
late with the blockage of sensory informa-
tion flow at the thalamic sensory gate (Ste-
riade et al., 1994). Thus, to test the role of
Cay2.3 channels in isoflurane anesthesia in
vivo, we performed EEG analyses of adult
Cay2.3 KO mice and WT littermates by
systemically determining the number and
duration of single-burst or suppression episodes within a repre-
sentative 10-min episode after the equilibration period. We per-
formed our in vivo study with 1% isoflurane, because this con-
centration approximately correlates with an ICs, for in vitro
inhibition of e[PSCs and recombinant Ca,2.3 currents.

The representative traces from these experiments are shown
in Figure 8, A and B. At 1% isoflurane there was a marked, sig-
nificant difference in duration of suppression episodes between
controls (3.63 = 0.62 s, n = 3) and Ca,2.3-deficient mice (1.58 *
0.39s,n=3,p <0.05) (Fig. 8C, left). In addition, the suppression
to burst ratio in Ca,2.3 '~ mice was reduced with isoflurane
compared with that in controls (0.211 = 0.029 vs 0.391 = 0.049,

Figure 4.

Amplitude

| 40 pA 0 50 100
1 sec Percent

150

The effect of isoflurane application on mIPSCs in nRT cells. 4, Traces from representative recording of mIPSCs in
control conditions (black trace) and in the presence of 300 m isoflurane (gray trace). Holding potential was setat—70 mV. B, C,
Cumulative probability of interevent intervals (B) and amplitudes (€) of mIPSCs in the absence (black trace) and presence (gray
trace) of 300 wm isoflurane in the same cell as that shown in A. Note the very small effect of isoflurane on the amplitude
distributions, and more pronounced effect on interevent interval distributions in this cell. D, Traces of mIPSCs recorded in control
conditions and in the presence of 20 pum picrotoxin (specific GABA, receptor antagonist). Note that 20 wum picrotoxin completely
prevented the development of mIPSCs. E, Histogram summarizes the effect of 300 wum isoflurane (gray columns) on frequency,
decay time, and amplitude of mIPSCs compared with controls (white columns). Isoflurane significantly decreased the frequency of
mIPSCs (from 100 == 13% to 64 = 20%, p << 0.05) and increased the decay time constant (from 100 == 5% to 139 == 3%, p <
0.01), buthad no significant effect on the mIPSCs peak amplitudes. Data were analyzed and calculated for each cell in a time frame
of 250 s per condition (n = 12 cells).

n =3, p < 0.05) (Fig. 8C, right). The total number of burst and
suppression episodes, as well as duration of burst episodes in the
presence of isoflurane did not differ significantly between geno-
types (data not shown). From each WT and Ca,2.3 KO mouse,
five 2 s burst episodes were analyzed by PSD in the range from 0
to 100 Hz to obtain frequency distribution and burst peak fre-
quency. The dominant frequency according to PSD analysis dur-
ing burst activity was 14.9 = 0.9 Hz (n = 3) in WT and 16.0 £ 2.6
Hz (n = 3) in Ca,2.3 deficient mice ( p > 0.05, data not shown).
Overall, our data strongly suggest that Ca,2.3 channels contrib-
ute to the inhibitory effects of isoflurane on sensory information
transfer in corticothalamic circuitry.
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generally accepted that most of the fast
synaptic transmission in CNS neurons is
supported by P/Q and N-type Ca>" chan-
nels (Catterall, 2000; Zucker and Regehr,
2002). Because of the paucity of selective
blockers, the function of R-type current
remains poorly understood. However, it
has been shown that this subtype can also

e IPSC-1 support fast excitatory transmitter release
o— IPSC-2 in the brainstem (Wu et al., 1998) and in
s hippocampal (Gasparini et al., 2001) and
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cerebellar (Brown et al., 2004) neurons.
We found that both inhibitory synaptic
transmission and recombinant R-type
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R-type Cay2.3 current are well within
the range required for surgical
anesthesia.

An early theory of anesthetic mecha-
nisms proposed that nonspecific alteration
of the lipid membrane in nerve cells ac-
counts for the anesthetic state (Meyer,
1899; Overton, 1901). However, over the
last two decades there has been increasing
recognition that specific classes of ion
channels in the neuronal membrane are

oF

ctr, wash

Figure 5.  The effect of Ni>™ on elPSCs in nRT neurons in intact slice preparation. A, Representative elPSC traces recorded in
paired-pulse protocol in control conditions and in the presence of 100 um Ni2 ™. Nickel depressed the amplitudes of elPSCs by
~50% without apparent effect on kinetics of current decay. Interval between conditioning and test pulse was 1100 ms. B, Time
course from the same nRT cell shows the effect of Ni>™ on elPSCT (filled symbols) and elPSC2 (open symbols). Peak elPSCs
amplitudes were plotted as a function of time. The horizontal bar represents duration of Ni2* application. €, D, elPSC traces (left)
and the corresponding time course (right) showing the occlusive effect of 100 wm Ni ™ and 300 puu isoflurane on the elPSCs in
nRT. Although 300 m isoflurane in the presence of 100 wm Ni2™* further decreased the size of elPSC, its overall effect was
diminished. E, F, Representative traces (left) and time course (right) showing the effect of 100 umNi2* on HVA Ca 2™ currentsin
the same nRT neuron (1, —60mV, V,0mV). Ni 2 reversibly blocked ~30% of peak HVA Ca 2* current. Horizontal bar represents

duration of Ni 2™ application.

Discussion

Isoflurane-sensitive R-type Ca** channels contribute to
vesicular release in an inhibitory central synapse
One of our major findings is that R-type Ca*" channels support
inhibitory GABA, transmission in nRT neurons; another is that
isoflurane inhibits both evoked and spontaneous inhibitory
transmission in these neurons. We also demonstrated that this
effect is at least partly mediated by the ability of isoflurane to
interact with presynaptic R-type Ca** channels.

Depending on the synaptic system being studied, P/Q-, L-, N-,
and R-subtypes of HVA currents may contribute to the Ca**
influx that results in transmitter release (Catterall, 2000). It is

150 300 450 600
Time Elapsed (sec)

the major cellular targets of general anes-
thetics. Among the class of ligand-gated
ion channels, it appears that the GABA,
receptor-ion channel complex is central to
many effects of general anesthetics. For ex-
ample, intravenous anesthetics like etomi-
date and propofol markedly potentiate
GABA ,-gated currents; they also prolong
decay of GABAergic eIPSCs in CNS neu-
rons as much as fourfold (for review, see
Rudolph and Antkowiak, 2004; Urban
2002). Thus, it appears reasonable that
modulation of neuronal GABAergic IPSCs
may mediate the clinical effects, such as
loss of consciousness, of some general an-
esthetics. In contrast, volatile anesthetic agents such as isoflurane
have variable effects on postsynaptic currents mediated by
GABA , receptors. We found that at 300 uM, isoflurane caused an
increase of ~40-50% in the decay time constant of mIPSCs and
eIPSCs in nRT neurons. However, it seems that inhibition of
presynaptic R-type Ca>" currents and a consequent decrease in
the amplitude of eIPSCs with the same concentration of isoflu-
rane can overcome these effects, because it resulted in an overall
decrease of net-charge transfer. However, even though in situ
hybridization studies have demonstrated presence of mRNA for
Cay2.3 channels in nRT neurons (Williams et al., 1994), direct
substantiation of functional presynaptic Ca,2.3 proteins in nRT
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Figure 6.  SNX-482-sensitive R-type Ca®™ channels contribute to generation of elPSCs in
nRT neurons. A, B, Representative elPSC traces and time course on right recorded before and
during application of 0.5 um SNX-482, showing its effect on peak amplitude of elPSCs. The
effect of SNX-482 slowly reached a stable maximal level. There was little effect on the kinetics of
elPSCs. €, Representative elPSCs traces showing the effect of isoflurane on an nRT neuron
exposed to SNX-482. After control application of 300 wm isoflurane, 0.5 um SNX-482 was
applied until stable elPSCs were obtained, after which the neuron was reexposed to the same
concentration of isoflurane. Traces originate from the same cell and are separated for clarity.
Isoflurane blocked fewer elPSCs after SNX-sensitive current was blocked. D, Peak elPSC ampli-
tudes from the same cell as that depicted in panel C are plotted as a function of time. The
reversible blocking effect of isoflurane on the amplitude of elPSCs was diminished ~60% n the
presence of SNX-482.

neurons is difficult because nerve terminals are too small for
patch-clamping and validated subtype-specific Ca,2.3 antibod-
ies are not readily available.

Previous studies have indicated that at clinically relevant con-
centrations isoflurane has smaller effects on other subtypes of
HVA Ca*" channels. For example, P-type Ca** currents in cer-
ebellar Purkinje neurons were inhibited to <10% by 350 um
isoflurane (Hall et al., 1994). At 310 M, isoflurane inhibited
~14% of recombinant N-type Ca** current in HEK cells (White
et al., 2005). In contrast, we found that at 300 uMm, isoflurane
inhibited >50% of recombinant Cay 2.3 R-type current and, with
similar potency, inhibited vesicular release in nRT neurons. In
agreement with our results, Kamatchi et al. (1999) found that 350
uM isoflurane inhibited ~45% of recombinant Ca, 2.3 current in
Xenopus oocytes.

Thus, it appears that among other HVA Ca®" channels,
Cay2.3 have unique sensitivity to isoflurane. However, the rela-
tionship between Ca®" ions and synaptic release is nonlinear
(Katz and Miledi, 1970; Catterall, 2000; Zucker and Regehr,
2002). Also, neither SNX-482 nor Ni*" completely occluded the
effects of isoflurane on eIPSCs in our experiments. One possibil-
ity that cannot be ruled out is that blockade of P/Q or N-type,
along with R-type Ca®" currents, by isoflurane also contributes
to the inhibition of eIPSCs in nRT neurons. This is particularly
important in cases in which multiple Ca*>* channel subtypes con-
tribute to vesicular release in the same synapse. We previously
reported that recombinant and native T-type Ca®" channels (T-
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Figure 7.  Isoflurane blocks human recombinant Ca,2.3 currents in HEK cells. A, Family of
inward barium currents (V,, —70 mV, V, 0 mV) recorded from HEK cells stably transfected with
(ay2.3 channels before, during, and after application of 150 umisoflurane. B, Time course from
the same cell illustrating the reversible blocking effect of 150 wum isoflurane on recombinant
human Ca, 2.3 currents. Horizontal bar indicates the time of isoflurane application. C, Solid line
represents concentration—response curve best fitted with Hill function showing the effect of
isoflurane on recombinant Ca, 2.3 currents, which yielded an ICy, 0f 206 == 22 umand a slope
constant n of 1.66 == 0.35. Each point on the curve is calculated as a mean from at least 6 cells.
Dashed line represents concentration—response curve for isoflurane inhibition of elPSCs in in-
tact nRT neurons in brain slices (from Fig. 2(). Note that the two lines almost overlap.

channels) are potently inhibited by volatile anesthetics, including
isoflurane (Todorovic and Lingle, 1998; Todorovic et al., 2000;
Joksovic et al., 2005). However, T-channels are usually localized
at somatic and dendritic compartments of neurons in CNS and
are less likely to contribute to synaptic vesicular release. Further-
more, whereas Ni*" blocks both families of channels with similar
potency (Randall and Tsien, 1997), our results with SNX-482,
which does not block T-currents in nRT neurons (Joksovic et al.,
2005), argue that R-type channels are involved in vesicular
release.

Is there functional significance in the inhibition of IPSCs by
isoflurane in nRT neurons?

A complete anesthetic state involves loss of consciousness (hyp-
nosis), movement (immobilization), pain sensation (analgesia),
and recollection of the event (amnesia). In addition, most volatile
general anesthetics, including isoflurane, have muscle relaxant
and anticonvulsant properties. New theories propose that multi-
ple end-points of anesthesia are mediated by multiple relevant
cellular mechanisms (Urban, 2002; Rudolph and Antkowiak,
2004; Franks, 2008). According to this hypothesis, which molec-
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neurons. In contrast, during slow oscilla-
tions that occur with a T-channel-
dependent burst firing pattern of these
neurons, there is impairment of sensory
transfer and transition to sleep states. In
agreement with this, Ca,3.1 T-channel
knock-out mice not only show slower an-
esthetic induction (Petrenko et al., 2007),
but have an abnormal natural sleep phe-
notype that likely results from the lack of
T-channels and underlying burst firing in
thalamic relay neurons (Lee et al., 2004;
Anderson et al., 2005).

Inhibitory GABAergic nRT neurons
are crucial in these oscillations because
their activation provides hyperpolariza-
tion of membrane potential in thalamic re-
lay neurons. This, in turn, initiates transi-
tion to a bursting mode by deinactivating
T-channels. It is difficult to predict what
the particular consequence of inhibition of
Cay2.3 channels and IPSCs per se in nRT
cells might be in this complicated loop.
However, given that nRT neurons are uni-

1 sec

"

1% lIsoflurane

Figure8. Alterations of isoflurane-induced burst-suppression EEG pattern in Ca, 2.3 KO mice. A, Representative traces of EEG
recordings under anesthesia with 1% isoflurane in a wild-type (Ca,2.3 /") mouse. Note periods of alternating bursting activity
and flatness (suppression) in recordings. B, Representative traces of EEG recordings under anesthesia with 1% isoflurane in a
(2,23 ~'~ mouse. Note shorter periods of suppression pattern (flat line) compared with 4. Calibration bars pertain to A and B of
this figure. €, On the left, suppression episodes have been analyzed for their average duration within a 10-min period after
equilibration of isoflurane. The suppression duration with isoflurane is significantly decreased in Ca,2.3 ~/~ mice (gray filled
bars) compared with WT littermates (black filled bars) (asterisk indicates p << 0.05). On the right, the suppression to burst ratio is
significantly reduced in Ca,2.3-deficient mice (gray filled bars) compared with controls (black filled bars), which correlates with

the strong reduction in suppression duration. Asterisk indicates p << 0.05.

ular target is important depends on the specific anesthetic and the
specific end point in consideration.

The thalamus is a major “gateway” of corticothalamocortical
functional connections. These functions are essential for aware-
ness and cognitive functions, such as learning and memory, as
well as sleep-wake cycles and epileptogenesis (Kinney et al., 1994;
Llinas et al., 1999; McAlonan and Brown, 2002). Functional im-
aging studies in both humans and other animals have led to the
theory that direct and indirect depression of thalamocortical
neurons provide a convergent point for neural pathways of anes-
thetic action leading to a sleep-like state (Alkire et al., 2000).
Mutually interconnected cortical, nRT, and thalamic relay neu-
rons exhibit phasic behaviors such as tonic and burst firing that
represent different functional modes (McCormick and Bal,
1997). During tonic firing, which predominates during awake
states, there is a faithful transfer of sensory information to cortical

1% Isoflurane

2 formly inhibitory, it is likely that decreas-

0.5 @ ingfeedback inhibition to these cells with
+  isoflurane would initially favor a slow os-

0.4 5 cillatory mode of thalamic neurons. How-
0.3 uo: ever, with the progressive hyperpolariza-
+ tion of neuronal membrane and the

0.2 § consequent shunting of action potentials
0.1 ﬁ associated with deeper anesthetic states,
*' @  thiscould contribute to a suppression pat-
2 tern and eventually lead to a completely

¢  flatline on EEG, which generally correlates

with a block of sensory information at the
level of the thalamic sensory gate (Steriade
et al., 1994). In support of this view, we
found a decrease in the duration of sup-
pression episodes in EEG under in vivo
isoflurane anesthesia in Ca,2.3 KO mice.
However, if we are to obtain a comprehen-
sive picture, more information will be
needed regarding the effects of isoflurane
on ion channels other than GABA, in cor-
ticothalamic circuitry in both normal ani-
mals and Ca,2.3 KO animals. For exam-
ple, it is possible that the effects of anesthetics on both GABA,
and K™ conductance could contribute to suppression episodes in
EEG (Steriade et al., 1994). Additionally, because molecular studies
indicate that Ca,,2.3 is ubiquitously expressed in neurons including
cerebral cortex (Williams et al., 1994), the alterations in EEG pattern
could have been the result of effects of isoflurane on thalamic and/or
cortical Cay2.3 R-type channels. Future studies with thalamus-
specific Cay2.3 KO mice would be useful to address this issue.

In conclusion, we found that isoflurane at clinically relevant
concentrations inhibits functional presynaptic R-type Ca**
channels in the nRT neurons. Furthermore, these channels are
ubiquitously expressed in neurons, where they have a crucial
function in regulating fundamental properties of synaptic trans-
mitter release. Thus, the potential involvement of presynaptic
HVA Ca** channels as molecular targets for volatile general an-
esthetics warrants consideration.
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4. Abschliefende Bemerkungen und Ausblick

Die vorliegenden Originalarbeiten dokumentieren, dass Ca,2.3 Ca*"-Kanile eine wichtige,
bislang unbekannte Rolle bei der Anfallsuszeptibilitit sowohl konvulsiver und nicht-
konvulsiver Anfallsformen spielen. Wahrend Ca,2.3 Defizienz zu einer Resistenz gegeniiber
konvulsiven Anfallsformen fiihrt und mit reduzierter Exzitotoxizitéit einhergeht, zeigt sich bei
nicht-konvulsiven Versuchskautelen eine erhdhte Anfallssuszeptibilitidt. Das Fehlen kompen-
satorischer Regulation anderer spannungsgesteuerter Ca*-Kanile und fehlende morphologi-
sche Alterationen bei Ca,2.3”" Miusen unterstreichen dariiber hinaus, dass die beschriebenen
Effekte dem Ca,2.3 Ca’"-Kanal selbst zuzurechnen sind. Nicht zuletzt erinnert die diametral
entgegengesetzte Beeinflussung konvulsiver und nicht-konvulsiver Anfallsformen durch
Ca,2.3 Ca’"-Kanile daran, dass Ionenkanalentititen nicht per se proiktogen oder antiiktogene
Kapazitit in sich tragen. Hingegen ist das physiologische und pathophysiologische Potential
abhédngig von der funktionellen und strukturellen Integration in spezifische neuronale Schalt-
kreise. Der Ca,2.3 Ca*"-Kanal ist damit auch als potentielle Zielstruktur neuer Antiepileptika

und Neuroprotektiva von zentraler Bedeutung in der Zukunft.
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