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Voltage-gated calcium channels represent a heteroge-
nous family of calcium-selective channels that can be
distinguished by their molecular, electrophysiological,
and pharmacological characteristics. We report here the
molecular cloning and functional expression of three
members of the low voltage-activated calcium channel
family from rat brain (a,g, @4, and «a,;). Northern blot
and reverse transcriptase-polymerase chain reaction
analyses show «; ¢, a;4, and «,; to be expressed through-
out the newborn and juvenile rat brain. In contrast,
while a,; and «;; mRNA are expressed in all regions in
adult rat brain, «;; mRNA expression is restricted to the
striatum. Expression of a;3, ayy, and «;; subunits in
HEK293 cells resulted in calcium currents with typical
T-type channel characteristics: low voltage activation,
negative steady-state inactivation, strongly voltage-de-
pendent activation and inactivation, and slow deactiva-
tion. In addition, the direct electrophysiological com-
parison of a,;g, oy, and ay; under identical recording
conditions also identified unique characteristics includ-
ing activation and inactivation kinetics and permeabil-
ity to divalent cations. Simulation of a;g, ayy, and ay;
T-type channels in a thalamic neuron model cell pro-
duced unique firing patterns (burst versus tonic) typical
of different brain nuclei and suggests that the three
channel types make distinct contributions to neuronal
physiology.

Voltage-sensitive calcium channels mediate therapid, voltage-
dependent entry of calcium into many types of nerve, muscle,
and endocrine cells. In the nervous system, calcium entry con-
tributes toward the electrical properties of neurons, modulates
calcium-dependent enzymes and ion channels, controls calcium-
dependent gene transcription, and initiates the release of neu-
rotransmitters and neuromodulators. Electrophysiological
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analyses have categorized native calcium currents into two
major classes that differ in their voltage activation properties.
High voltage-activated (HVA)! calcium channels represent a
diverse family of channels that first activate at relatively de-
polarized potentials (usually > —40 mV) and that display dis-
tinct pharmacological characteristics (L-type, N-type, P/Q-
type, and R-type; Refs. 1 and 2). In contrast to activation for
HVA calcium channels, low voltage-activated (LVA or T-type)
calcium channels first activate with relatively small depolar-
izations (between —80 and —60 mV) and have a poorly defined
pharmacology. In addition to their distinct low voltage depend-
ence of activation, T-type calcium channels also exhibit unique
voltage-dependent kinetics, small single channel conductance,
rapid inactivation, slow deactivation, and a relatively higher
permeability to Ca?" compared with Ba%* (3).

The initial evidence for the existence of LVA calcium cur-
rents was obtained from neurons of the inferior olivary nucleus
by Llinas and Yarom (4). Subsequently, LVA currents were
recorded from cells isolated directly from the dorsal root gan-
glia (5-9), pituitary (10, 11), and cardiac myocytes (12—16).
T-type channels are of interest, since they are responsible for
rebound burst firing in central neurons and are implicated in
normal brain functions such as slow wave sleep and in diseased
states such as epilepsy (3, 17). They are also thought to play a
role in hormone secretion (18, 19) and smooth muscle excitabil-
ity (20). The biophysical characterization of T-type channels
has been complicated by the presence of multiple types of
calcium currents in neurons and other cells as well as a lack of
specific pharmacological tools. In addition, there is consider-
able heterogeneity in the reported activation, inactivation, per-
meation, and pharmacology of neuronal T-type currents. T-type
calcium channels represent the most recent calcium channel
family to be described at the molecular level (21-25), although
there remains little known concerning their biochemical
composition.

In the present paper, the molecular and electrophysiological
characteristics of three members of the rat brain T-type cal-
cium channel family (a; g, @15, and «;;) are reported. This is the
first report defining the molecular and biophysical properties of
three distinct T-type calcium channels isolated from the same
tissue and species. Electrophysiological recordings describe
16, g, and aqp currents with many distinguishing character-
istics typical of T-type currents present in native cells, al-
though they each also possess distinct kinetics, inactivation

! The abbreviations used are: HVA, high voltage-activated; aa, amino
acid(s); bp, base pair; kb, kilobase(s); HEK, human embryonic kidney;
LVA, low voltage-activated; PCR, polymerase chain reaction; RT, re-
verse transcription; TEA, tetraethylammonium; CNS, central nervous
system.
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4000 Rat Brain T-type Calcium Channels
Rat-G -----=-] MDEEEDGA GAEESGQPRSFTQLN DLSGAGGR------- ——--—-— QGPGSTEKDP GSADSEAEGLPYPAL APVVFFYLSQDSRPR 71
Rat-H MTEGTLAADEVRVPL GASFPPAPAAPVRASP ASPGAPGREEQGGSG SGVLAPESPGTECGA DLGADEEQPVEYPAL AATVFFCLGQTTRPR 90
Rat-I =--=-==-] MADSNLPPS SAAAPAPEPGITEQP GPRSPP--------= —=--- PSPPGLEEPL EG---TNPFDVPHPDL APVAFFCLRQTTSFR 67
1-81 1-82 1-83
Rat-G SWCLRTVC RV SMLVILLNCVTLGMF R DIACDSQRCRI L DFIFAFFAVE MVVEMVALGIFGEERC YL FFIVI 161
Rat-H SWCLRLVC HV SMLVIMLNCVTLGMF R DVECRSERCSI LE DFIFAFFAVE MVIEMVALGL KC Y FFIVM 180
Rat-I NWCI CV SMLVILLNCVTLGMY Q DMECLSDRCEI LO DFIFIFFAME MVLEMVALGIEFGEEC FFIVM 157
1-54 1 P-LOOP
Rat-G AGMLEYSLDIJQNV: SAVRTVRVLRPLRAI NRVPSMRILVTLLLD TL. LLCFFV FFIFGIVGVQLWAGL CFLPENFSLPL 251
Rat-H AGMMEYSLDGHNV. SAIRTVRVLRPLRAI NRVPSMRILNVTLLLD TL. LCFFV FFIFGIVGVQLWAGL FLDSAFVRNN 270
Rat-I AGMVEYSLDIQONI SATRTVRVLRPLKAI NRVPSLRILVNLLLD TL. LCFFV FFIFGIIGVQLWAGL FLEENFTIQG 247
Rat-G -SVDLEPYYQTENED ESPFICSQFPRENGMER SCRSVPTLRG----- EGGGGPPCSLDYETY NSSSNTTCVNWNQYY TNCSAGEHNPFEGAI 335
Rat-H NLTFLRPYYQTEEGE ENPFICSSRRDNGMQ KCSHIPSRRE-LRVQ CTLGWEAYGQPQAED GGAGRNACINWNQYY NVCRSGEFNPHNGAI 359
Rat-I -DVALPPYYQPEEDD EMPFICSLTGDNGIM GCHEIPPLEEQGREV CLSKDDVYDFGAGRQ DLNASGLCVNWNRYY NVCRTGNANPHEGAT 3386
1-355 1-86
Rat-G MNFDNIGYAWIAIFQV ITLEGWVD FVMD AHSFYNFIYFILLIT VGSFFMINLCLVVIA| TOFSETKQRESQLMR EQRVRFLSHNASTLAS 425
Rat-H NFDNIGYAWIAIFQV ITLEGWVD YVMD AHSFYNFIYFILLII MGSFFMINLCLVVIA| TQFSETKQRENQLMR EQRARYLSNDSTLAS 449
Rat-I NFDNIGYAWIVIFQV ITLEGWVE YVMD AHSFYNFIYFILLII VGSFFMINLCLVLIA| TQFSETKQRNHRLIMI. EQRQRYLSS-STVAS 425
Rat-G FSEPGSCYEELLKYL VYILRKAARRLAQVS RAIGVRAGLLSSPFVA RSGQEPQPSGSCTRS HRRLSVHHLVHHHHH HHHHYHLGNGTLRVP 515
Rat-H FSEPGSCYEELLEYV GHIFREVERRSLRLY ARWQSREWREKVDPSS TVHGQGPGRRPRRAG RRTASVHHLVYHHHH HHHHHYH----FSHG 538
Rat-I YAEPGDCYEEIFQYV CHILRKAKRRALGLY QALQNRRQAMG---- - iz PG 468
Rat-G RASFEIQDRDANGSR RIMLPPPSTPTPSGG PPRGAESVHSFYHAD CHLEPVRCQAPPPRC PSEASG--------= ==-= RTVGSGEVIPT 592
Rat-H GPRRPSPEPGAGDNR LVRACAPPSPPSPGH GPPDSESVHSIYHAD CHVEGPQERARVAHS IATAASLKLASGLGT MNYPTILPSGTVNSK 625
Rat-I TPAPAKPGPHAKEPS HSKLCPRHSPLDP-- = -—— = 496
Rat-G VHTSPPPEILFDKAL VEVAPSPGPPTLTSF NIPPGPFSSMHELLE TQSTGACHSSCEISS PCSKADSGACGPDSC PYCARTGAGEP-ESA 681
Rat-H GGTSSRPKGLRGAGA PGAAVHSPLSLGSPR PYEKIQDVVGEQGLG RASSHLSGLSVPCPL PSPQAGTLTCELKSC PYCASALEDPEFEFS 715
e i TPHTL VQPISAILASYPSSC PHCQHEAGRRPSGLG 531
Rat-G DHVMPDSDSEAVYEF TQDAQHS-------—— DLRDPHS---R-RRQ RSLGPDAEPSSVLAF WRLICDTFREIVD3E YFGRGIMIATLVNTL 758
Rat-H GSESGDSDAHGVYEF TQDVRHGDCRDPVQ(Q PHEVGTPGHSNERRR TPLRKASQPGGIGHL WASFSGKLRRIVDSK YFNRGIMAAILVNTL BO5
Rat-I STDSGQEGSGSGGSA EAEANG-—---==-! D GLOSREDGVSSDLGK EEEQEDGAARLCGDV WRETRKKLRGIVD3K YFNRGIMMATILVNTV 613
II-s81 II-52 II-S53 II-54
Rat-G SMGIE QPEELTN ALEISNIVFTSLFAL EMLLELLVYGEFGYI PYNIFDGVIVVIS VWEIVGQQGGGL. RTFRLMREVLELVRFL 849
Rat-H SMGVE QPEELTN ALEISNIVFTSMFAL EMLLELLACGRLGYI PYNIFDGIVVVIS VWEIVGQADGGQ RTFRLLRVLELVRFL 895
Rat-I SMGIE QPEELTN ILEJCNVVFTSMFAL EMILELAAFGLFDYL PYNIFDSIIVIIS IWET IADSGL. RTSRLLERVLELVRFM 703
II P-LOOP II-S85
Rat-G PALQROQL NVATFCMLLMLFIFI FSILGMHL 'AS ERD-GDTLPL: SLLWAIVTVFQILTQ EDWNEVLYNGMASTS 938
Rat-H PALRRQL TMD |NVATFCMLIMLFIFI FSILGMHL SL ETDSGDTVPD! SLLWAIVTVFQILTQ EDWNVVLYNGMASTS 985
Rat-I PALRRQL NVATFCMLLMLFIFI FSILGIDI SL RTDTGDTVED! SLLWAIVIVFQILTQ EDWNVVLYNGMASTT 783
II-S6
Rat-G YFIALMTFGN YVLFNLLVAILVEGF QAEGDATKSESEPDF FSPSVDGDGDREERL A-----===== LVAL GEHAELRKSLLPFLI 1018
Rat-H YFVALMTFGN YVLFNLLVAILVEGF (AEGDATRSDTDEDK TSTQLEGDFDELRDL R-ATEMEMYSLAVTP NGHLEGRGSLPPPLI 1074
Rat-I ASLYFVALMTFGN YVLFNLLVAILVEGF QAEGDANRSYSDEDQ SSSNLEELDKLPEGL DNRRDLKLCPIPMTPE NGHLDP--SLPLGRH 881
Rat-G IHTAATPMSHPKSSS TGVGEALGSGSRRTS SSGSAEPGAAHHEMK CPPSARSSPHSPWSA ASSWISRRSSRNSLG RAPSLEKRRSPSGERR 1108
Rat-H THTAATFMPTPKSSP NLDVAHALLDSRRS- --SSGSVDPQLGDQK SLASLRSSPCTPWGP NSAGSSRRSSWNSLG RAPSLERRNQCGERE 1161
Rat-I LGPAGTMGTAPRLSL QPDPVLVARDSRKSS --VYWSLGRMSYDQR SLSSSRSSYYGPGGR SGTWASRRSSWN--- --- SLEHKPPSAEHE 963
Rat-G SLLSGEGQESQDEEE SSEEDRASP-- --=--A---G SDHRHRGSLEREAKS SFDLPDTLQVPGLHR TASGR--SSASEHQD 1177
Rat-H SLLSGEGKGSTDDEA EDSRPSTGT-----= -===-==-= HPGASPGP RATPLRRAESLDHRS TLDLCPPRPAALLP- ----==-=- TK--FHD 1227
Rat-I SLLSGEGGGSCVRAC EGAREEAPTRTAPLH APHRHHAHHGPHLAH RHRHHRRTLSLDTRD SVDLGELVPVVGAHS RAAWRGAGQAFPGHED 1053
Rat-G CNGKSASGRLARTLR TDDPQLDGDDDNDEG NLSKGERIQAWVRSR LPACCRERDSWSAYI FPPQSRFRLLCHRII 1267
Rat-H CNGQMVALPSEFFLR IDSHEEDAAEFDDDI EDSCCFRLHEVLEPY APQWCRSRESWALYL FPPQNRLRVSCQEVI 1317
Rat-I CNGRMPNMAKDVFTK MDDRRDRGEDEEEID YTLCFRVREMICCVY KPDWCEVREDWSVYL FSPENKFRILCQTII 1143
III-52 III-S3

SAERIFLTLSNYIFT AVFLAEMTVEVVALG WCFGEQAYLRSSWNV LDGLLVLISVIDILV SDSGTKILGMLR 1357

STERAFL NYIFT AIFVVEMMVEVVALG LLWGEHAYLQSSWNV LDGLLVLVSLVDIIV SAGGAKILGVLR 1407

STERIFLTWSNYIFT AIFVGEMTLEVVSLG LYFGEQAYLRTDWNV LDGFLVFVSIIDIVV S BSAGGRKI[EEE— 1232

Fic. 1. Primary structure of the rat brain «, g, a5, and «,; T-type calcium channels. Transmembrane regions (S1-S6) and pore regions
(P-loop) are boxed, while dashes represent gaps introduced to align the three full-length ¢cDNA sequences.

profiles, and divalent ion permeabilities. We also find evidence
for the generation of multiple «,; variants by alternative splic-
ing and for the unique developmental and spatial expression of
a1, o1, and a;p T-type calcium channels in the rat CNS.

MATERIALS AND METHODS

Molecular Cloning of Rat Brain T-type Channels—To identify novel
calcium channel subtypes, oligonucleotides were designed based on

structurally conserved elements found in all cloned mammalian HVA
calcium channels (rat brain «,;,, GTCAAAACTCAGGCCTTCTA and
AACGTGTTCTTGGCTATCGCGGTG; rat brain a,5, GTGAAAGCACA-
GAGCTTCTACTGG and AACGTTTTCTTGGCCATTGCTGTG; rat
brain a;o, GTTAAATCCAACGTCTTCTACTGG and AATGTGTTCTT-
GGCCATTGCGGTG; rat brain «;,, GTGAAGTCTGTCACGTTTTAC-
TGG and AAGCTCTTCTTGGCCATTGCTGTA; rat brain «,, GTCAA-
GTCGGCAAGTGTTCTTA and AATGTATTCTTGGCTATCGC). The
oligonucleotide sequences were subsequently utilized to “screen” the
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III-S4 III P-LOOP
Rat-G VLRLLRTLRPLRVIS RAQGLHLVVETIMSS LHPIGNIVVICCAFF IIFGILGVQLFEGKF FVCQGEDTRNITNKS DCAEASYRWVRHKYN 1447
Rat-H VVRLLRTLRPLRVIS RAPGLKLVVETLISS LRPIGNIVLICCAFF IIFGILGVQLFKGKF YYCEGTDTRNITTKA ECHAAHYRWVRRKYN 1497
Rat-I --RLLRTLRPLRVIS RAPGLKLVVETLISS IGNIVLICCAFF IIFGILGVQLFKGKF YHCLGVDTRNITNRS DCVAANYRWVHHKYN 1320

III-85 III-S6
Rat-G [FDNLGQALMSLFVLA SKDGWVDIMYPGLDA VGVDQQPT PWM LLYFISFLLIVAFFV LNMFVGVVVE! C RQHQEEEEARRREEK 1537
Rat-H [FDNLGQALMSLFVLS SKDGWVNIMYDGLDA VGIDQQPVQNHNPWM LLYFISFLLIVSFFV LNMEVGVVVE C RQHQEAEEARRREEK 1587
Rat-I |FDNLGQALMSLFVLA SKDGWVNIMYNGLDA VAVDQQ PWM LLYFISFLLIVSFFV LNMEVGVVVEN RQHQEAEEARRREEK 1410

IV-s1 Iv-382
Rat-G RLRRLEKKRRSKEKQ MAEAQCKPYYSDYSR FRLLVHHLCTYHYLD LFITGVIGLNVVTMA MEHNQQPQILDEALK ICNYIFTVIFVFESY 1627
Rat-H RLRRLERRRR-—--- -- KAQRRPYYADYSH TRRSIHSLCTYHYLD LFITFIICLNVITMS MEHYNQPKSLDEALK YCNYVFTIVFVFEAAR 1670
Rat-I RLRRLEKKRR----- -- YAQRLPYYATYCP TRLLIHSMCTSHYLD IFITFIICLNVVTMS LEHVNOPTSLETALK YCNYMFTTVEVLEAV 1493
Iv-53 Iv-54
Rat-G VAFGFRRFFQIJR WNQLDLAIVLLSIMG ITLEHIEVNLSLPIN PTIJRIMRVLRIARV LKLLEMAVGMRALIH TVMQOALPQVGNLALL 1717
Rat-H VAFG] R WNQLDLAIVLLSIMG IALEHIEMNAALPIN PTIJRIMRVLRIARV LKLLEMATGMRALLD TVVQALPQVGNLGLL 1760
Rat-I VAFGLRRFFKOR WNQLDLAIVLLSVMG ITLEEIEINAALPIN PTIIRIMRVLRIARV LKLLKMATGMRALLD TVVQALP LL 1583
IV _P-LOOP V-85 IvV-56

Rat-G FMLLFFIFAALGVEL FGDIECDETHPCEGL GRHATFRNFGMAFLT LFRVSTGDNWNGIMK| DTLRDCDQES---TC SPIYFVSFVL 1804
Rat-H FMLLFFIYAALGVEL FGRLECSEDNPCEGL SRHATFTNFGMAFLT LFRVSTGDNWNGIMK|DTLRECTREDKHCLS YLPALSPVYEVTFML 1850
Rat-I FMLLFFIYAALGVEL FGI NDENPCEGM SRHATFENSARAFLT STGDNWNGIMK| DTLRDCTHDERTCLS SLQFWSPLYFVSFVL 1673
Rat-G TAQFVLVNVVIAVLM KHLEESNKEAKEEAE LEAELELEMKTLSPQ PHSPLGSPFLWEGVE GVNSTDSPKPGAPHT TAHIGAASGFSLEHP 1894
Rat-H VAQFVLVNVVVAVLM KHLEESNKEAREDAE MDAEIELEMAQGSTA QPPPTAQESQGTQPD TPNLLVVRKVSVSEM LSLPNDSYMFREVAP 1940
Rat-I TAQFVLINVVVAVLM KHLDDSNKEAQEDAE MDAEIELEMAHGLGP CPGPCPG-—————-— —————————————m= ———=— - 1725
Rat-G TMVPHPEEVPVPLG- ———————=—======= =====m—————ooee ——ooe PDLLTVR--~ -—— KSGVSRTH 1923
Rat-H AAAPHSHPLQEVEME TYTGEVTSAHSPPLE PRASFQVPSAASSPA RVSDPLCALSPRGTP RSLSLSRILCRQEAM HSESLEGKVDDVGGD 2030
RAt—T ——m oo oo e e mm e m e e 1725
Rat-G SLPNDSYMCRNGSTA ERSLGHRGWGLPKAQ SGSILSVHSQPADTS CILQLPKDVHYLLQP HGAPTWGAIPKLPPP GRSPLAQRPLRRQAA 2013
Rat-H SIPDYTEPAENMSTS QASTGAPRSPPCSPR PASVRTRKHTFGQRC ISSRPPTLGGDEAEA ADPADEEVSHITSSA HPWEATEPHSPEASP 2120
RAE=I == e e e e e o m e P CPCPCPCPCAGPRLP 1741
Rat-G IRTDSLDVQGLGSRE DLLSEVSGPS-CPLT RSSSFWGGSSIQVQQ RSGIQSKVSKHIRLP APCPGLEPSWAKDPP ETRSSLELDTELSWI 2102
Rat-H TASPVKGTMGSGRDP RRFCSVDAQSFLDKP GRPDAQRWSSVELDN GESHLESGEVRGRAS ELEPALGSRRKKKMS PPCISIEPPTKDEGS 2210
Rat-I TSSPGAPGRGSGG—— ————====mm===m= mmmmmmmmmmmmme e AGAGGDTES HLCRHCYSPAQETLW LDSVSLIIKDSLEGE 1793
Rat-G SGDLLPSSQEEPLFP RDLKKCYSVETQSCR RRPGFWLDEQRRHSI AVSCLDSGSQPRLCP SPSSLGGQPLGGPGS RPKKKLSPPSISIDP 2192
Rat-H SREPPAAEGGNTTLRR RTPSCEAALHRDCPE PTEGPGTGGDPVAKG ERWGQASCRAEHLTV PNFAFEPLDMGGPGG DCFLDSDQSVTEEPR 2300
Rat-I LTIIDNLSGSVFHHY ASPDGCGKCHHDKQE TGLHPSCWGMT-—-- - 1834

Rat-G PESQGSRPPCSPGVC LRRRAPASDSKDPSV SSPLDSTAASPSPKK DTLSLSGLSSDPTDM DP
Rat-H VSSLGAIVPLILETE LSMPSPDCPEKEQGL YLTVPQTPLKKPGST PATPAPDDSGDEPV- --

Rat-I

2254
2359
1834

Fic. 1—continued

entire Caenorhabditis elegans genome data base (ACeDB) and resulted
in the identification of five potential voltage-dependent ion channels in
C. elegans (cosmids and reading frames: C11D2.6, C27F2.3, C54D2.5,
C48A7.1, and T02C5.5). Three of the C. elegans genes (C54D2.5,
C48A7.1, and T02C5.5) were determined to represent homologues of rat
and human calcium channels expressed in nerve, muscle, and cardio-
vascular tissues, while the other two genes (C11D2.6 and C27F2.3)
represent novel four domain-type ion channels. The T02C5.5 open read-
ing frame encodes the unc-2 gene, which is a calcium channel «, subunit
homologous to the mammalian a;,, a;5, and a;5 subtypes, while
C48A7.1 encodes egl-19, a nematode calcium channel «, subunit homol-
ogous to the mammalian a,q, a;p, a3, and a;g L-type channels. Mam-
malian homologues of the C. elegans C54D2.5 reading frame were
identified by “screening” the GenBank™ expressed sequence tag data
bank with C54D2.5. Four of the resulting human expressed sequence
tags (H55225, H55617, H55223, and H55544) were judged to encode
novel calcium channel-like proteins. Utilizing these sequences, syn-
thetic oligonucleotide primers were generated and used to amplify
human brain total RNA and identified a 567-bp fragment corresponding
to a portion of human brain ay;.

The 567-bp human polymerase chain reaction (PCR) fragment was
labeled by random priming and used to screen 750,000 plaque-forming
units of a rat brain ¢cDNA library enriched for cDNAs greater than 4 kb
(26). After four rounds of screening, 28 positives were isolated, and their
ends were sequenced. Of these, 19 encoded for «,, four for a,y, and five
for the a;; subunit. The full-length rat brain «;q, a4, and a;; clones
were assembled in pBluescript SK from overlapping ¢cDNAs. Both
strands of the full-length clones were sequenced using a modified
dideoxynucleotide protocol and Sequenase version 2.1 (U.S. Biochemi-
cal Corp.) and then subcloned into the vertebrate expression vector

pCDNA-3 (Invitrogen).

Isolation of a;; Splice Variants—Isoforms of the «;; subunit were
identified by DNA sequence analysis of multiple rat brain «;; cDNA
clones. To confirm that the clones represented bona fide expressed
transcripts, reverse transcriptase and PCR (RT-PCR) was performed
with total rat brain RNA. The reactions consisted of 1 ug of RNA, 1X RT
buffer, 10 mm dNTPs, 5 units of RT (Life Technologies, Inc.), and 10
pmol of the 3'-oligonucleotide at 42 °C for 90 min. The 50-ul PCR was
composed of 1 ul of rat brain cDNA/RNA, 1X PCR buffer, 1.25 mm
dNTPs, 2 units of Taq polymerase, and 20 pmol of each oligonucleotide
(variant 1, 5'-ACTCTGGAAGGCTGGGTGGAG-3' and 5'-GAGAACGA-
GGCACAAGTTGATC-3'; variant 2, 5'-ATGGGTACTGCCCCCCGCCT-
CTCA-3" and 5'-CAAGGATCGCTGATCATAGCTC-3’; and variant 3,
5'-ATCCGTATCATGCGTGTTCTGCG-3' and 5-CCACTGGCAGAGCT-
GTACACTG-3'). The reactions were preheated for 15 min at 95 °C
followed by 35 cycles of 30 s at 95 °C, 20 s at 55 °C, and 1 min at 72 °C.
The fidelity of all three variants and the wild type a;; cDNA was
confirmed by sequencing of both strands.

Deduction of Intron-Exon Boundaries—To confirm that the «y; iso-
forms represented alternatively spliced variants of the a;; gene, PCR
was used to amplify portions of rat genomic DNA flanking the regions
of interest. Oligonucleotides on either side of the putative introns were
synthesized for use in the PCR to determine splice variants (as above).
The 50-ul PCR was composed of 1 ng of rat genomic DNA, 1X PCR
buffer, 1.25 mm dNTPs, 2 units of Tag polymerase, and 20 pmol of each
oligonucleotide. The reactions were placed into a preheated PCR block
for 15 min at 95 °C followed by 35 cycles (30 s at 95 °C, 20 s at 55 °C, 1
min at 72 °C). The PCR products were separated by electrophoresis
through a 1.5% agarose gel, blotted to a nylon membrane, and then
probed with a y-*?P-radiolabeled intron-specific oligonucleotide probe to
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Fic. 2. Alternatively spliced iso-
forms of the «,; T-type channel. A,
schematic structure of the T-type a, sub-
unit and primary structure comparing
differences between wild type oy, sub-
unit and three other «;; variants isolated
by ¢cDNA cloning from rat brain. B, com-
parison of ¢cDNA and rat genomic DNA
sequence of the oy, ay1y, @1, and a4 B
isoforms.
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FYN---FILL

O1T-a VARDSRKSSYWS |/
Ul1T-c VAR-—-===-YWS

1T-a POVG—————— e MNLA
®1T-4 POVGVLACLHSVQLCOLNLA

04 Intron

—

TTC TAC AAC ttc att tat gtccagttggegactg........cocaceetttctccag TTC ATT CTG

_Cqalitron P F 1L

Oy Intron

GTG GCC CGG 'gac tct cgg aaa age agt  glaccetttca......tecccacgetcag TAC TGG TCC

v

AG GTG GGC GTC CTG GCC TGC TTA CAC AGT GTA CAG CTC TGC CAG TGG giectic... tecticcag AAC CTG GCC
3 vV G C L HS VvV L ¢ a L M L

identify the genomic band of interest. Fragments hybridizing to the
probes were cut out and cloned into pGem-T Easy (Promega), and their
DNA sequence was determined.

RNA Isolation and Northern Blot—Total cellular RNA was isolated
from adult rat tissues; Northern blot analysis was performed with RNA
size markers (Life Technologies), total RNA (30 ug/lane) from spinal
cord, pons/medulla, cerebellum, striatum, hypothalamus/thalamus,
hippocampus, cortex, olfactory bulb, and whole brain; and separated
through a 1.1% agarose gel containing 1.1 M formaldehyde and then
transferred to Hybond-N nylon membrane by capillary blot. Hybridiza-
tion was performed independently for each a, subunit, and the radio-
labeled probe was allowed to decay between probe hybridization. North-
ern blot hybridization conditions utilized 5X SSPE, 0.3% SDS, 10 pg/ul
tRNA, 30 pg/pl salmon sperm blocking DNA, and a random-primed
c¢DNA probe that corresponds to nucleotides 2523-3397 of the a4 clone,
3568—-4426 of the a, clone, or 3391-4231 of the o,; cDNA clone.

Reverse Transcription and Polymerase Chain Reaction—To detect
low levels of T-type channel expression, RT-PCR analysis of T-type
channel expression within different brain regions was performed. The
reaction consisted of 1 ug of RNA, 1X RT buffer, 10 mm dNTPs, 5 units
of RT (Life Technologies), and 10 pmol of the a, oligonucleotide (5'-C-
AGGAGACGAAACCTTGA-3') ayy; oligonucleotide (5'-GGAGACGCGT-
AGCCTGTT-3'), or ay; oligonucleotide (5'-CAGGATCCGGAACTTGTT-
3’) at 42 °C for 90 min. From this reaction, 5 ul was removed and added
to a 50-ul PCR composed of 1X PCR buffer, 1.25 mm dNTPs, 2 units of
Taq, 20 pmol of the 3'-oligonucleotide, and 20 pmol of the 5'-oligonuc-
leotide (a;5-5'-TCAGAGCCTGATTTCTTT-3', a;4-5'-GACGAGGATA-
AGACGTCT-3', or a;-5'-GATGAGGACCAGAGCTCA-3’). The react-
ions were placed into a preheated PCR block for 35 cycles (1 min at
95 °C, 45 s at 55 °C, 45 s at 72 °C). The PCR products were separated by
electrophoresis through a 1.5% agarose gel, blotted to a nylon mem-
brane, and then probed with a y-*2P-radiolabeled oligonucleotide probe
specific for each of the three channels. As a positive control, 1 ug of RNA
from each brain region was amplified by 35 cycles (1 min at 95 °C, 30 s
at 55 °C, 30 s at 72 °C) with a-tubulin oligonucleotides (5'-CAGGTGT-
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CCACGGCTGTGGTG-3" and 5'-AGGGCTCCATCGAAACGCAG-3’).

Transient Transfection and Electrophysiology—Human embryonic
kidney cells (HEK293; tsa-201) were grown in standard Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal bovine serum
and 50 units/ml penicillin streptomycin to 80% confluence. Cells were
maintained at 37 °C in a humidified atmosphere of 95% O, and 5% CO,,
and every 2-3 days they were enzymatically dissociated with trypsin-
EDTA and plated on 35-mm Petri dishes 12 h prior to transfection. A
standard calcium phosphate procedure was used to transiently trans-
fect cells. Rat oy (3 pg), rat oy (3 pg), and rat oy; (3 pg) calcium
channel subunits were cotransfected with CD8 (2 pg) marker plasmid,
and 15 pg pBluescript SK carrier DNA for a total of 20 ug of cDNA.
Transiently transfected cells were selected for expression of CD8 by
adherence of Dynabeads as described previously (27).

Functional expression in transfected cells was evaluated 24—-48 h
after transfection using the whole-cell patch clamp technique (28). The
external recording solution contained (unless otherwise noted) 2 mm
CaCl,, 1 mm MgCl,, 10 mm HEPES, 40 mM TEA-CI, 92 mm CsCl, 10 mMm
glucose, pH 7.2. The internal pipette solution contained 105 mm CsCl,
25 mm TEA-Cl, 1 mm CaCl,, 11 mm EGTA, 10 mm HEPES, pH 7.2.
Whole-cell currents were recorded using an Axopatch 200B or 200A
amplifier (Axon Instruments, Foster City CA), controlled and monitored
with a PC running pCLAMP software version 6.03 (Axon Instruments).
Patch pipettes (Sutter borosilicate glass BF150-86-10) were pulled us-
ing a Sutter P-87 puller and fire-polished using a Narishige microforge,
and they showed a resistance of 2.5-4 megaohms when filled with
internal solution. Series resistance had typical values of 7-10 megao-
hms and was electronically compensated by at least 60%. Whole-cell
currents never exceeded 2 nA, limiting errors in voltage to a few mV.
Only cells exhibiting adequate voltage control (judged by smoothly
rising current-voltage (I-V) relationship and monoexponential decay of
capacitive currents) were included in the analysis. The bath was con-
nected to ground via a 3 M KC1 agar bridge. Gigaohm seals were formed
directly in the external control solution, and all recordings were per-
formed at room temperature (20—24 °C). Data were low pass-filtered at
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Fic. 3. Northern blot analysis of T-
type calcium channels in the rat cen-
tral nervous system. Autoradiograms
are shown of Northern blot hybridization
of a;, a1y, and a;; cDNA probes specific
to the II-III linker region of each channel
subtype. Each lane contains 30 ug of total
RNA. The sizes of the a;q, oy, and aq;
transcripts were determined using RNA
standards (Life Technologies, Inc.). Auto-
radiograms were exposed to film for 3
days at —80 °C with intensifying screens.
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2 kHz using the built-in Bessel filter of the amplifier, and in most cases,
subtraction of capacitance and leakage current was carried out on-line
using the P/4 protocol. Recordings were analyzed using Clampfit 6.03
(Axon Instruments), and figures and fittings utilized the software pro-
gram Microcal Origin (version 3.78).

Data Analysis and Modeling—Calcium current activation curves
were constructed by converting the peak current values from the I-V
relationships to conductance using the equation gCa = I,.,/(V, — E¢,),
where I, is the peak calcium current, V, the command pulse poten-
tial, and E, the apparent calcium reversal potential obtained by linear
extrapolation of the current values in the ascending portion of the I-V
curve. Conductance values were then normalized and fitted to standard
Boltzman relations: g/g,,.. = (1 + (exp(=V — V, ;. )/k,)) — 1, where g is
the peak conductance, g,,., is the maximal peak calcium conductance,
V.5, is the midpoint of the activation curve, and %, is the activation
slope factor. Steady-state inactivation curves were obtained by evoking
calcium currents with a test depolarization to —30 mV applied at the
end of 15-s prepulses from —120 to —50 mV. The steady-state inacti-
vation curves were constructed by plotting the normalized current
during the test pulse as a function of the conditioning potential. The
data were fitted with a Boltzman equation: I/I .. = (1 + exp((V —
Vo5/k;)) — 1, where I is the peak current, I, is the peak current when
the conditioning pulse was —120 mV, V and V ;; are the conditioning
potential and the half-inactivation potential, respectively, and %, is the
inactivation slope factor.

The electrophysiological properties of the a;, a1y, and a;; channels
were modeled using modified Hodgkin-Huxley equations for T-type
calcium channels produced by Huguenard and McCormick (29). The
values for voltage-dependent activation and inactivation, as well as the
time constants for activation, inactivation, and deactivation were ob-
tained from whole-cell recordings of a;, oy, Or a;; using 2 mM calcium
as the charge carrier. These values were substituted for the data ob-
tained from recordings of T-type calcium currents of juvenile rat
thalamic relay neurons (29). Simulated current clamp recordings of
thalamic relay neurons were generated using the C-Clamp software
program based on the major currents of these cells (30) and substitution
of o, @y, Or oy for the native T-type currents.

RESULTS

Screening of an expressed sequence tag data bank with the
C. elegans C54D2.5 open reading frame described several uni-
dentified human expressed sequence tag sequences (H55225,
H55617, H55223, and H55544), which were then used to design
synthetic oligonucleotides and amplify a 567-bp «,; subunit
fragment from human brain total RNA (see Ref. 21 for an
alternative strategy). Utilizing the human 567-bp fragment as
a probe, full-length rat brain ¢cDNAs homologous to C54D2.5
were isolated from a rat brain ¢cDNA library and shown by
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sequence analysis to encode three different members of the
T-type calcium channel family («a;q, oy, and ayp) (Fig. 1).
Similar to HVA calcium channels and sodium channels, all
three putative rat brain T-type channel subunits possess four
structural domains linked by intracellular loops, a conserved
pore region (P-loop), and voltage sensors (S4 segments) in each
of the four domains. In contrast to the HVA calcium channel
subunits, which all possess a conserved glutamate within their
P-loops, the T-type channels have aspartate residues substi-
tuted in domain III and IV P-loops. Additional differences from
HVA channels include no apparent B-subunit binding site in
the domain I-II linker (31) and no EF hand region (32) or
calmodulin binding site (33, 34) in the carboxyl tail.

While the a;g and a4y subunits encode proteins of 2254 and
2359 amino acids (aa), respectively, the a;; subunit encodes for
a significantly shorter protein of 1826 aa, which is mostly due
to a shorter domain I-II linker (199 aa for a,; versus 345 and
368 aa for o, and oy, respectively) and a shorter carboxyl tail
region (77 aa for a;; versus 433 and 493 aa for a;q and a;y,
respectively). The overall conservation of aa sequence is high-
est between the a;; and a;p subunits (56% identity), with the
ayp protein having 53% identity to o,y and 49% identity to ayg.
Most of the sequence conservation is found in the membrane-
spanning regions with substantially less identity in the car-
boxyl tail and putative intra- and extracellular loops.

Sequence analysis of additional «;; cDNAs showed that at
least four a,; variants are expressed in rat brain. Compared
with the “wild type” «y;, isoform, the predicted primary se-
quence of the a;, variant is missing three residues (FIY) in
domain I S6, the «y;. variant has a six-aa deletion in the
domain II-IIT linker, and the «y;4 variant contains a 13-aa
insertion in the putative cytoplasmic linker between domain IV
S4 and S5 (Fig. 2A). Since variations in cDNA sequence may be
due to RT artifacts, it is important to confirm that putative
variants are in fact encoded in the genome. Along this line, rat
genomic DNA was examined in the regions flanking the puta-
tive splice junctions of the a;; variants. Fig. 2B shows that the
Q11 O1e a0d aqpq variants all result from the apparent use of
alternative 5’ splice junction sites. In the case of «y;4, the
alternative 5’ junction matches the 5’ GT splice consensus site,
while in a;1; and ayr the 5’ sites are nontypical TT and GA
intronic junctions. RT-PCR of adult rat brain RNA confirmed
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Fic. 4. RT-PCR to detect a,g, oy,
and «,; T-type calcium channels in 011 _
rat brain RNA. A, 1 ug of total adult rat
RNA was used in the RT-PCR with oligo- — - -
nucleotides specific to a;q, aqy, @, and
a-tubulin. B, RT-PCR to detect «;; and Tubulin

tubulin mRNA in 1 pg of RNA isolated
from juvenile rat brain regions. PCR
products were electrophoresed through a
1% agarose gel, blotted to nylon mem-
brane, and probed with a [y-*2P]JATP ra-
diolabeled oligonucleotide specific to each
channel subtype.

B

Juvenile brain oy

Adult brain Ol

Tubulin expression

that all four a; variants are expressed in the rat CNS (data not
shown).

Regional expression of the a;g, @iy, and «;; subunits was
carried out by Northern blot using the unique domain II-III
linkers of each channel as a probe and total RNA isolated from
different brain regions of adult rats. The ;g probe (Fig. 34)
hybridized to a single band at ~ 10 kb in all brain regions,
while the oy probe hybridized (Fig. 3B) to a single band at
~8.5 kb in all brain regions. In contrast, the a;; probe hybrid-
ized to an ~11-kb mRNA found only in the adult striatum (Fig.
3C). No a;; mRNA signal was detected in total RNA isolated
from the different brain regions upon exposure of the autora-
diogram for a further 7 days at —80 °C with intensifying
screens.

The selective expression of a;; mRNA in the adult striatum
is in contrast to the widespread distribution of «; expression
previously reported (23). In an attempt to detect lesser
amounts of mRNA than that possible with Northern blots,
RT-PCR was performed on the same brain RNA samples. Fig.
4A shows that the RT-PCR results confirm the Northern blot
results, with a;; mRNA being detected specifically in the adult
striatum and «;g and o,y expressed ubiquitously throughout
the adult rat brain. Fig. 4B shows RT-PCR to compare «y;
transcripts using total RNA isolated from 6-week-old and adult
rat brain. Within the juvenile rat brain «;; is expressed in all
brain regions, while again «;; is selectively expressed in the
striatum in adult brain. Taken together, these results suggest
the differential expression of «a; calcium channels during CNS
development.

Functional Characteristics of o;q, a5, and a;; Calcium Cur-
rents—Transient expression in HEK cells showed that consist-
ent with low voltage-activated channels the mean current-
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voltage relationships of the a1, a;g, and a;5 channels all
activate at negative potentials (Fig. 5a). All recordings were
carried out using 2 mm calcium as a charge carrier and resulted
from the expression of individual «; subunits alone. Currents
were evoked from a holding potential of —110 mV to voltages
from —90 to 0 mV for oy and ;7 and from —80 to 0 mV for .
Typically, the threshold for current activation under these ionic
conditions was between —80 and —60 mV with peak ampli-
tudes occurring between —45 and —35 mV. Fig. 5, b-d, illus-
trates representative current traces of the three T-type calcium
channels obtained during 150-ms test pulses from —90 to 0 mV.
All of the channels show substantial inactivation during the
test pulse, although ay; shows much slower activation and
inactivation kinetics than a; and a;5. Upon coexpression with
the By, and @,0 subunits associated with the HVA calcium
channels, we did not observe any functional effects on current-
voltage relations, steady-state inactivation, or channel kinetics
(data not shown).

Kinetics of Activation and Inactivation—To further examine
the voltage dependence of the kinetic parameters, records from
each channel subtype were obtained at different potentials, and
both the activation time constant (r,.) and the inactivation
time constant (7;,,.,) Were measured. To quantify macroscopic
activation and inactivation rates, we fitted single-exponential
functions to the activating and inactivating segments of indi-
vidual test currents. Superimposing current traces revealed
distinct activation and inactivation kinetics of the three chan-
nel types (Fig. 6a). The «ay; T-type calcium channel activated
and inactivated more slowly than the other two channels, while
a, possessed the fastest activation and inactivation kinetics.

Typical of native T-type calcium currents (3), each of the
cloned rat brain channels showed marked voltage-dependent
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Fic. 5. Voltage dependence of a,;, a,g, and «,y; currents. A, mean current-voltage relationships of Ca?* currents recorded in HEK cells
transfected with oy (filled triangles), a,q (filled circles), and a,y (filled squares). Data were normalized to the peak current observed in each cell
and represent the mean = S.E. from the following number of cells: a ; (n = 5), oy (n = 13), a;y (n = 9). B-D, representative traces of ay; (B), oy
(C), and a, (D) calcium currents evoked by stepping membrane potential for 150 ms to voltages between —90 and 0 mV in 10 mV increments, from
a holding potential of —110 mV. All recordings were done using 2 mM calcium as a charge carrier.

kinetics as both 7, and 7,,. decreased markedly at more
positive potentials (Fig. 6, b—g). The 7, for a; decayed 76.1%
from —45 to —10 mV (n = 13), while in the same range of
voltage for a;y; and «;; the decreases in 7, were 77.6% (n = 9)
and 52.0% (n = 4), respectively. The decrease in 7, for a;q
was 51.7% (n = 4) and 31% for ay; (n = 5) in the range of —55
to —25 mV. The a,4 channel had a larger decrease of 59% from
=50 to —25 mV (n = 9). Both 7., and 7. decayed monotoni-
cally with voltage toward a voltage-independent minimum.
This suggests that voltage-independent transitions must exist
in the pathway from the closed to the open state and from the
activated to the inactivated states in these calcium channels
(35, 36). It is possible that the inactivation process is voltage-
independent and kinetically coupled to the activation process
as has been suggested by Serrano et al. (37).

Voltage Dependence of Activation and Steady-state Inactiva-
tion—A more detailed analysis of the voltage-dependent pa-
rameters revealed distinct differences between the three rat
brain T-type calcium channels. Activation curves for each chan-
nel are plotted in Fig. 5a and show that «;; activation occurs
between —80 and —40 mV, with a V|, 5, of —60.7 mV and %, =
8.39 (n = 6); a; between —70 and —30 mV with V, 5, = —51.73
and &k, = 6.53 (n = 5); and a; between —55 and —25 mV with
Vose = —43.15 and k, = 5.34 (n = 9).

As shown in Fig. 7b, inactivation occurs in the range of —105
to =75 mV, —100 to —70 mV, and —80 to —65 mV for oy, oy,
and oy, respectively. The V,, 5, and k&, values were —93.2 mV
and 4.7 (n = 6), —85.4 mV and 5.4 (n = 5), and —73.9 mV and
2.76 (n = 4) for ayy, oy, and aqyy, respectively. The activation
and steady-state inactivation curves are similar to those of the
native T-type calcium currents present in a variety of excitable
and nonexcitable cells (3, 5-20).

To examine window currents, the activation and inactivation
curves were plotted for each channel (Fig. 7, c—e). The results
suggest that although channel open probability is likely to be
low, incomplete inactivation and the high driving force for
calcium may permit a significant and continuous influx of
calcium into the cells within the voltage range of the window
current. It is also noticeable that the window currents occur at
a negative range of voltages for the three T-type calcium chan-
nels close to the value of the resting potential of many cell
types.

Deactivation Kinetics—One distinguishing feature of native
T-type channels is their slow rate of deactivation after removal
of membrane depolarization. The time constant of the decay is
~10 times slower for LVA channels (2-12 ms) (3, 10) than for
HVA channels (<300 ws) (38, 39). The rate of deactivation,
which reflects the rate of channel closing, was measured as the
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Fic. 6. Voltage dependence of kinetics parameters of activation and inactivation. A, current traces illustrating a comparison of the
temporal course of a;;, a;g, and a;y. Traces were taken at the peak of the IV, normalized and superimposed for comparison. B-D, plot of mean
values for activation constant (7,.,) against command voltage (V) for a;; (n = 4), a;¢ (n = 13), and a5 (n = 9). Smooth lines correspond to an
exponential fit of the data with an e-fold change per 9.34, 15.8, and 13.27 mV for o, a;¢, and a,y, respectively. E-G, plot of mean values for

inactivation time constant (7,

inac

obtained by fitting a single exponential to the decay phase of calcium current) against command voltage for a,; (n =

5), a;¢ (n = 4), and a,y (n = 9). Smooth lines indicate single exponential voltage-dependence of 7. with e-fold change per 5.16, 7.85, and 7.46 mV
for ayy, oy, and ayyy, respectively. Error bars represent S.E. H, plot of mean values of 7., and 7., at =25 mV.
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Fic. 7. Voltage-dependent activation and steady-state inactivation of a,, @,;, and «a,4 calcium currents. A, activation curves. The
current amplitude was converted to conductance by assuming a calcium reversal potential extrapolated from the linear, positive slope region of the
I-V curve. The conductance at each potential was normalized to the maximum conductance and was averaged for each step potential. The symbols

represent pooled data from ay; (filled triangles, n =

5), ay¢ (filled circles, n = 4), and a,y (filled squares, n = 9). Solid lines represent the fitting

with Boltzman equations with half-activation voltages (V, 5,) of —60.7, —51.73, and —43.15 mV and slope factors (%) of 8.39, 6.53, and 5.34 for «,,
a,g, and agy, respectively. B, steady-state inactivation curves. The membrane potential was stepped to —30 mV from holding potentials ranging
from —120 to —50 mV. The normalized peak amplitude of the currents elicited by the test pulse to —30 mV was plotted as a function of the holding
potential. These data were fitted with a Boltzman equation (smooth curves). Half-inactivation voltage (V, ;) and slope factor (k,) were —93.2 mV
and 4.7 (n = 6), —85.4 mV and 5.4 (n = 5), and —73.9 mV and 2.76 (n = 4) for a,; (open triangles), a,q (open circles), and o,y (open squares),
respectively. c—e, activation and inactivation curves were plotted in the same graphic and expanded to show window currents for each channel: a;;

(©), ayg (D), and g (E).

rate of decay of the tail currents at different repolarizing po-
tentials. Tail currents of ay;, a;g, and oy were fitted with
single exponentials, whose time constants of decay (74,,.) de-
creased at more negative repolarization potentials (Fig. 8a). At
—120 mV, the values for 74,,. were 1.63 = 0.1 (n = 3), 1.15 =
0.073 (n = 6), and 0.61 = 0.82 (n = 4) for a;q, a;;, and oy,
respectively. Fig. 8, b—d, shows the tail currents obtained dur-
ing different repolarizing pulses from —120 to —40 mV applied
after a test pulse of —40 mV for «;q and a;; and —30 mV for
ay5. The kinetics of the tail currents for all three T-type chan-
nels were faster at more negative repolarizing potentials, indi-
cating a strong voltage dependence of the deactivation process.
The slow rate of deactivation would allow a significant calcium
influx after short action potentials (40), enabling neurons to
control their excitability by regulating the activation of calcium-
dependent potassium channels responsible for the after poten-
tials hyperpolarizing.

Barium Versus Calcium Permeability—Typically, native T-
type calcium channels have been characterized by their distinct
permeability to divalent ions. In most instances, T-type chan-
nels are either equally permeable or more permeable to calcium

than barium, usually indicated by a smaller whole-cell current
when barium is used a charge carrier (8, 41-43). In HEK cells
transfected with o, (Fig. 9), substitution of 2 mm calcium with
2 mM barium resulted in a significant decrease in the current
amplitude and a small shift of the I-V curve in the hyperpolar-
ized direction (V5 = —45mVin 2mMBa, V5 = —52.4in 2mm
calcium, n = 3). Cells transfected with «;; showed equivalent
amplitude currents when 2 mm calcium was replaced by 2 mm
barium, without a significant shift in the I-V curve (n = 8).
Most interestingly, rat a;; had significantly larger currents in
2 mM barium than in 2 mMm calcium (n = 7). At all potentials
explored, there were no major changes in the kinetics of a4,
aqp, and a4 currents using the different charge carriers (data
not shown).

DISCUSSION

This study is the first both to describe the molecular cloning
and functional expression of three T-type calcium channel a4
subunits (a;g, oy and «;y) from the same species and tissue
and to compare their biophysical properties in 2 mm calcium
saline. We find significant molecular and functional differences
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Fic. 8. Voltage dependence of deac-
tivation kinetics. A, plot of mean deac-
tivation time constants (7,,,.) against re-
polarization potentials. Data represent
mean and S.E. for the following number of
cells: a;; (n = 6), oy (n = 3), and o,y (n =
4). Deactivation time constants were de-
termined by fitting tail currents (B-D)
with a single exponential. B-D, repre-
sentative calcium current tail traces of ay;
(B), a;¢ (C), and o,y (D). Currents were
evoked using the following voltage proto-
cols: a 9-ms step to —40 mV for «,, a
20-ms step to —50 mV for «;;, and a 6-ms
step to —30 mV for a,y followed by repo-
larization to potentials from —120 to —40
mV.
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between the channel types that may help both in understand-
ing the diversity of native T-type channels and in elucidating
their physiological roles. The major novel insights include 1)
that at least four alternatively spliced variants of the ay; T-type
calcium channel are expressed in the CNS, 2) that, compared
with the ;¢ and a4 T-type channels, «4; exhibits a distinct
developmental and spatial expression profile, 3) that in iden-
tical external 2 mMm calcium saline the a5 and «q; T-type
channels exhibit voltage-dependent properties that are signif-
icantly different from those previously reported, and 4) that
modeling of the ayg, oy, and a;; channels in thalamic relay
neurons indicates that the three T-type channels probably con-
tribute to distinct oscillatory and bursting behaviors.

Northern blot and RT-PCR experiments examining juvenile
brain regions showed that the ;g a;5, and «a;; T-type calcium
channels were expressed ubiquitously in the spinal cord, cere-
bellum, pons/medulla, striatum, hypothalamus/thalamus, hip-
pocampus, cortex, and olfactory bulb (Figs. 3 and 4B). It has
been suggested that T-type calcium channels have a role in
tissue development, and reports for vascular smooth muscle
suggest that T-type channels are expressed only during the
G;-S phase of the cell cycle (for a review, see Ref. 3). The
widespread expression of the three different T-type channels in
the juvenile rat brain suggests possible roles in cell division,
growth, and proliferation of the nervous system.

In the adult nervous system, while «;; and a;y were ex-
pressed in all brain regions examined, aq; transcripts were
selectively expressed in the striatum. Our results for «;q and
aqp are essentially in agreement with those reported by Talley
et al. (23), who showed high to moderate «;5 and «;y; expres-
sion in the olfactory bulb, hippocampus, striatum, cortex, thal-
amus and hypothalamus, and, to a lesser extent, in the sensory
ganglia. However, in contrast to our studies, Talley et al. (23)
reported the widespread expression of the a;; T-type channel in
many adult rat brain regions. Furthermore, while Perez-Reyes
et al. (21) reported that o, hybridizes to two mRNAs of ~8.5
and 9.7 kb in rat brain, we find that «;g only hybridizes to a
single ~10-kb mRNA. Interestingly, the 8.5-kb a;; mRNA
reported previously (21) is similar in size to that for a;y and
suggests the possibility of probe cross-reaction. Previous elec-
trophysiological studies have shown that a small percentage of
adult rat neostriatal neurons have measurable LVA calcium
currents (44, 45). It is likely that «;; constitutes at least some
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of the native LVA current in these striatal neurons and that
this channel may be involved in the burst firing typical of type
I globus pallidus neurons (Ref. 46; also see Fig. 10).

In comparing the primary structure of the rat brain o, a1y,
and «,; T-type calcium channels, a prominent difference is the
shorter length of the «;; calcium channel. As shown in Fig. 1,
the shorter a;; predicted protein is mainly the result of shorter
domain I-II linker and carboxyl tail regions. When aligned with
the domain I-IT linkers of a; and a;y, the shorter length is the
result of «;; possessing several large gaps, most noticeably a
gap that omits a histidine repeat found in the «a;; and ay.
Another feature of the a;; subunit is the short 77-amino acid
carboxyl tail, which is due to a stop codon (TAA) at positions
5458-5460 of the a;; cDNA sequence and which is likely to be
the result of alternative splicing (47). The sequence of the rat
ayp carboxyl tail reported here is similar to that reported by Lee
et al. (24) and distinct from the human «,; subunit reported by
Monteil et al. (48).

We find that at least four «y; T-type variants are expressed
in the rat CNS. Transient expression of the a;;. and oy 4
variants in HEK cells shows that they result in functional
T-type channels (data not shown), although a detailed analysis
of their biophysical properties remains to be undertaken.
Taken together, the data suggest that multiple variants of
T-type channels are expressed in the CNS. Since single aa
substitutions can have dramatic effects on channel properties,
it is likely that sequence differences between «;, a1y, and aq;
channels themselves, as well as between isoforms resulting
from alternative splicing, probably account for many of the
biophysical differences reported for native T-type calcium
channels.

Expression of a;, a5, and oy7 subunits in HEK tsa201 cells
produced calcium currents with many characteristics of native
T-type channels, although significant differences exist between
the three subtypes. For example, «q; channels activate and
inactivate at the most negative potentials, while the a;y sub-
type displays the most positive activation and inactivation
voltage range. These results differ from those reported by
Klockner et al. (49), who showed similar inactivation values for
a1, aq5p, and oqp channels. The discrepancy between their and
our findings may be explained by the use of different expression
systems (transient transfection versus stable cell lines), differ-
ent solution composition, or primary sequence differences aris-
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ing from different species (human a;; was used in the Klockner
et al. study and rat a;p in the present study). Our results also
differ from those of Monteil et al. (48), who showed that the
human «4; activated and inactivated at more positive poten-
tials compared with the human ayq.

In addition to voltage-dependent differences, channel kinet-
ics were also distinct for each of the three rat brain T-type
calcium channels; «; activated and inactivated with the fast-
est kinetics, while «;; exhibited the slowest kinetics. Most
native T-type calcium channels exhibit inactivation time
courses with 7, values in the range of the «;; and «p inacti-
vation time constants. However, some native T-type channels
with kinetics similar to «;; have been described in thalamus
and hippocampus (3). It has been suggested that «;; might
correspond to the slow T-type channel present in juvenile tha-
lamic reticular neurons (24, 57), although our results indicate
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significant differences between «;; and the native thalamic
slow T-type channel. For example, a,; exhibits slower inacti-
vation kinetics (7, = 112.8 ms at —20 mV compared with ~80
ms for the native T-type slow current), more negative activa-
tion and inactivation characteristics, and importantly, also pos-
sesses a different divalent ion permeability profile than the
slow T-type current in thalamic reticular neurons (Ref. 24; see
Fig. 9).

Human neuronal «;g and a;; T-type channels have recently
been characterized (48, 50). Comparison of the human and rat
a; properties shows that they share some similarities, includ-
ing activation threshold and inactivation and deactivation ki-
netics, although they significantly differ in their steady-state
inactivation profiles (V, ; = —86 mV for rat versus —75 mV for
human). Comparison of the rat and human «;; channels shows
that the human «,; activates and inactivates at more positive
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, Thalamic relay neurons

Fic. 10. Simulated current clamp
recordings of thalamic neurons con-
taining «,g, a,5, and a,; T-type chan-
nels. A, rebound spikes generated by
stimulation with 500 pA of hyperpolariz-
ing current for 200 ms in juvenile tha-
lamic relay neurons (29, 30). B, substitu-
tion of a,q for the native T-type currents
in the model cell generates oscillatory
spiking behavior. C, in contrast to a,, a;;
substitution elicits rebound burst spiking
in the simulated thalamic neuron. D, the
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replacement of native T-type current pa-
rameters with those of a4 caused only a
single rebound spike in response to
hyperpolarization.

potentials (V, 5 activation = —40.6 mV for human oy versus
—60.7 mV for rat a,;). Additionally, the steady-state inactiva-
tion profile of the rat a;; is significantly more negative (V,, ; =
—93.2 mV) compared with that for the human oy; (V5 =
—68.9).

T-type channels typically deactivate ~10 times slower than
HVA calcium channels, including R-type channels (51). In
agreement, the three rat brain T-type channels were found to
deactivate slowly with 74, values of 1.63, 1.1, and 0.61 ms for
a1, @iy, and a;y, respectively. This observation is in agree-
ment with the results reported for a;; and a;; by Klockner et
al. (49). However, in contrast to the human o, ; T-type channel,
we found that the rat a, deactivated faster than the other two
rat brain T-type channels. Moreover, we observed only a fast
component of the tail current and not the slow component
reported by Williams et al. (25) for a;¢ from the human med-
ullary thyroid carcinoma cell line.

All three rat brain T-type channels display a steady-state
inward window current over a negative range of potentials that
is close to the resting potentials of many cell types. A continu-
ous influx of calcium at resting potentials through T-type chan-
nels may play a significant role in cellular physiology and has
been implicated in mediating cell growth and proliferation in
response to growth factors in cardiac cells (52), in the secretion
of aldosterone in adrenal granulosa cells (18), and in matura-
tion and differentiation of spermatogenic cells (53). Addition-
ally, an increase in the window current of T-type calcium chan-
nels has been implicated in the pathophysiology of genetic
cardiomyopathy in hamsters (54), in cytokine-induced pancre-
atic beta cell death (55), and in motor neuronal toxicity in
spinobulbar muscular atrophy (56).

Generally T-type calcium channels display divalent ion per-
meation characteristics such that peak currents are either
similar or smaller upon replacement of calcium with barium (3,
8, 41-43). In agreement, in this study we showed that both o,
and aq; peak whole-cell currents were smaller or similar when
barium replaced calcium as the charge carrier. In contrast, a;y
displayed larger whole-cell currents in barium than in calcium.
Our findings for o,y differ from those of Williams et al. (25),
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who showed that human ;¢ from a medullary thyroid carci-
noma cell line possesses larger currents when calcium is used
as the charge carrier. Examination of the residues implicated
in selectivity (the aspartates and glutamates in the P-loops) did
not suggest any obvious differences in human and rat o,y
subunits that could explain their distinct permeabilities. The
only noticeable change between the human a;y and rat a;y
P-loops is a serine to threonine substitution at the beginning of
the P-loop of domain IV.

Although similar efficiency of calcium and barium as current
carriers is generally characteristic of the T-type calcium chan-
nels, there are examples of T-type currents in native cells that
are more permeable to barium than to calcium. One example is
the T-type current present in rat thalamic reticular neurons
(57). It has been recently reported by Serrano et al. (58) that
conductance differences between calcium and barium through
a;; channels are due to distinct effects of magnesium on cal-
cium and barium currents. These authors showed a voltage-de-
pendent block with 1 mM magnesium preferentially affected
inward current carried by barium. However, in the present
study a;g, barium and calcium currents were recorded both in
the presence and absence of external magnesium, and whole-
cell peak barium currents were still larger than calcium cur-
rents (data not shown).

In thalamic neurons, the generation of bursting activity ap-
pears to be a major function of the T-type channels, although
this type of electrical behavior differs greatly between neurons
in different thalamic nuclei (3). For example, thalamic reticular
neurons display longer lasting bursting behavior as compared
with thalamic relay neurons (29, 57). To correlate the proper-
ties of the three rat brain T-type calcium channels described in
this study with native thalamic T-type currents, we substituted
the electrophysiological properties of ay¢, a3, and a4y for the
properties of the native T-type current in a simulated model of
a juvenile thalamic relay neuron (29, 30).

As shown in Fig. 10, the model thalamic relay neurons have
a distinct rebound spiking profile, which consists of a high
frequency burst followed by lower frequency oscillatory spikes.
Substitution of «;q for the native channel in the model causes
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the oscillatory firing pattern to decrease in frequency, and the
high frequency bursts are eliminated. An electrophysiological
comparison of a;g with the native T-type channel in thalamic
relay neurons (29) indicates many similarities but enough dif-
ferences to alter the role in modifying electrical behavior. In-
terestingly, «;;-substituted model neurons showed distinct
high frequency burst firing typical of many types of thalamic
neurons including juvenile thalamic reticular neurons (3). Also
of interest, the rat a;y T-type channel only produced a single
rebound spike in this model thalamic cell. Taken together,
these studies suggest that the three classes of rat brain T-type
channels are likely to make distinct contributions to cellular
electrical properties and intracellular calcium levels and that
they play unique roles in neuronal physiology and
development.
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