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Abstract. Some cells express multiple calcium channelcDNA clone — Intracellular C&f — C&" channels —
isoforms that are likely to have distinct functions. The C&* transport

present study used molecular cloning and antisense tech-

nigues to identify calcium channel isoforms mediating

calcium entry in mouse distal convoluted tubule (DCT) Introduction

cells. The DCT is the major site of hormone- and di-

uretic-regulated calcium transport in the kidney. Cellu-A family of calcium channels has been described in ex-
lar calcium absorption involves entry through apical citable cells that are activated upon membrane depolar-
membrane calcium channels that are sensitive to dihyization and whose members are distinguished by their
dropyridine-type calcium channel antagonists. Partiaunique electrophysiological characteristics and pharma-
cDNA clones corresponding to one isoform of the cal-cological sensitivities (Mori et al., 1993; Perez-Reyes &
cium channeb,; pore-forming subunity,, and one iso-  Schneider, 1995). These channels are multimeric com-
form of the calcium channgb accessory subuni3,  plexes, the properties of which are largely conferred by
were isolated by RT-PCR. Full-length transcripts weretheir pore-forminga, subunit (Mori et al., 1993; Perez-
detected by Northern blot analysis in immortalized DCT Reyes & Schneider, 1995). Homologous genes for six
cells. Antisense oligonucleotides complementary to theypes of a; subunits have been cloned. These corre-
a, ¢ sequence inhibited the rise of intracellular calciumspond to the different classes of high-voltage activated
([Ca™];) induced by the thiazide diuretic, chlorothiazide calcium channels: dihydropyridine-sensitive L-typg 4
(CTZ2), but not that induced by parathyroid hormone ., a;p); w-conotoxin-GIVA-sensitive N-type of;g),
(PTH). However, antisense oligonucleotides comple-w-agatoxin-IVA-sensitive P/Q-typex{,), and resistant
mentary to theB3 sequence inhibited both CTZ- and R-type @,g) channels. The low-voltage activated T-type
PTH-induced rises of [C&];. B3 antisense oligonucle- calcium channel has not been matched to a cloned
otides also inhibited the membrane hyperpolarization insubunit. Many cells coexpress multipdgsubunits iso-
duced by CTZ but not that triggered by PTH. Thus, forms (Perez-Reyes et al., 1990; Mori et al., 1993; Mejia-
members of the voltage-gated calcium channel familyAlvarez, Tomaselli & Marban, 1994; Barry et al., 1285
are expressed in DCT cells, where they are responsibl§chneider et al., 1995). Calcium channels associate with
for hormone- and drug-induced calcium uptake. The reseveral types of auxiliary subunita 43, 8, andvy) that
sults suggest that DCT cells contain multiple calciummay modulate their functional properties (Isom, Jongh &
channels with distinct roles in the regulation of cellular Catterall, 1994; Gurnett, & Campbell, 1996). The most
calcium. studied and best characterized of these ispttsibunit,
which is encoded by a family of homologous genes con-
sisting of at least four different isoforms, designagdd-

B4 (Castellano et al., 1993 Calcium channels are also
expressed in nonexcitable cells where they have impor-
[ tant roles in signal transduction and calcium transport.
Correspondence tcE.L.R. Barry For example, calcium channels with L-type pharmaco-
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logical sensitivities have been described in osteoblastgideoxy sequencing (Sequenase 2.0, United States Biochemical, Cleve-
(Karpinski etal., 1989), Iymphocytes (Akha etal., 1996)1Iand, OH). The produgts were separated by electrophoresis on _8.0%
fibroblasts (Soldatov, 1992)’ pancreaﬁmells (Seino et acrylamide gels (Gel-Mix 8, Gibco BRL). 'Seq.uences were determined

N . . from both strands of the cDNA and multiple independent clones. Se-
al"_ 1992)’ pituitary cells_ (Cataldi et al., 1996) and I(Idneyquence comparisons were performed using online software (Genetics
epithelial cells (Bacskai et al., 1990). Computer Group, Madison, WI).

The kidneys play a central role in calcium homeo-
stasis by regulating calcium absorption from the plasme&1 Subunit
filtrate (Friedman & Gesek, 1993. In proximal tu-
bules, calcium absorption is primarily passive and NOtzeyerse transcription and PCR were performed as previously described
subject to regulation (Friedman & Gesek, 1BR5HOW-  ysing conserved oligonucleotide primers [upstreani: 5
ever, in distal convoluted and connecting tubules, activesTGGGAATTAATCAAGTCCTTCCAGGCCCT-3; downstream: 5
calcium absorption occurs by a transcellular pathway in-CAGGGGATCRAAGTTGTCCATGATGACAGC-3] (Barry et al.,
volving calcium influx through apical membrane cal- 19253’)[-)'\'&13”9“';;"”3;59 ”3”50”9“9”& prirtned_witThrargomzexang,

: : nd c amplification were carried out using the GeneAmp
g:;?m(;hﬁ]nenniEr;ﬁlé(;v%gifgk:ixgu;i%%rzj](;rr?sjs_ggz(i)s'ol\l/laat_tesrj%CR kit (Perkin Elmer Cetus, Norwalk, CT) on 25_0_ ng c_)f Poly' YA
N ! ' PCR was performed under standard reaction conditions in the presence

naga et al., 1994; Friedman & Gesek, 1B93White, o 2.0 mu MgCl, and 0.2um of each primer using an annealing
Gesek & Friedman, 1996). Calcium absorption by distakemperature of 55°C and 30 cycleBanH1 or EcaR1 restriction sites
convoluted tubules is regulated by parathyroid hormonedunderlined) included near the Bnds of the primers were used to
(PTH) and calcitonin, and is also stimulated by thiazidedirectionally clone the products of the PCR reaction into the pBlue-
diuretics (Gesek & Friedman, 198b; Gesek et al., script Il KS-vector (Strgtagene, La Jolla, CA). These prime_rs were
1993). In isolated tubules or clonal DCT cells, PTH a‘ndprewously used to amplify, sanda, , Sequences from lung carcinoma

hi hiazid I Ici . d ilorid cells (Barry et al., 1991) and, . from UMR-106 osteosarcoma cells
chlorothiazide, as well as calcitonin and amiloriae, Caus%unpublished resuljs PCR amplification ofa; sequences was also

a sustained rise of [C§]; that is due to calcium influx performed as detailed previously (Yu et al., 1992) using two additional
and is inhibitable by dihydropyridine-type calcium chan- sets of primers (Cc1/2 and Cc3/4).

nel blockers and L (Bacskai et al., 1990; Gesek et al.,

1992a; Poncet et al.,, 1992; Matsunaga et al., 1994;8 subunit

Friedman & Gesek, 19@). Although the mechanisms

and time course of response varies between these agent&verse transcription and PCR were performed as previously described
in each case calcium entry is associated with membranesing degenerate oligonucleotide primers [B1 (upstreamy: 5
hyperpolarization. The molecular identity of the chan-AAYAAYGAYTGGTGGATIGG-3'; B2 (downstream): 5GCYTT-

nels responsible for apical calcium entry in DCT cells is YTGCATCATRTCIGT-3] (Yu et al,, 1995). In brief, 0.2.g of total
unknown. RNA was reverse transcribed using SuperScript Il reverse transcriptase

. . . Gibco BRL, Gaithersburg, MD) and olido (dT) primers. PCR ampli-
. Mult|ple isoforms of Calc_lum,Channdl andB sub- gication was with Taq polygr]neras)e (Pharmacfia I;igtech, Piscatawayr,J NJ)
units have been detected in kidney (Yu et al., 1992 the presence of am primer and 1.5 m MgCl,, at an annealing
1995). Analysis of microdissected nephron segment$emperature of 55°C. The amplified PCR products were cloned into
suggested that different calcium channel isoforms exhibithe Sma site of pBluescript Il SK(-).
distinct spatial distributions within the kidney (Yu et al.,
1992, 1995). However, the functional roles of the dif- NORTHERN BLOT ANALYSIS
ferent calcium channel isoforms have not been deter-
mlned' The goal _Of the present Stu_dy was to ld_ent'fy theNorthern blot analysis of DCT poly (A RNA was performed as pre-
calcium channel isoforms responsible for calcium entryyiously described using®iP]-labeled probes (Barry et al., 1995
in DCT cells following stimulation with PTH and the Final high stringency washes were in 0.84NaPQ, pH 7.2, 1% SDS,
thiazide diuretic chlorothiazide (CTZ). The results re-1 mv EDTA at 65°C. Autoradiography was carried out at -70°C with
veal that two separate and distinct calcium channels ara" intensifying screen. Quantitative analysis of Northern blots was

responsible for calcium influx following treatment with Performed by phosphorimage capture (Molecular Dynamics, Sun-
CTZ and PTH nyvale, CA) and IPLab Gel software (Signal Analytics, Vienna, VA).

ANTISENSE ANALYSIS
Materials and Methods
Oligonucleotides were introduced into DCT cells during permeabiliza-
tion with streptolysin O (Gibco BRL) using a procedure modified from
PCR,cDNA, CLONING AND SEQUENCING that previously described (Barry, Gesek & Friedman, 1993). Cells in
suspension were incubated with 20 U/ml streptolysin O for 20 min at
The isolation, characterization and culturing of immortalized mouse37°C in the presence of oligonucleotides (sense or antisense). Control
DCT cells have been described in detail (Pizzonia et al., 1992; Gesekells were permeabilized in the absence of oligonucleotides. Cells
et al., 1992,b; Gesek et al., 1993). Poly (ARNA was isolated from  were then washed and plated onto glass coverslips. After 6—65 hr, free
cultured DCT cells using the FastTrack mRNA Isolation Kit (Invitro- intracellular calcium, [C#]; was measuredsée beloy To achieve
gen, San Diego, CA) and used for PCR. PCR clones were sequenced bgaximal antisense inhibition for quantitative analysisR& mRNA,
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Table 1. Antisense oligonucleotide sequences

Sequence, '5- 3’

a,c Antisense (24-mer) CCTTCCGTGCTGTTGCTGGGCTCA
a,c Antisense (200mer) ACTCTGGGGCACACTTCTTG

a5 Antisense TTCCCATAGCTGCAGGCCAG
a,p Antisense ATCTGGTTGTTATCTCTCAT
a5 Antisense GGCTTCCCGCTGAGGCAGG

a,g Antisense CCTTCCCCACTGTCATCTCG
o, Antisense AGCCACGAACAGGTTGAGCA

B3 Antisense (24-mer) CCCGCCTCCGAGTCCTCAAACCCG
B3 Antisense (20-mer) GTCCCACCAGCACCACAGGC

permeabilization was performed 24 hr and again 6 hr before harvestinqandB subunits using primers designed from regions con-
the cells for isolation of poly (A) RNA. served between different isoforms. For thg subunit,

The sequences of the subunit-specific antisense olig.]onucleo'[ideaartial cDNA clones were isolated corresponding to a
are given in Table 1. The 20- and 24-mey antisense oligonucleo- P 9

tides and the 20-me33 antisense oligonucleotide were designed from S'ngle. 'Squrm of the calcium channel SUb.un't and
the sequences of the DCT cDNA clones described in this work. Thewere identified asx,c by sequence comparisons. The
other antisense oligonucleotides were designed from published se337 bp insert (MDCTALC) is identical to a published
qguences from mouse or rat as followd3 24-mer, M88751 (mouse) o, subunit sequence from mouse brain (L01776) (Ma,
(Castellano et al., 1993b},s, L06234 (mouse) (Chaudhari, 1992); Holz & Uhler, 1992) and to an overlapping region in a

a;p, M57975 (mouse) (Perez-Reyes et al., 1990),, M64373 (rat) . )
(Starr, Prystay & Snutch, 19915, U04999 (mouse)q, g, L29346 partial sequence from mouse ovary (M57973) (Perez

(mouse). Sense oligonucleotide sequences were the reverse compl@€yes et al., 1990). PCR amplification was also per-
ments of their respective antisense oligonucleotide. Oligonucleotide§ormed using two additional sets of primers Cc1/2 and
were purchased from Macromolecular Resources (Fort Collins, CO). Cc3/4) previously employed to isolate thgg, o, o1p,
anda, , isoforms from total rat kidney (Yu et al., 1992).
Diagnostic restriction digestion and sequence analysis
revealed the presence of onty- PCR products in DCT
Fluorescent measurements of fCJaor membrane voltage were per- Cells fesults not shown
formed using fura-2 AM or 3,3 dihexyloxacarbocyanine iodide For thep subunit, PCR amplification resulted in the
[DIOC(3)], respectively, as described previously in detail (Gesek & jsolation of partial cDNA clones corresponding to a
Friedman, 1998). FluorgscenF intensi_ty was measured in single Ce”SSingle isoform, 3. The 259 bp insert (MDCTB3) is
grown on glass coverslips using a Nikon Photoscan-2. 95% identical to a publishef3 subunit sequence from
rat brain (M88751) (Castellano et al., 1993 There is
STATISTICAL ANALYSIS one conservative amino acid difference between the
mouse DCT and rat proteins in this region: at position 39
Comparisons betwegn contrpl and experimental treatment group_werﬁ1 the DCT there is a glycine instead of a serir[iB was
evaluated by analysis of variance (ANOVA) and post hoc analysis o

f - -
multiple comparisons using the Bonferroni method (Instat; Graph—Padthe Only isoform ampllfled from DCT cells, WhereaQ,

Software, San Diego, CA). Changes of<P0.05 were assumed to be B?’_’ and B4 'SOformS were isolated from total k'dney
significant. Curve fitting was performed using a least-squares procelSing the same primers .(YU et al., 1995). .
dure (Prism, Graph-Pad Software). Northern blot analysis was used to detect expression

of DCT mRNA transcripts corresponding to the calcium
channel clones. A major transcripts of approximately
9.0 kb was detected using the D@ PCR product as
DCT, distal convoluted tubule; [€4,, free intracellular calcium; CTz, & Probe (Fig. 1). In addition, a less abundant transcript
chlorothiazide; PTH, parathyroid hormone; Dig{8); 3,3 dihexyloxa- ~ was present at approximately 12 kb. These are similar in
carbocyanine; GAPDH, glyceraldehyde phosphate dehydrogenase  size to transcripts previously reported fojf in rat brain
(Snutch et al., 1991) and aorta (Koch, Ellinor &
Schwartz, 1990) and in mouse heart and brain (Ma et al.,

INTRACELLULAR CALCIUM AND MEMBRANE VOLTAGE

ABBREVIATIONS

Results 1992). Two transcripts, of approximately 3.0 and 2.5
kB, were detected using the D33 PCR product as a

IDENTIFICATION OF TRANSCRIPTSENCODING CALCIUM probe (Fig. 1). These transcripts are similar in size to

CHANNEL oy AND B3 ISOFORMS those previously reported in rat brain (Castellano et al.,

1993%). Based on the difference in exposure times, the
Homology-based reverse transcriptase PCR was used f8 transcript is more abundant than thg- transcript in
amplify sequences corresponding to calcium chaapel DCT cells.
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. . . . Fig. 2. Concentration dependence®f. antisense oligonucleotide in-
Fig. 1. Northern blot analysis of calcium channel mRNAs in the DCT hibition of the CTZ-induced rise of [@4],. DCT cells were treated

cell Iing. Radiolabeled probes synt.hgsized from calcium chanypebr with increasing concentrations of the,c 24-mer antisense oligo-

B3 partial cDNA clones were hybridized to poly (ARNA (10pg per  ,cjeqtide. After 18 to 22 hr, the effect of CTZ on R was deter-
lane) isolated from DCT cellsj Autoradiography was for_ 115hf or . mined. The results are plotted as the difference between the stimulated
18 hr 33). An RNA ladder (Gibco/BRL) was used for size markers (in level of [C&"], with CTZ (75 pm) and the basal level. Each point

kilobases). denotes the mean g of 3 separate experiments. In permeabilized but
untreated controls, the CTZ-induced rise of {Jawas 241 + 13 m (n
= 3).

INHIBITION OF CTZ-INDUCED RISE OF [Caz*]i BY

ANTISENSE OLIGONUCLEOTIDES COMPLEMENTARY TO THE

a1 TRANSCRIPT 300+

To examine the functional involvement of the calcium 250
channela,; subunit in calcium influx into DCT cells, ]
antisense oligonucleotides were used to inhibit the ex s 2001
pression of thex, isoform. Antisense oligonucleotides : ]
to a,c (24-mer) suppressed the CTZ-induced rise of& 1507

[C&a?"]; in a dose- (Fig. 2) and time- (Fig. 3) dependent S

manner. Sense oligonucleotides had no significant ef 1007 —=— sense

fect. Half-maximal inhibition was achieved with dm ] —e— control
antisense oligonucleotide (Fig. 2); maximal inhibition 50? —_a_ antisense
occurred at 18 hr (Fig. 3). Incomplete inhibition of the ]

rise of [C&"]; by antisense oligonucleotides is likely due 00 T2 o1 36 48 60 72
to limitations inherent in the antisense methodolo- Time, h

gy. The maximal level of inhibition achieved is limited
by the rate of pre-existing calcium channel turnover andrig. 3. Time course ofy,c antisense oligonucleotide inhibition of the

the reduction in the intracellular concentration of oligo- CTZ-induced rise of [C&];. DCT cells were treated with the,c

nucleotide due to degradation by nucleases and cell gg*me" antisense or sense oligonucleotidesi@por were permeabi-
.. . ized in the absence of oligonucleotide (control). At the indicated times,
vision (Barry, Gesek & Friedman, 1993).

J . : . the cells were assayed for CTZ-induced rises of[f;aThe results are
The ability of thea, - antisense oligonucleotides t0 presented as the difference between the stimulated level 8f]j@sth

inhibit the rise of [C4"]; induced by CTZ and PTH was CTz (75 um) and the resting level. Each point denotes the meaa +

compared because of the appreciable difference in thef 3 independent experiments.

kinetics of their effects on calcium transport (Bacskai et

al., 1990; Gesek et al., 1982Friedman & Gesek, 1992; thougha, antisense oligonucleotides inhibited the rise

Aubin et al., 1996). These experiments were performeaf [Ca?*]; induced by CTZ, they had no effect on the

in a paired manner on single cells where the effects oPTH-induced rise of [CH]; (Fig. 4, Table 2). These

CTZ and PTH were measured in tandem (Fig. 4). Al-results were substantiated by using a secapd anti-



E.L.R. Barry et al.: Calcium Entry Channel Isoforms 59

Table 2. Summary of effects of calcium channe] subunit oligonu-
cleotides on CTZ and PTH-induced changes offGa

350+
3004 Treatment CcTZ PTH

% 250 A[Ca"];, % control

T 200 Control 100+ 4 100+5

® ayc 20-mer Antisense 39+ 5+ 96+ 4

O, 150 ¢ 20-mer Sense 103+ 1 94 +7

a,c 24-mer Antisense 38 + 10* 96+1
1004 oy 24-mer Sense 113+ 4 106 +7
50 _ a5 Antisense 106+ 2 102+3
""" Antisense a;p Antisense 102 +10 95+8

—— Sense a, . Antisense 103+ 4 100+5

a,5 Antisense 108+ 4 98+2

o, Antisense 106+ 6 98+4

s DCT cells were treated with the indicated calcium charnesubunit

< oligonucleotides (10@uv). After 18 to 24 hr, paired determinations of

4-_—'"'-' [C&a?"]; in response to CTZ and PTH were made. The difference be-

W tween the stimulated level of [€4; with chlorothiazide (CTZ, 75um)

o, or parathyroid hormone (PTH, 1) and the basal leve)\[Ca2*], was
calculated as the percent of that observed in control cells that were not
treated with oligonucleotide. Treatment with oligonucleotides had no

1 effect on the basal level of [€4;. The resting [C&]; averaged
50- 106 +2 v (n = 34), wheras the CTZ- and PTH-stimulated levels in
) 5 10 15 20 25 30 control cells were 310+ 7 and 318 £ 1mn(n = 5), respectively.

. . Values are the meansse of 3 to 5 independent experiments.
Time, min *P < 0.001 gs. control).

Fig. 4. Effect of o, (upper panel) an@3 (lower panel) antisense

oligonucleotides on PTH- and CTZ-induced rises of{aRepresen- . . . .
tative traces of [C&]; in single DCT cells treated with either thg. ~ th€ calcium channed, ¢ isoform in CTZ-induced cal-

24-mer o3 20-mer oligonucleotides (1Q0v). [Ca*]; was measured cium entry, theal isoform responsible for PTH-induced
following addition CTZ (75um) or PTH (10 m1) 18 to 24 hr after  calcium entry in DCT cells remains unknown.
oligonucleotide treatment. Basal [€} was measured for 2 min, then

CTZ was added for 3 or 5 min (lower or upper panel, respectively) and

then removed. Basal [€Y; was again measured for 2 min, then PTH |yniBITION OF CTZ- AND PTH-INDUCED RISES OF

was added for 25 min. Composite resultsdgrandB3 oligonucleotide [Ca2+]i BY ANTISENSE OLIGONUCLEOTIDES

effects are summarized in Tables 2 and 3, respectively. COMPLEMENTARY TO THE B3 TRANSCRIPT

The involvement of the calcium channgl subunit in
sense oligonucleotide (20-mer) that was designed to aalcium influx was examined using antisense oligonucle-
sequence just upstream of the 24-mgg antisense oli- otides to inhibit the expression of I8 isoform cloned
gonucleotide. The 20-mex; - antisense oligonucleotide from DCT cells. Antisense oligonucleotides (20-mer) to
effectively inhibited the CTZ-induced rise of [€%;, but  the B3 isoform inhibited the rises of [G4); elicited by
had no effect on the PTH-induced rise of fCJa(Table =~ PTH and CTZ, whereas the corresponding sense oligo-
2). nucleotides had no effect (Fig. 4, Table 3). When a sec-

In an attempt to identify the, isoform responsible ond, nonoverlapping33 antisense oligonucleotide (24-
for PTH-induced calcium influx, antisense oligonucleo- mer) was used, similar results were obtained (Table 3).
tides were designed from each of the published seThese findings suggest that tB&8 subunit is a common
quences of othex, subunit isoformseg; g, @, anda,;,,  component of the calcium channels involved in CTZ-
which are expressed in kidney (Yu et al., 1992), agd  and PTH-induced calcium entry in DCT cells.
anda, g, which have not been reported in kidney. These  Treatment of DCT cells with eithet,- or 3 anti-
oligonucleotides were tested for their ability to inhibit sense oligonucleotides caused only partial inhibition of
induced rises of [CH], despite the fact that PCR prod- the rise of [C&"]; induced by CTZ (Tables 2, 3). There-
ucts corresponding to these isoforms were not detected ifore, a combination of both antisense oligonucleotides
DCT cells. None of these, subunit antisense oligonu- was used to determine whether their inhibitory effects
cleotides affected CTZ- or PTH-induced rises of {Ja  are additive. In permeabilized but untreated control cells
(Table 2). Thus, although the present results implicatehe rise of [C4"]; was 214 + 13 m (n = 3; 100 * 6%).
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Table 3. Summary of the effects of calcium channg8 subunit
oligonucleotides on CTZ and PTH-induced changes of{f;a

Treatment CTz PTH
A[Ca®"];, % control
Control 100+ 7 100+ 8
B3 20-mer Antisense 46 3* 56+ 3*
B3 20-mer Sense 952 95+ 3
B3 24-mer Antisense 36 5* 40 £ 6*
B3 24-mer Sense 96 84+ 6

DCT cells were treated with the indicated calcium charg&bkubunit
oligonucleotides (10Qum). [Ca2*]; was measured after 18 to 24 hr as
described in the legend to Table 2. Resting{Q;zaveraged 103 2 nm

(n = 22); CTZ- and PTH-stimulated [§; in control cells were
343+ 17 and 32318 nv (n = 6), respectively. Treatment with oli-
gonucleotides had no effect on the basal level of[;avalues are the
meanst st of 4 to 6 separate experiments.

*P < 0.001 gs. control).

The increase of [Cd];, measured in cells treated with

E.L.R. Barry et al.: Calcium Entry Channel Isoforms

Table 4. Effect of B3 subunit oligonucleotides on membrane voltage

Treatment CTz PTH

A Ve, mV
Control -16.1+ 0.4 -18.5t1.1
B3 Antisense -7.30.4* -20.2+ 2.4
B3 Sense -17.42.1 -17.4+ 0.9

DCT cells were treated with the indicated calcium charg&kubunit
oligonucleotides (20-mer, 100m) or permeabilized in the absence of
oligonucleotide (control). After 18 to 24 hr, the effect of chlorothiazide
(CTZ, 75 pum) or parathyroid hormone (PTH, 10v) on membrane
voltage QA Ve) was measured as described in Materials and Methods.
Values are the meanse of 3 experiments. Changes of membrane
voltage were determined by a null-point calibration with graded con-
centrations of external Kin the presence of 16 m valinomycin (Ge-
sek et al., 1998). The changes of membrane voltage were=( 9): 1

mm [K*]: =37.9£0.9 mV; 3 mu [K*]: =17.3£2.3 mV; 5 nm [K™]:
-0.0£ 1.7 mV; 10 nm [K*]: +36.7+5.5 mV.

*P < 0.05 {s. control).

both o, and B3 antisense oligonucleotides (41 + 1% of SENSe oli_gonucleoti_des. Consisten_t with these data, anti-
control) was identical to that obtained in cells treatedS€NSe oligonucleotides to the calcium chanwg) sub-

with either thew, - antisense (42 + 4% of control) or the

unit also reduced the CTZ-induced hyperpolarization to a

B3 antisense (44 + 7% of control) oligonucleotides alone Similar extent as th@3 antisense oligonucleotides, while

These results are consistent with the view that and

a;c sense oligonucleotides had no effedaa not

B3 subunits are components of a single calcium channethoWn-

complex that is responsible for calcium influx in re-
sponse to CTZ.

ANTISENSE OLIGONUCLEOTIDES COMPLEMENTARY TO THE
B3 TRANSCRIPTINHIBIT CTZ—But NOT PTH-INDUCED
MEMBRANE HYPERPOLARIZATION

ANTISENSE OLIGONUCLEOTIDES COMPLEMENTARY TO THE
B3 TRANSCRIPT DO NOTSUPPRESSB3 MRNA LEVELS

Antisense oligonucleotides to calcium channel tran-
scripts are presumed to reduce the rise of[anea-

sured in DCT cells by specifically inhibiting the expres-
sion of the calcium channel protein. Inhibition of protein

Previous studies of the mechanism of PTH stimulation Ofexpression may occur directly as a result of oligonucleo-

calcium transport in DCT cells revealed that membrang;ge interference with mRNA translation, or may result
hyperpolarization occurred first or contemporaneouslys,om the specific reduction in MRNA levels by RNase

with a rise of [C&"]; (Gesek & Friedman, 19%2.

H-mediated degradation (Wagner, 1994). This later pos-

Notably, membrane hyperpolarization was independengibi“ty was tested for the33 mRNA transcript using

of calcium influx since it was not inhibited by the dihy-

dropyridine calcium channel blocker nifedipine, where-

guantitative Northern blot analysis. The mRNA for
glyceraldehyde phosphate dehydrogenase (GAPDH)

as manipulations that inhibited hyperpolarization alsoggryed as an internal standard to normalize the samples

decreased calcium influx (Gesek & Friedman, 1892

for RNA content. In three experiments, the level8

Thus, it might be anticipated that antisense oligonucleo;nrRNA was not significantly different in cells treated

tides to the calcium channel would not inhibit PTH-

with antisense (98 + 23%) or sense (99 + 9%) oligonu-

induced membrane hyperpolarization. This hypothesigeqtides compared to permeabilized but untreated con-

was tested using antisense oligonucleotides to38e
subunit (Table 4). In DCT cells treated wi3 anti-

trol cells (100 = 6%). These results suggest that anti-
sense inhibition occurs at the level 8 mMRNA trans-

sense oligonucleotides, the magnitude of membrane hyztion.

perpolarization induced by PTH was not different from

that measured in control cells or cells treated wi®

sense oligonucleotides. However, the magnitude oDiscussion

membrane hyperpolarization induced by CTZ in cells
treated withB3 antisense oligonucleotides was reducedPrevious studies demonstrating that calcium entry into
to 45% of that in control cells and in cells treated W8  DCT cells is enhanced by PTH (Bacskai et al., 1990;
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Gesek & Friedman, 1922 Friedman et al., 1996) and by Consistent with the results reported here, earlier
thiazide diuretics (Gesek & Friedman, 1®9ZFriedman  work by Yu and Lytton and coworkers localized mRNAs
& Gesek, 199B) are consistent with the well established for the a; (Yu et al., 1992) ang33 (Yu et al., 1995)
physiological and pharmacological regulation of calciumcalcium channel subunit isoforms to the kidney cortex by
absorption by this nephron segment (Friedman & GesekiNorthern blot analysis of macroscopically dissected kid-
199%)). Calcium entry in DCT cells is inhibited by di- ney. However, onlyx,, and 34 were localized to the
hydropyridine-type calcium channel blockers and vera-distal tubule by RT-PCR analysis of individual nephron
pamil (Bacskai et al., 1990; Poncet, Merot & Poujeol, segments (Yu et al., 1992, 1995). These observations lec
1992; Gesek & Friedman, 1982 Matsunaga et al., the authors to speculate thaf, andB4 are components
1994), implicating L-type calcium channels. The sensi-of the apical calcium uptake channelin DCT cells. How-
tivity to dihydropyridine-type drugs, notwithstanding, ever, thea,, isoform is insensitive to dihydropyridines
the functional properties of the DCT calcium entry chan-(Mori et al., 1991), contrary to what would be expected
nel differ from L-type calcium channels in a number of for the DCT calcium channel. In addition, it is possible
respects. The DCT calcium channel is characterized by that PCR of individual segments is not sufficiently sen-
low single-channel conductance (2-15 pS), prolongedsitive to detect other,; and 8 isoforms expressed be-
open times, and an open channel probability that incause of the limited quantity of RNA isolated. In fact,
creased at hyperpolarizing voltages (Poncet et al., 1992jsing this technique, expression of calcium channgel
Tan & Lau, 1993; Matsunaga et al., 1994). A calcium subunits was not detected in any other nephron segmen
entry channel with a somewhat different electrophysi-(Yu et al., 1992; Yu, 1995). Furthermore, RNA isolated
ological profile, but that is activated upon membranefrom microdissected distal tubule nephron segments may
hyperpolarization, was reported in connecting tubulesoriginate from multiple cell types found in that region or
(Tan & Lau, 1993). Although the molecular identity of from contaminating adherent cells. Thus, the use of the
the DCT channel is not known, two general possibilitiesclonal DCT cell line in the present work has the advan-
regarding its structure can be envisioned. First, the charntage of providing a homogeneous source of relatively
nel may be structurally distinct from previously isolated unlimited amounts of RNA.
calcium channels and therefore represent a new class of In the second part of this study, antisense oligonu-
calcium channels. Second, the DCT calcium channetleotides specific for the calcium channe]. and g3
could be a member of the known voltage-gated calciunisoforms were used to determine their involvement in
channel family. In this case, the unique properties of thecalcium influx. In previous work, the rise of [€]; due
channel may be conferred either by alternative splicingo PTH (Bacskai et al., 1990; Gesek & Friedman, 1892
of previously isolated members of the family, most likely or CTZ (Gesek & Friedman, 1982 was completely
one of the L-typex, subunits, or it might be composed of blocked by the dihydropyridine antagonist nifedipine or
a novela, subunit that has not been isolated previously.by removal of extracellular calcium indicating that it is
The results discussed below are consistent with this lattedue solely to calcium entry through dihydropyridine-
alternative. sensitive channels. Antisense oligonucleotides to both
The goal of the present investigation was to deter-,c andB3 inhibited the CTZ-induced rise of [€]; to
mine the molecular identity of the channel(s) responsiblea similar extent. The effects of the two distinct antisense
for calcium entry into transporting DCT cells following oligonucleotides were not additive, consistent with their
stimulation with PTH and the thiazide diuretic, CTZ. action on a single calcium channel that is composed of
A two-step approach was employed. In the first, RT-both a;cand B3 subunits. However, when DCT cells
PCR was used to isolate partial cDNAs for the expressedvere treated with PTH, onl$3 antisense oligonucleo-
calcium channel subunits, and in the second, antisengides inhibited the rise of [C4];, while «,c antisense
techniques were applied to determine the functional in-oligonucleotides had no effect. BecauR8 antisense
volvement of these expressed channels in mediating cabligonucleotides were effective inhibitors, these results
cium influx in response to PTH and CTZ. support the hypothesis that the PTH-activated calcium
cDNA clones corresponding to calcium channgl channel is a member of the extant voltage-gated, multi-
and B subunits were isolated from DCT cells. Only the meric calcium channel family. However, the identity of
a;c and B3 isoforms were found; their presence wasthe «; subunit remains to be determined. Antisense oli-
confirmed by Northern blot analysis. The PCR primersgonucleotides to the othex; isoforms failed to inhibit
used in this study have been employed previously tahe PTH-induced rise of [G4];,. Thus, it seems likely
amplify multiple isoforms ofa; and B subunits from that another, as yet unidentified, member of the calcium
different tissues (Barry & Froehner, 1991; Yu et al., channela, subunit family is responsible for PTH-
1992, 1995). Their failure to do so in DCT cells suggestsinduced calcium influx. The present results indicate that
that other isoforms are either not expressed or are relahe B3 subunit is shared by two distinat; subunits in
tively rare. DCT cells. Promiscuous coupling between and 3
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Fig. 5. Model for multiple calcium entry channels.
This working model summarizes some components
of the proposed pathways of calcium entry in DCT

Membrane Cakﬂun_m Channel cells. Following treatment with PTH, membrane
PTH — hyperpolarization ctivation hyperpolarization leads to calcium influx through a
a2, B3 channel comprised of @3 subunit and an
Calcium Channel Calcium Channel unknowna, subunit ¢,-). A different chgnngl
cTZ Activation Membrane Activation complex, composed af, - and B3 subunits, is
> H olarization i ivati i
010, B3 yperp! o9, B3 activated by CTZ. Activation of the, . calcium

channel precedes hyperpolarization, which in turn
activates the PTH-sensitive channel as well.

subunit isoforms has been reported in studies of nativgpendent upon protein synthesis (Gesek & Friedman,
cells and in heterologous expression systems (Scott et all993). Further evidence for differences between the
1996; Liu et al., 1996). mechanisms of PTH- and CTZ-induced calcium influx
For studies employing antisense strategies it is imwas found in the present study from experiments utiliz-
portant to include controls that demonstrate the specificing 33 antisense oligonucleotides. Although both CTZ-
ity of the effects (Wagner, 1994). In the present work,and PTH-induced calcium influx is associated with
B3 mMRNA levels were measured because their relativenembrane hyperpolarizatio3 antisense oligonucleo-
abundance makes quantification feasible following largetides had no effect on the PTH-induced hyperpolariza-
scale antisense treatment of DCT cells. However, theréion, while they reduced the hyperpolarization in re-
was no measurable reduction@B8 mRNA levels in cells sponse to CTZ. These results are compatible with pre-
treated with antisense oligonucleotides suggesting thatious studies suggesting that PTH hyperpolarizes
the inhibition occurs at the level of protein translation. membrane voltage, which in turn leads to calcium influx
Furthermore, data from the functional analyses provideshrough an apical membrane calcium entry channel (Bac-
convincing evidence for the specificity of the antisenseskai & Friedman, 1990; Gesek & Friedman, 1992a; Mat-
effects ofa,- andp3 oligonucleotides. For boththe .  sunaga et al., 1994). However, they suggest that in the
and3 subunits identical results were obtained with twocase of CTZ the pathway leading to hyperpolarization
sets of independent (nonoverlapping) oligonucleotidesnvolves the activation of a distinct calcium channel.
(20- and 24-mers). In addition, fax, antisense oligo- Calcium channels with unusual voltage-gating properties
nucleotides, only the CTZ- and not the PTH-induced riseare also expressed in other types of nonexcitable cells
of [C&®*]; was inhibited, indicating that cellular function and phosphorylation is likely to play a role in their regu-
was not generally impaired. Likewise, f@3 antisense lation. For example, a voltage-insensitive L-type cal-
oligonucleotides, only the CTZ- and not the PTH- cium channel is expressed in B lymphocytes and is regu-
induced membrane hyperpolarization was inhibited. Inlated by cGMP (Akha et al., 1996).
both cases, the selectivity of the effect of g or B3 The implications of the present study are summa-
antisense oligonucleotides on either CTZ or PTH-rized schematically in Fig. 5. According to the proposed
mediated events demonstrates that the inhibition obmodel, PTH treatment leads to membrane hyperpolariza-
served does not result from a nonspecific suppression dfon, which in turn stimulates calcium influx through a
cellular activity. channel composed of an unknowp subunit ¢,-) and a
The present observation demonstrate that distincB3 subunit. This PTH-sensitive channel is thought to
calcium channels are activated following treatment ofrepresent the apical membrane calcium entry channel
DCT cells with CTZ or PTH. These findings are con- that mediates calcium absorption in response to physi-
sistent with the findings of Lajeunesse et al., who sug-ological stimulation of the distal nephron. In contrast,
gested that PTH and hydrochlorothiazide increased calcTZ treatment first causes calcium influx through a
cium transport by acting through distinct calcium trans-channel composed ai,- and 3 subunits, and subse-
port pathways (Lajeunesse, Bouhtiauy & Brunette,quently leads to hyperpolarization and calcium influx
1994). In their study, calcium uptake was measured irthrough the PTH-sensitive channel. Involvement of the
luminal membrane vesicles isolated from distal nephronater calcium channel is speculative and can not be testec
segments. PTH affected a high affinity component ofwithout identification of thea,, subunit. The mecha-
calcium uptake, whereas the effect of hydrochlorothia-nism responsible for activation of thg /B3 channel is
zide was on a low affinity component. PTH and CTZ not known, but may involve its sensitivity to volume
exhibit strikingly different kinetics on calcium entry in changes following treatment with relatively high doses
DCT cells (Gesek & Friedman, 1982h). Stimulation of CTZ. Evidence for activation of a calcium channel
of calcium influx by CTZ occurs within seconds, while «,cisoform during cell swelling was previously reported
that elicted by PTH requires several minutes and is dein a osteosarcoma cell line (Duncan et al., 1996). Thus,
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the CTZ- and PTH-sensitive calcium channels expressed Applications. J.B. Puschett and A. Greenberg, editors. pp. 319-326.

in DCT cells are likely to have distinct roles in the regu- __Excerpta Medica, Amsterdam _
lation of cellular calcium Friedman, P.A., Gesek, F.A. 1995Stimulation of calcium transport

by amiloride in mouse distal convoluted tubule celsdney Int.
48:1427-1434
The technical assistance of B. Coutermarsh is greatly appreciated-riedman, P.A., Gesek, F.A. 1995Cellular calcium transport in renal
Bovine PTH[1-84] was obtained through the National Hormone  epjthelia: measurement, mechanisms and reguldioysiol. Rev.
and Pituitary Program, NIDDK, NICHHD, USDA (Bethesda, MD). 75:429-471
These studies were funded by National Institutes of Health grantFriedman, P.A., Coutermarsh, B.A., Kennedy, S.M., Gesek, F.A. 1996.
R01GM34399 and RO1ES05860. Parathyroid hormone stimulation of calcium transport is mediated
by dual signaling mechanisms involving protein kinase A and pro-
tein kinase CEndocrinology137:13—-20
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