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Summary sulunits, theal subunit, which contains 4 homologous
o o ) transmembrane domains encompassing the pore, the
1. Constriction of cerebral arteries is considered Qgjtage sensor and the selectivity filtend the auxiliary
depend on L-type voltage-dependent calcium channel§pnitss, 025 andy. Theal subunits hae been classified
(VDCCs), havever mary previous studies ha wed ¢ Cal.l, Cal2, Cal3, Calé (Ltype VDCCs),
antagonists with potential non-selgetiactions. Our aim Caz2.l (PIQ-type VDCCs), G2.2 (N-type VDCCs),
was to dete.rmine the expression and function of VDCCs i@?av2.3 (Rtype VDCCs), G@8.1, Cg3.2 and Cg3.3
the rat basilar artery. _ (T-type VDCCs) (see Table 1 for details; fovimvs see
2. The relatve expression of VDCC subtypesas Perez-Rges, 2003 Lacinova, 200%). The T-type or
assessed using quantit&iFCR and immunohistochemistry transient, rapidly inactiting VDCCs possess a vier
and the data were correlated withypiological studies of membrane potential threshold for @etion than the other
vascular function. Domains | to Il of the T channel subtypegyannel subtypes¢70 mV), and hence are calledmo
expressed in the rat basilar artery were cloned aRgiage acwated; the remaining sen channels being high
sequenced. o voltage actiated? Interestingly the Ttype currents
3. Blockade of L-type channels with nifedipine hadgcorded from manvascular smooth muscles are wattéd

no effect on ascular tone. In contrast, in the presence ¢f more positie woltages (-30 to -50 mV) and are
nifedipine, hyperpolarization of short arterialgseents ,activated more slowly than those in other tissties.

produced relaxation,_ while depolarization of quiescent Traditionally, it is believed that L-type or long lasting
segmentswoked constriction. VDCCs control tone of cerebral arteries, such as the basilar

4. mRNA and protein for L- and T-type VDCCS grtery as hese channelsauld be open and stay open at the
were strongly.mpressed in the main basilar artery a_nd sidg.embrane potentials experienced bpsaular smooth
branches, with Cg.1 and Cgl.2 the predominant ysciein vivo (-30 to -50 mV). The most reliable studies
subtypes. _ T have invdved the specific L-type VDCC bloek

5. T-type VDCC bloclers, mibefradil, pimozide and pjfedipine, which decreased agonist-induced vascular tone
flunarizine, decreased intracellular calcium in smootf the pasilar artery of the dag, rat®” and rabbif? as
muscle cells, relaxed and hyperpolarized arteries, whilga as spontaneously acquired tone in the “®cand
nickel chloride (100uM) had no efect. In contrast 10 (appit1t Nevertheless, nifedipine did not completelyesse

nifedipine, nimodipine produced yperpolarization and ,gonist-induced contraction of basilar arteries of adulfrats,

relaxation. _ _ dog¢ and rabbit$, nor did it decrease vascular tone of the
6. When arteries were relaxed with U73122,5qjar artery in young raf8.

(phospholipase-C inhibitor), in the presence of nifedipine, Mary other studies, in which L-type VDCCs Ve
40 mM KCI evoked depolarization and constriction, which heen suggested to contraseular tone of the basilar artery
was sgnificantly reduced by mibefradil. ~ have wsed VDCC blockers such as nimodip#i&? Indeed,
7. Sequencing of domains I-Il vealed splice nimodipine has been the most commonly used
variants of Cg3.1 which may impact on channel activity. gihydropyridine in studies conducteith vivo which have
8. We mnclude that vascular tone of the rat basilafjemonstrated control of pialessel diameté? However,
artery results from calcium influx through n'fed'p'ne'nimodipine has been shown to block nifedipine-insergsiti
insensitve VDCCs with pharmacology consistent WithVDCCs, in addition to typical L-type chann®g® and is
Cg,3.1, T-type channels. more potent than nifedipine in decreasing agonist-induced
vasoconstriction in cerebral arteritst®27 Together these
data suggest that other VDCCs could beolved in the
\oltage dependent calcium channels (VDCCs) ar@gulation of cerebreascular tone and could explain wh
transmembrane proteins which pide influx of calcium L-type bloclers do not decrease vasoconstriction during
for a variety of intracellular activities in excitable cells. Invasospasni;?8although nimodipine is effeot:.?°
blood \essels, this calcium entry produceseconstriction Recently L, T and N-type VDCCs were identified
and blockers of VDCCs ka keen used to treat and electropysiologically characterized in whole cell patch
cardiovascular disorders. VDCCs consist of fdient clamp studies using isolated smooth muscle cells of the dog

Introduction
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Table 1. Subtypes and functional expression of VDCCs.

Family | Former | Structural Antagonists Common location
name nomenclature
a,q Ca,1.1 Dihydropyridines
e Ca,1.2 e.g. Nifedipine
a, Ca,13 N@soldi_pi_ne
Nimodipine .
L a,r Ca 1.4 Cardiovascular systen

Phenylalkylamines
e.g. Verapamil
Benzothiazepines
e.g. Diltiazem

P/IQ A, Cg,2.1 w-agatoxin IVA

w-agatoxin IVB
w-conotoxin MVIIC

N a,p Caq,2.2 w-conotoxin GVIA Brain
w-conotoxin MVIIA
R ae Caq,2.3 SNX-482
as Ca,3.1 M.ibefrgdil
oy Ca,3.2 Pimozide
Nickel chloride Brain
T a,, Ca,3.3 ) ]
Kurtoxin Cardiovascular systen
Flunarizine
Nimodipine

basilar artery’ However, isometric tension studies to Electrophysiological studies

identify the physiological significance of these currents . i }

were inconclusie & they were conducted in the presence  The pia was pinned firmly ver the vessels to

of concentrations of nimodipine and mibefra@ithat facilitate stable intracellular impalements. Segments of the
would have mixed actions on both L and T-type chanrféls. primary branch of the basilar artery were cut to lengths of
The aim of the present studyawtherefore to irestigate the 300-500um to enable changes in membrane voltage by
functional significance of VDCC subtypes in the intact rfUrent injection. Intracellular voltage recordings were
basilar artery and its smaller side branches, using nifedipif#de in continuous current clamp mode (Axoclamp 2B,
to specifically block L-type VDCCs.We have also A>.<on Instruments, USA), using sharp mtracgllular
determined the relat expression of VDCC subtypes usingMicroelectrodes (100-200 @ 0.5 M KCI). Resting
quantitatre FCR and immunohistochemistry and correlated€mbrane potential (RMP) was defined as the most
these data with physiological studies of vascular functioR€3&ive membrane potential during membraneltage
Finally, we have cloned and sequenced domains | to I Op;scﬂlanons. Current app!lcatlon was performed using the
the T channel subtypeg@essed in the rat basilar artezy single elgctrpde dlscontmgous current clamp mode and
previous mutagenesis studiesvkaidentified these gions SIOW  switching  frequencies of 300Hz.  Electrode
as containing sequences which may alter voltagting capacitance was minimized bgédping solution hels low,
speed of inactation and surface x@ression of the dipping the electrode tips in silicone and compensated by

channels$031 monitor?n.g the head stageoltage. Hyperpolariziqgand
depolarizing current steps were applied. Recordings were
Methods low-pass filtered (cut 6frequenyg of 100 Hz). Recordings

_ ) ~ of membrane potential and diameter changes were acquired
All experiments were performed in accordance with &myitaneously in the region where the cefisimpaled at
protocol appreed by the Animal Experimentation Ethics sample rates of 200 Hz. Experiments were performed in

Committee of the Australian National Waisity. Male kreps solution at 33-34°C as previously descritfed.
Wistar rats aged 14-17 days were anaesthetized with ether

and euthanized by decapitation. The braiaswgently Calcium imaging

removed and placed in cold isolated vessel dissectinfjedy . ) ]
(IVDB) containing (mM): 3  3-(N-morpholino) The pia was gently remed from t.he arteries, which
propanesulphonic acid (MOPS); 1.2 N&@,; 4.6 glucose; WEr€ pinned in a narvo well created in a sylgard (Do
2 pyruvate; 0.02 EDTA(Na); 0.15 albumin; 145 NaCl; 4.7c0orming Corporation, USA) coated \aslip, in a 1 mL
KCl; 2 CaCl; 1.2 MgSQ, A rectangular section of the recording chamberPreparations were incubated inpb/

meninges, containing the basilar artery and its main afgra-2 acetoxymeghester (Fura-2 AM) and measurements
secondary branches was isolated. of changes in intracellular calcium concentration made as
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Table 2. Ca,, Primer sequences.

Channel PCR Primers 3-3' Expected Product
Forward (above), Reverse (below) Size

Ca,l.1 CCAATAAGATCCGCGTCCRIGTC 146 bp
CAAGGATCTGATTCCTCATGGAGT

Ca,1.2 GAAGATTGCCCTGAATGACACCAC 160 bp
CAGACTCTGGAGCACACTTCTTGC

Cq,1.3 TCCAGCAGGAAATTCGGTGTGTCA 189 bp
TCGGTCGTGCTTGRAGGAGTAATG

Ca,14 AACTGGGCCRGTGATGATGATGG 186 bp
AGGGACTTCCTGTTCCTCATTCTG

Ca,2.1 TCAAGAAAGCAGCATGAAGGAGAG 181 bp
CGCTGTCTGAGRGCCATCAGTTC

Cq,2.2 TGATGGCACCAGCATCAACCGACA 122 bp
TTGCCCAGGCAAGACAGCATGATT

Cq,2.3 TCGGAGTGGAACCCTTCAATGAG 107 bp
AGCGATTGCTGTTCCTGGAATTGT

Ca,3.1 AGTCAGGCTCCATCTTGTCCGTTC 204 bp
TCCAGGGAGTCAGTCCTRTTGCT

Cq,3.2 CGACCAAGTTCCATGACTGCAACG 145hbp
CAGCACTTTGTGTAGACGGAAGCA

Cq,3.3 GCACGAGGACTGCAATGGCAGAAT 120 bp
CCGGAAACACAGGGTATAGTCGAT

3.1domainl  TAGCTTCACGCAGCTCAACGACCT 1215hp
GTGCTAGCATTGGACAGGAATCGT

3.1 I-ll Linker CAACACCACCTGTGTCAACTGGAA 1269 bp
AGCCTCCAGAAAGCCAGCACAGAA

3.1 domain Il GGCTTTCTGGAGGCTGATCTGTGA 856 bp
GCTCTTTCGRGTTCCGCGTGTTC 925 bp

3.2domainl  AGCTCTGGCTGCCACAGTCTTCTT 1267 bp
GGTACTGCTGGGATCCACCTTCTT

3.2 I-ll Linker ACAACATTGGCTACGCTTGGATTG 1069 bp
TCTGAGCCACTGAATTCAAACTCG

3.2 domain Il GTGAGCTGAAGAGCTGCCCPRATT 1014 bp

TAGACGTCTTATCCTCGTCGGTGT

previously described? Change in calcium concentrationT-type currents in vascular smooth muscle.{1C.1-0.2
was determined by the ratio of the fluorescence emissiquM), but can inhibit L-type channels at concentrations >
recorded at 510 nm folldng alternate 340 and 380 nm1uM.?® Mibefradil was therefore used at UM as
excitation (F, In some gperiments calcium @s previously shavn.3334 Concentrations of the other drugs

340/380" ; :
were chosen on the basis oftype channel blockade in

measured in the same preparation as intracelldlage
recordings by making a small hole in theedying pia for other studies: pimozide 3@M,3°3¢flunarizine 100uM.236
Nifedipine was used to block L-type VDCCs (1, aBI).

access of the Fura-2 AM.

NiCl, (100 uM) was used to differentiate the actions of
Cq,3.2 channels (Ig 13 uM), from Cg,3.1 and Cg3.3
250uM?7).
Sources of drugs were: 1-(6-((38-methoxyestra-1,

Measurement of vessel diameter

Diameter was simultaneously measured WiﬂqCSO
DIAMTRAK, an edge-tracking computer prografWhen

combined with calcium imaging studies, images we
collected under infrared illumination (Hamamatsu Hig
Performance Vidicon Camera, Japan).

Drugs and solutions

As there are no highly selesti Ttype bloclers
currently aailable, we hae wsed 3 structurally diérent
drugs, mibefradil, pimozide and flunarizine, whichvéa
been shown to block-fiype channel$® Mibefradil blocks
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ﬁS(lO)-trien-l?-yl) amino) hel)-1H-pyrrole-2,5-dione

73122; Phospholipase C inhibitor) (BIOMOLA R SA);
nifedipine, nimodipine, mibefradil (Sigma Chemical Co.,
MO USA); 2-aminoetildipheryl borate (2-APB; IR
receptor inhibitor) (Calbiochem, Germany); rétkchloride
(BDH Laboratory Supplies, England), pimozide (Sigma
Chemical Co., MO USA), flunarizine (Fluka Biochemika,
Switzerland). U7312%as dssohed in IVDB at 2 mM and
diluted to 10uM in Krebs solution. Stock solutions of
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nifedipine (10 mM) and nimodipine (20 mM) wereconstructed by amplification of knm quantities of plasmid
dissohed in 100% ethanol and 2-APB (60 mM) in DMSODNA containing the cloned PCR products that were
Appropriate dilutions of ethanol and DMSO in Krebsdetected by semi-quantite¢i FCR, i.e. Cgl.2, Cql.3,
solution showed no fects on either contractions orCa,3.1, Cg3.2, and Cg2.3. ClonedPCR products were
depolarizations. Pimozide and flunarizine were digmblv confirmed by sequencing (ABI 3730 Capillary Genetic
directly in Krebs solution. Other drugs were prepared amalyser ACRF Biomolecular Resourceaéility, JLSMR,
x1000 stocks in distilled ater and diluted in Krebs ANU).

solution. Krebs solution containing 40 mM KClas/ PCR reaction mixtures (25L) were prepared using

prepared by equimolar replacement of NaCl. the SYBR Green Core Reagents Kit (Applied Biosystems)
_ and contained 0.6 U of Amplitaq Gold, 800 nM of each

Analysis primer, ImM dNTPs, 1X SYBR Greenuffer, 3mM MgCl,

and 10 ng cDW or 5 pL diluted plasmid containing the

cloned insert of interest. Duplicate reactions were
s performed in the ABI Prism 7700 Sequence Detection
§ystem (Applied Biosystems) at 95°C for 12 min, ¥0les

Effect of drugs and current steps on restiggsel
diameter (RVD), membrane potential andlicalcium vas
determined relate © values in control solution a

previously!? Data were analysed with paired t-tests fo

. . f 95°C for 10 s, 67°C for 10s for a1, Cg 1.2, Ca 1.3
le d d with ANOVA followed by t-tests © ’ , g L.s, Lyl

single crugs anc with oneay oriowed by -1ests Cq,3.2; 65°C for Cg2.3; and 61°C for 15s for 18S rRRIN

using Bonferroni correction for multiple dru sure.
g P 94 followed by 72°C 60s.

Values are means S.E.M. of n preparations, each from a h : ¢ all of th adetermined i
separate animal. Results were considered significant for € expression ot all ot the geneasadetermined in

p<0.05. each of 3 samples with appropriate controls as described
abore. The integrity of each PCR reaction was clestk
Messenger RN extraction and RT-PCR using dissociation cuevanalysis after eery reaction (95°C
for 15 s, 60°C for 20 s and 95°C for 15 s).
The pia vas remweed from the blood vessels which The coly number in gery sample was normalized to

were placed in RNAlater (Ambion). Pooled arteries fror@xpression of 18S rRNA. Results were ana|yzed for
13-17 rats (n = 5 samples) were snap-frozen in liquigtatistical significance (P < 0.05) using onayvanalysis of
nitrogen, ground in a cold mortar and resuspended in 6Q&jance (ANO/A) and Studeng ttest with Bonferroni
pL of lysis luffer + 1% B-mercaptoethanol. RN was correction for multiple comparisons. Expression of the
isolated using RNeasy minicolumns (Qiagen, USAkame gene in the basilar artery and its branchas w

including DNase digestion (30 min). analysed using paired t-tests.
Messenger RN was reverse transcribed to cDN

(42°C 1h, 50°C 1h, 90°C 10 min) using oligo dT (50@loning and sequencing of &1 and Cg3.2 domains |, II
ngiL, Invitrogen, USA) primers and Superscript Il (200and I-1l linker
U/uL, Invitrogen). For each sample, reactions from which

; ; Using primers designed to span domains I, Il and I-1I
reverse transcriptase was omitted were run to control for e
contaminating DNA. ?lnker of Cq3.1 and Cg3.2 (Table 2), cDM was amplified

Primers were designed to be complementary to tﬁgrough PCR using 0.5 U/reaction of HotMaster TagADN

published rat sequences for each of the pore-formidgy ( Fcl)llym_erase d(.Eppe,ng;:é f G‘;”‘V‘?‘” chdordin? géf,’c ;he
sutlunits of the VDCCs and to include as maknown otiowing conditions. or 2 min, 4ycles o or

variants as possibleTable 2 contains primer sequences an&o_ S gg_g for 30 ‘:’ r2°C for. 80 is flgatbhte of ;ZOC for 5 |
product sizes. PCR conditions for each primer paablg@ min. products were visualize rough agarose ge

3) were determined using posdi ontrols for each electrophoresis and ethidium bromide staining.
subtype, i.e. brain contefor Ca,1.238 Ca, 1.3% Ca,2.22 Single amplicons were purified directly from the PCR
Ca 232 Cav3 12 and C 3%’3{; 7skeIZ\t/aI. ,musfz\lle- for reaction mix. When multiple amplicons were present, the

CaV1.12 retina for C@1.42 cerebellum for C@2.14° and most strongly amplified. bands were purified after
brain striatum for CgB.3#! Reaction mixtures (2Qul) gﬂectrophoress, a}ccordlng to t_he rnamhtﬂrers
contained 500 nM of each primerx(ept 250 nM for |nstruct|ons. .(QIAqwck PCR Pur|f|cat|on.K|t (QG\EN,
Cq,2.2) (Operon, USA), dq polymerase (1 U/reaction), Ugézl Tg;g'ed tPCR Iprg:ducts Werz a@;d |r_1ctjo g;\?
dNTPs (200:M) and 50 ng cDX template. Products were POR4TOPO ector (”"érogef‘) g asmd A
stained with ethidium bromide after electrophoresis of quontammg the cloned products isolated (QlAprep miniprep

. . . it, Qiagen, USA).
agarose gels. Ery experiment included control reaction .
which lacked cDM or contained untranscribed RNA. Both strands of the cloned PCR products of domains
I, I'and I-Il linker of Cg 3.1 and Cg3.2 were sequenced

Quantitative PCR on an ABI 3730 sequencer (ACRF Biomolecular Resource
Fecility). Nucleotide sequences were translated into protein
The basilar artery was separated from its latergking software provided by the Swiss Institute of
branches before RNextraction and reerse transcription. Bijoinformatics (http:/auspasy.org/tools/dna.htmf. The
Quantitatve FCR was used to determine the absoluteycopnucleotide and amino acid sequences of cloned fragments
numbers of VDCC subtypes using standard esirvwere compared with all publiclyvailable Ca sequences
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Table 3. PCR conditions

Channel Number of cycles  Annealing  Extension
Ca,l.1 35 65°C 10 s 72°C10s
Cq,1.2 35 67°C5s 72°C 10s
Cq,1.3 35 67°C5s 72°C 10s
Ca,14 36 67°C10s 72°C10s
Ca,2.1 35 65°C5s 72°C 15s
Caq,2.2 35 67°C5s 72°C 10s
Cq,2.3 35 65°C 10 s 72°C 20 s
Ca,3.1 35 67°C5s 72°C 15s
Caq,3.2 35 67°C5s 72°C 10s
Cq,3.3 35 67°C10s 72°C10s
Cgq,3.1 Domains | and Il and I-1l linker 40 66°C 10 s 72°C 80 s
Cgq,3.2 Domains | and Il and -1l linker 40 66°C 10 s 72°C 80 s

using BLAST softvare and rat genome sequence datd00.1+ 0.6 % RVD in control; P > 0.05; paired t-test, n =
provided by GenBank (http://wwwwcbi.nim.nih.ge). Gene 18; Table 4). Nifedipine produced depolarization (control:
sequences la been deposited in the GenBank database45.1+ 2.1 m\, nifedipine: —-42.8+ 2.3 m\, P < Q05;
(GenBank accession numbers EF116282, EF11628#ired t-test, n = 10), basal calciumdes increased (104.8
EF116284, EF116285, EF116286, EF116287, EF116288,1.4 % F,..,in control; P < 0.05; paired t-test, n = 8;
EU293201). Table 4) and oscillations in calcium in individual smooth
muscle cells became asynchronous, as we ldascribed
previously!?

The basilar artery and side branches were processed A supramaxmql goncentratlon of nifedipine (ABI) .
as wholemounts and incubatedemight at 4°C in rabbit produced an effect similar to that of the lower concentration

antibodies raised against peptides from A 3Ch of 1 “.M’ i'.e' 'v.asomotion we}s abolished,. thg . RMP
(FVCQGEDTRNITNKSDCAEAS) or C8.2 depolarized significantly (control: —462.7 m\, plfedlplne
(YYCEGPDTRNISTKAQCRAAH)® diluted (1:300) in -35+1.9mV.n=4; P <Q05) b.ut there was still no loss of
PBS containing 2% bovine serum athin and 0.2% fiton vgscular tone (9& 1.2 % RVD in control, n = 4; P > 0.05;
X100. Similar incubations were made with commercia'I:.'gurg, 1 A Bl’oTabl\l/? 4).'.I'he'f. sutzdsequent adollltlpn dOf
rabbit antibodies raised against, 84 (1:100; Alomone nimo 'F"F‘e, ( uM)  signi |(?an y lyperpolarize

y . . y ] ] . . 0, H = . .
Cg2.3 (1:300; Alomone Labs). Staining was visualize&e arti”gs_l_(lb?&j's % RVD in control, n = 4; P < 0.05;
after incubation for 3h in Cy3 conjated anti-rabbit 1gG igure 1C; Table 4). e L
(1:100 Jackson Immunoresearch Laboratories In contrast to the effect of nifedipine, application of

Preparations were subsequently incubated briefly in 0.00 Oall lyperpolarizing cu_rrent steps .(_O'l _to —05 nA) to
propidium iodide to label cell nuclei. Serial confocarShort se_gments of basilar artery |mmed|aFer abolished
images were taken of the Cy3 staining throughout the C%(ﬁlsomot'lon (P < 9'05) and Prod.uced relaxatuzn (1_@‘.5
layers of wholemounts and selected sections recombined fo7VP 1N contrpl, P < 0'05.’ pawe@ t-test., n _.20’ Flgu're
visualise the smooth muscle. Specificity of the stainiag W2A’ B). Relaxations were similar in amplitude irrespegti

tested by omission of the primary antibody or preincubatio?'f the size of the current steps (Figure 2A, B) and occurred

of the antibody with a ten-fold excess of the immunogenl('?:vElq for fyperpolarizing _steps that t.OOk the artery MS

peptide. around the most galvg g)tentlal ot')served. during
diameter and voltage oscillations (RMP in alperiments:

Results -45.4+ 0.7 mV, n = 61). Both \asomotion and tone were
restored immediately folleing cessation of the current

Role of nifedipine-insensitive VDCCs in control of vasculapulse (Figure 2A, B).

tone Relaxation was also observed duringatize aurrent

steps in the presence of nifedipine (@d; 103 =+ 0.3 %

DI ﬁdlowﬂgt 3 30 rtm: mcut:/atlor;n F:ierr:c’dv’vh?ﬁ”eSRVD in nifedipine; P < 0.05; paired t-test, n = 6; Figure 2C,
ypically exhibited spontaneous vasomotio CBSV D). Relaxationin the presence of nifedipine as not

2;?'?;[;?18 bi>r/1 t?]SeCIIiLattrlggsllullgr r:;z:rill?rrr?nsonggﬁp;t?(lan agf.qgnificantly different from that in the absence of nifedipine
o mpare Figure 2A, B with C, D, respeety; unpaired t-
individual smooth muscle cells. The L-type VDCC bleck tggt' ga>e0 Og;l € peety; unp
nifedipine (1 pM), abolished vasomotion (n = 18), ' -

lations in wall calcium (n = 8) and membrane potential In some short arterial segments, which were not
osciiiations in wall caicium (n=8)a . P %pontaneously ack, gpplication of positre airrent steps
(n = 10), without significantly affecting vascular tone

Immunohistochemistry
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Table 4. Effect of VDCC blockers on responses of the rat basilar artery

Drug Vessel Vasomotion Basal Membrane
Tone calcium Patential

Nifedipine JuM No effect Abolished Increased Depolarized
(18) (18/18) (8) (10)

Nifedipine 1M No effect Abolished ND Depolarized
(4) (4/4) 4)

Nifedipine 1uM + Relaxed  Abolished ND Hyperpolarized

Nimodipine 1M (4) (4/4) (4)

Mibefradil 1uM Relaxed  Abolished Decreased Hyperpolarized
(13) (13/13) (5) (5)

Pimozide 1M Relaxed  Abolished Decreased Hyperpolarized
(14) (9/14) (6) ()

Flunarizine 100M  Relaxed  Abolished Decreased ND
(7) (5/7) (7)

NiCl, 100uM No effect Decreased frequency ND No effect
(10) (10/10) (6)

Number of experiments in parentheses
ND not determined

A. Control 90 um
Diameter }
80
Membrane potential
4-40 mV
_______________________ ~1-50
1-60
B. Nifedipine 10uM 790 um
Diameter
- 80
Membrane potential
7-40 mV
________________________________________________ 1-50
~-60
C. Nimodipine 10uM+ Nifedipine 10uM
—r oo, 90 M
------------------------------------------------ 80
-40 mV
Membrane potential 50
e N SO — 60

Figure 1. Effect of nimodipine on vasomotion, tone and membrane potential. Application of a high concentration (10
uM) of nifedipine abolished vasomotion and membrane potential oscillations, depolarized the attedes ot afect
vascular toneA, B). Theaddition of nimodipine (1@M) to the Krebs solution containing nifedipjri®perpolarized and
relaxed the arteries(). Dotted lines indicate comparable diameter and membrane potential levels in all traces.
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Figure 2. Hyperpolarization abolishes vasomotion and relaxes basilar artery segments. Application of small hyperpolar
izing currents to short segments of basilar arteries immediately abolished rhythmical depolarizations aaicostand
relaxed the arteriesA, B). Tone and oscillations weme-gained immediately after the cent application was stopped.
Relaxation was similar in amplitude @spective of the size of the current ste&pB). Application of hyperpolarizing cur
rent steps relaxed the arterial segments even in the presence of the L-type VDKeCriifledipine C, D). Dotted lines
indicate resting vessel diameter or approximate resting membrane potential.

(+0.05 to +0.5 nA) wked depolarizations which, if lge significantly different from that in control solution (942
enough, were associated withseconstriction (9.8 1.9 % 3.4 % RVD, n=3; P > 0.05, paired t-testjn contrast,
RVD, n=3) and vasomotion (Figure 3A, B). Aftervasomotion was not observed under these conditions
application of nifedipine (1QM), vasoconstriction was still (Figure 3C, D).

obsened throughout the current pulse and this was not In order to determine the threshold for
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Figure 3. Depolarization induces vasoconstriction of basilar artery segments. Application of depolarizing cuents steps
to short segments of quiescent basilar arteriased vasoconstriction and vasomoti@y B). In the presence of the L-type
VDCC bloder nifediping depolarizing current steps evoked vasoconstriction but not vasom@ia).(

vasoconstriction in the presence of nifedipine, arteries wenifedipine; P < 0.05, n = 4). The membrane potential at
depolarized slowly with 40 mM KCI. In thesgperiments, which constriction as initiated in the presence of
vessels were relaxed and/gerpolarized by blocking the nifedipine was —4& 1.8 mV (n = 6).

phospholipase C pathway with U73122 (10M).12

Application of 40 mM KCI Krebswoked a dow membrane

depolarization to -3@& 3.4 mV (n = 6), and a rise inal

calcium concentration (11¥ 1.2 % F,.q,in U73122 +
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Figure 4. mRNA expression of VDCC subtypes in the basilar artery. Ca, 1.2, Cgl.3, Cg3.1 and Cg3.2 wee drongly
expressed in the basilar arterga, 2.3 was weakly>@ressed. Lanes: +RBasilar artery containing RN and Supescript
Il; =RT, basilar artery containing RN but no Superscript Il; CTpositive control; W control PCR without cDNA. Rat
brain cortex was used as positive control for the PCR reactions fojiCa Cg1.3, Cg2.2, Cg2.3, Cq3.1 and Cg3.2,
skeletal muscle for CA.1; retina for Cg1.4; cerebellum for Cg.1; brain striatum for Cg3.3.

Together these data demonstrate that batbcwiar Table 5. Expression of mRNA for Ca,, subtypes in the
tone and vasomotion are voltage dependent proceages, main basilar artery and branches.
only vasomotion, and not vascular tone, depends @, sub- Basilar Artery Lateral Branches
calcium influx through L-type VDCCs. In contrast to theype

selectve L-type VDCC blockr, nifedipine, the Ca,1.2 1086£157 (3) * 3550t 1541 (3) *

dihydropyridine, nimodipine, produced effects on bo“bq,l. 475+ 79 (3) * 679+ 478 (3) *
vasomotion and vascular tone. Ca 2.3 45+ 10 (3) * 48+ 33 (3) *
MRNA expression of VDCC subtypes in the basilar artery ©&3-1 10730 329 £3) 1482@ 4895 £3)
and branches Cq,3.2  139+33(3) 367+ 113 (3)

i _ Copy numbes for ead subtype ae epressed per 10
_ Strong mREd\ expression for 8‘7‘1'2 (n=3), Ca1.3  copies of 18S rRNAalles ae mean+ S.E.M. with number
(n=3), Cg3.1 (n=3), and (8.2 (n=3) was detected in ot samples in parentheses. * indicates significariedifice

basilar artery preparations, while a3 (n=5) was weakly o corresponding GA.1 epression in coresponding
expressed (Figure 4). Gal, Cgl4 (n = 3), Cg2.1, | egsel.

Cq,2.2 (n = 4) and Gg8.3 (n = 3) were stronglyxpressed

in rat skeletal muscle, retina, cerebellum, brain gostel Protein expression of VDCC subtypes in the basilar artery
striatum, respeately, but were absent from the basilarand branches

artery (Figure 4). o )

Quantitatve FCR shaved that the order okeression _ Strong staining for Q,31 was found intracellularly
was Ca,3.1>Cq1.2>Cq1.3>Cq3.2>Cg2.3 in both the adjacent to the nucleus and in t_he cell membra_mes of the
main and in the lateral branchesa§le 5). Expression of smooth muscle cglls of the basilar artery and_ its smaller
Ca,3.1 was significantly higher than that of the other pide branches (Figure SA)Clear punctate staining for
channels in both the main basilar artery and in the si&1-2 was also found in the smooth muscle cell
branches. Allof the channels tended to be more highlynémbranes (Figure SC)AMeak immunoreactivity could be
expressed in the lateral branches than in the main basifitected for G@.2 (Figure SE), while no staining as

artery dthough this difference did not reach statisticafound for Cg1.3 (data not shen). In the case of G&.3,
significance. the staining was confined to thery outer limit of the
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Role of T-type VDCCs in control of vascular tone

Peptide block Application of the Ttype VDCC blocker mibefradil
(1uM) abolished msomotion (n = 13) and relaxed branches
of the basilar artery (124 3.4 % RVD in control; P < 0.05;
paired t-test, n = 13; Figure 6A; Table 4). Mibefradil
decreased wall calciumves (79 + 6.5 % F, 35, IN
control; P < 0.05; paired t-test, n = 5; notwh, abolished
calcium oscillations in smooth muscle cells (n = 3) and
" hyperpolarized the cell membrane (control: 40.4 m\,
RN mibefradil: ~60+ 3.7 mV, P < Q05; paired t-test, n = 5;
Figure 6A).

The T-type VDCC blockr pimozide (10uM) also
relaxed (109+ 1.8 % R/D in control; P < 0.05; paired t-
test, n = 14), and hyperpolarized basilar arteries (control:
-43+ 2.8 m\, pimozide: -56+ 2.6 mV, P < Q05; paired t-
test, n = 5; Figure 6B;able 4), decreased basal calcium (94
EALEAIY + 1.7 % F, .5 in control; P < 0.05; paired t-test, n = 6),
and decreased the frequegrmd contractions (control: 15.8
1.1 contractions per minute; pimozide: 48 2.1
contractions per minute; P < 0.05; paired t-test, n = 14). In
9 of 14 experiments vasomotion was completely abolished,
and in 4 of 6 gperiments measuring calcium, oscillations in
individual smooth muscle cells were abolished.

Incubation with the Fype VDCC blocker flunarizine
YRS (100 uM) produced relaxation (10& 1.1 % R/D in
control; P < 0.05; paired t-test, n = 7), significantly
decreased basal calciumvéts (94 £ 1.7 % F,; .5, N
control; P < 0.05; paired t-test, n = 7) and the frequefc
vasomotion (control: 13.# 1.4 contractions per minute;
flunarizine: 1.3+ 0.9 contractions per minute; P < 0.05;
paired t-test, n = 7; Table 4). In 5 out of Xperiments
vasomotion was completely abolished.

Figure 5. Protein expression of VDCC subtypes in the Since Cg3.1 and C@3.2 VDCCs were both
basilar artery. Strong staining for Cg8.1 was found ing-  €xpressed — inthe basilar  microcirculation, wlo
cellularly near the nucleus (aowhead) and in the cell concentrations of NiGI(10QuM) were used to diérentiate
membane (white arow) of the smooth muscle cells of thdetween their actions, since the;J@r Ca,3.2 channels is
basilar artery banches (A). Punctate staining was alsol3 UM while the IG, for Ca,3.1 is 250uM.3" At this
found in the cell membrane for (la2 (white arow, C). concentration, there was no significanteef on arterial
Weaker staining for Cg3.2 (E) could be detected (white tone (102+ 1.9 % RVD in control; P > 0.05; n = 10) or
arrows). Stainingor Ca,2.3 appeagd to be confined to the Mémbrane potential (control: ~492.2 mV, n = 6; 100 uM
outer limits of the vessel3]. Stainingfor all antibodies NiCl,: 47 + 3.9 mVi n = 6; P > 0.05), although the
was abolished or greatly reduced by preincubation in thequeng of vasomotion was reduced (frequgnmntrol:
appopriate antigenic peptideB( D, F, H). Transversely 16.6+ 0.8 oscillations per minute; n = 10; 108 NiCl.;:
oriented smooth muscle cells weidentified by nuclear 8-0% 1.9 oscillations per minute; n = 10; P < 0.05; Table 4),

staining with propidium iodide. suggesting that C&.2 VDCCs were not iolved. A
higher non-selectte mncentration of niokl chloride (1

) mM) abolished &somotion (P < 0.05; n = 7) and reddx
vessel and was therefore not considered to be expressedfipries (108t 2.8 % RVD in control; P < 0.05; n = 7),
following incubation of the antibodies against &&, 22 myn=61mM NiCl:-55+5.9 mV n=3:P>005:
Cq1.2 and Cg2.3 with the appropriate antigenic peptidg;npajred t-test). 2
(Figure 5B, D, H) and greatly reduced for the antibodies = Taken together the results demonstrate a role for
against Cg3.2 (Figure SF). Similar results were obtainedrtype VDCCs, of the G8.1 subtype, in providing the

Cgql.2 and CgB.1, were the most stronglyxmgessed
subtypes in the smooth muscle cells of the basilar artery
and branches.
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Figure 6. Effect of T- type VDCC blockers on tone, membrane potential and [Ca];. Application of mibefradil (1M, A)

and pimozide (1@M, B) abolished vasomotion, relaxed and hyperpolarized basilar arteries, abolished oscillations of cal-
cium in individual smooth muscle cells and @ased basal calciumvels. C. After arteries had been relaxed with 2-APB
(60 M) and L-type VDCCs had been bted with nifedipine (1xM), application of 40 mM KCI produced constriction of
basilar arteries (control). This contraction was significantly reduced by mibefradiM{(l1 D. Constriction eoked by 40

mM KCI was similarly attenuated by a high, non-selective concentrationkaf clitoride (1 mM).

* P < 0.05 significantly different from the corresponding control.

Role of T-type channels in vasoconstriction evoked by ~ 2-APB and nifedipine, produced vasoconstriction which
depolarization was dgnificantly reduced by mibefradil {1M; Control: 7.9
) . *+ 1.9 % RVD in 2-APB and nifedipine; mibefradil: 34
In these experiments, arteries were relaxed RQyg o4 RVD in 2-APB and nifedipine; P < 0.05, n = 4;
inhibiting 1P, receptors with 2-APB (GQ*MM) or by Figure 6C) or a non specific concentration of aick
blocking the phospholipase C pathway with U73122 (1fhjoride (1mM; Control: 9.6 1.8 % RVD in 2-APB and
UM). In the presence of nifedipine (M) to block L-type nifedipine; NiClL: 35 + 1.3 % RVD in 2-APB and
channels, 2-APB relaxed the arteries (#086.6 % RVD in nifedipine; P < 0.05, n = 5; Figure 6D). After relaxation
control, P < 0.05). Subsequent application of Krebs solutiggin U73122, in the presence of nifedipine, 40 mM KCI
containing 40 mM KCI, in the continued presence Of,ked vasoconstriction (1% 3.5 % RVD, n = 7), which
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was dso significantly reduced foleing incubation in were sequenced.The 1269 bp fragment was 100%
mibefradil (1uM; 9 + 3.3 % RVD in U73122, nifedipine homologous with sequences, GenBank accession numbers
and mibefradil; P < 0.05; n=7). AF125161 and AF290212. The 867 bp sequence was 100%
These data suggest thaseconstriction \ked by homologous with CgB8.1 sequences, GenBank accession
depolarization results from calcium influx throughnumbers AF125161 and AF290212, except that itddck

nifedipine-insensitie VDCCs. the last 402 nucleotides of exon 9. This exclusion encodes
) 134 amino acids, beginning 114 amino acids into the |-l
Sequencing of T-type channels linker (Figure 7, dotted region).

PCR of domain Il of Cg8.1 from the last 17 amino
acids of the I-Il linker to the start of the II-Ill liek
revealed 2 bands of 856 bp and 925 bBequencing
shaved that the 856 bp bandaw 100% homologous with
fg;renBank accession number AF290212, while the 925 bp
band was 100% homologous with GenBank accession
number AF125161, isolated from insulin-secreting cells.
The 856 bp sequence lacks exon 15, which is present in the
LF 925 bp band. This xen encodes for 23 amino acids
beginning 6 amino acids into the II-1ll linker (see double
Domain | Domain II pomainm] ended arrev indicating insertion in Figure 7).

M A ~ N~ (1]~ ﬂﬁ PCR of domains |, Il and the I-Il linker of C&.2
| 1] \ SAN/ENIN

In order to identify whether the-tJpe VDCCs
expressed in the basilar artery were typical, £a and
Cq,3.2 channels, we cloned and sequenced domains |,
and the I-1l linker rgions. The location of the primers in
the Cg3.1 sequence is shown in Figure 7. Primers used
Cq,3.2 were located in similar regions.

U i ~—] / u} revealed bands with thexpected sizes of 1267 bp, 1014 bp,

L
-~ :; - and 1069 bp, respeedy, and were homologous with the
111l Linker Ca,3.2 sequence, GenBank accession no AF290213.

—
I-1l Linker koF

Discussion

The present study has shown a falintial
2R+ involvement of VDCC subtypes in cerelsascular
function; L-type VDCCs were essential foasomotion,
1F+ while non-L-type VDCCs, with pharmacology matching
P L_{, L‘ that of T-type channels, controlledscular tone. Consistent
with this ptysiological data, real-time PCR and
immunohistochemistry demonstrated expression of both L-
and TFtype channels, with the most highlyxpeessed
subtypes in both the main basilar artery and its smaller side
branches being the (Ja2 and Cg8.1. Sincehe membrane
potential of the smooth muscle cells of the rat basilar artery
in the present study was around -45raMalue similar to
that of cerebral arteries subjected to intraluminal
pressuréd>4® we conclude that the T-type channels
expressed in theseegsels must be aedied and inactiated
at more depolarized potentials, similar to thetyde
channels identified in other blood vessels.

While incubation in the L-type VDCC antagonist,
nifedipine, abolished vasomotion, it had ndeef on
vascular tone of rat basilar arteri&sin contrast, injection
of small typerpolarizing current steps into short arterial
sgments in the presence of supramaximal concentrations
of nifedipine produced immediate relaxation and loss of

Sequencing of domain | of Cal revealed the vasomotion, suggesting that non L-type VDCCs control
expected 1215 bp fragment, including the last 63 amingascular tone. In a comparable fashion, depolarization of
acids of the N-terminus and the first 27 amino acids of thpiiescent arteries led toasoconstriction, despite the
I-Il linker. This showed 100% homology with a1l presence of nifedipine, but did not producgsamotion.
sequences, GenBank accession numbers AF125161 daklen together the results support the conclusion that L-
AF290212. type VDCCs are essential foasomotion but non L-type

PCR of the Il linker of Cg3.1, from 27 amino acids channels are instrumental in determiniraggeular tone in
before the intramembrane portion between IS5 and 1S6 tteese cerebral arteries.

12 amino acids before the beginning of domain Veaéed Support for a role of non L-type VDCCs came from
2 main fragments of 1269 bpXeected) and 867 bp which our quantitatte FCR studies which resaled strong

Figure 7. Schematic representation of the aminoacid
structure of Ca,,3.1. 1F and 1R denote location of forvear
and rewerse primers, @spectively against domain I. LF
and LR denote location of forwgrand reverse primes,
respectivelyagainst I-1l Linker. 2F and 2R denote location
of forwad and rewerse primers, espectively against
domain Il. Rectangle with horizontal linespresents loca-
tion of alpha interaction domain in high volfa activated
calcium dannels. Dottedine represents the appkimate
location and size of deletion in vel splice variant.Dou-
ble-ended arrow epresents apmximate size (left) and
location (right) of insertion in splice variant. Domain IV
not shown. Modified fromdfez-Rges, 2003, Physiol. Re
83:117-61.
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expression of tw L-type (Cgl.2 and Cgl.3) and tw systemic blood pressure regulation since conditional
T-type (Cg3.1 and C@3.2) VDCC channels in the rat knockout of Cgl.2 with the Cre/lox site specific
basilar artery and its branches, with similar re@trRNA  recombination system, and tamoxifen as the inducer
expression showing G8.1 > Cgl1.2 > Cg1.3 > Cg3.2> produced a sere reduction in blood pressure and
Cq,2.3. Atthe protein leel, Ca,3.1 and Cal.2 were both depolarization-induced constrictiorag/absent in resistance
clearly expressed in the vascular smooth muscle cells, whized (100-15(m) skeletal muscle arteriééNevertheless,
much lower lgels of Cg,3.2 were found, GdAl.3 was not T-type VDCCs hae dso been implicated in the function of
detected and G2.3 was confined to the surface of thethe renal microcirculation and a role in renal injury has
vessel. W found no evidence for expression of N-typebeen proposeth:>6
channels (Cg2.2) as described in the dog basilar artéry Cloning and sequencing of domains | to Il of Gd
or of P/Q-type channels (G21) as found in rat renal and Cg3.2 failed to identify ap alterations to
arteriole§”8 suggesting that furtheraviation may occur transmembrane gments, defined in previous mutagenesis
between vascular beds and species. studies}’ that could account for a shift inolage
While nifedipine had no &fct on basilar tone, the dependence of agttion towards more depolarized
subsequent addition of nimodipingoked relaxation and potentials. Indeed, in the case of G2, the entire igon
hyperpolarization, suggesting a non-specific action on othencompassing domains [, Il and the I-ll linker was identical
VDCCs, as previously describéd?® Three putatie Ttype to the sequencesvalable in international databasesn
channel antagonists, mibefradil, pimozide and flunarizinepntrast, sequencing of ¢&1 demonstratedxpression of
produced a similar effect on membrane potential arRisplice variants in the lindr regions. Onewas an nsertion
vascular tone. In the absence of significarpression of in the II-lll linker, previously described in G&.1 channels
other high wltage actiated VDCCs, the data support a roleisolated from insulin-secreting cefwhile the other was a
for T-type channels in this vessel. Sincg, &2 VDCCs are novel deletion in the I-Il linker.
more sensitie © nickel chloride than are G&.1 VDCCs?¥ The I-1l linker has been shm to be important for the
we tested lov concentrations of nickel chloride but foundbinding of auxiliary subunits in higholtage actrated
no effect on either vascular tone or membrane potentishannel® and for modulation of surfacexgressiors?
We therefore propose tha@scular tone in the rat basilarHowever, the absence of gmmodification to the rgion in
artery and its microcirculation is prded by influx of the I-ll linker corresponding to the alpha interaction domain
calcium through nifedipine-insensii VDCCs with in high voltage actited channels suggests that the
pharmacology matching that of T-type,Bal channels. channels xpressed in the basilar artery are no more
We found that depolarization-inducedregulated by auxiliary sumits than are normal -fipe
vasoconstriction produced by 40mM KCI, in the presencehannel$? In contrast, the nal deletion in the I-1I linker
of L-type channel blockade,as initiated at a membraneof Cg,3.1 spans a 402 bp geent encoding 134 amino
potential of —-40 mV Furthermore, this depolarization- acids located in a gion homologous to that shown recently
induced constriction was significantly reduced byo modulate sugce expression of Ga.2 channelg!
mibefradil in the continued presence of ydlhopyridines. Whether &pression of this n@l splice variant results in
Although classical T-type channel®uld be expected to be increased surfacexpression and hence the size of the
closed at these potentidis[-type channels exhibiting a window current of the Cg3.1 channels is yet to be
maximal windev current around -37mV e been determined.
characterized in smooth muscle cells of the dog basilar The insertion of 23 amino acids encoded kgrel5
artery dong with mRM and protein for Cg3.1 and after the end of domain Il of Ca.1 was identical to a
CaV3.3.17 Such channels could therefore contribute tsplice variant isolated from insulin-secreting céfls.
cerebreascular tone as tlye would be open at Interestingly this channel has higheolage actiation and
physiologically releant membrane potentials. Indeed, thevindow current than other T-type chanm&lsand could
T-type currents found in the dog basilar artery wertherefore contribute to the properties found in the present
inhibited by nimodipine and mibefradil which alsostudy Amplification of cDNA from the end of domain | to
produced relaxation of arterialggaentst’ Whether Ttype the end of domain Il indicates that these tplice variants
channels arexpressed and are functional in other parts ahay occur in the same and separate transcripts
the cerebral circulation remains to be determined. (unpublished obseations). Futurestudies are required to
A nifedipine-insensitie VDCC with high wltage determine the relate protein expression and properties of
activation and possessing pharmacological propertidhese splice variants.
resembling T-type channels has been described in terminal We @nclude that non L-type VDCCs are responsible
mesenteric arterioles:2649-51 While the expression of for the maintenance ofgcular tone of the rat basilar artery
T-type channels was notviestigated in these studi€®?® by providing a persistent iravd current at pysiological
others hae $iown that small mesenteric arterioles of <4dmembrane potentials. Our molecular and
um express T-, but not L-type, channels which arémmunohistochemical data indicate that L- andyge
responsible for local and conducted vasoconstriction actiannels are the predominant VDCCs expressed in this
depolarization-induced calcium infl3%>® It seems vessel and our pharmacological data support the
unlikely, howeve, that these peripherally locatedtype involvement of Cg3.1. Cloningstudies hee $own that
channels in the microcirculation are responsible faome of the CgB.1 channels may contain splicariations
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which may modify their properties oxmgression. Type
channels may therefore provide a potentialgearfor
therapeutic control of cerebmscular tone during
vasospastic conditions.
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