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Heterogeneous increases of cytoplasmic calcium: distinct
effects on down-regulation of cell surface sodium channels
and sodium channel subunit mRNA levels
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1 Long-term (=12 h) treatment of cultured bovine adrenal chromaffin cells with A23187 (a Ca**
ionophore) or thapsigargin (TG) [an inhibitor of sarco(endo)plasmic reticulum Ca®"-ATPase
(SERCA)] caused a time- and concentration-dependent reduction of cell surface [*H]-saxitoxin (STX)
binding capacity, but did not change the K, value. In A23187- or TG-treated cells, veratridine-
induced **Na™ influx was reduced (with no change in veratridine ECso value) while it was enhanced
by a-scorpion venom, f-scorpion venom, or Ptychodiscus brevis toxin-3, like in nontreated cells.

2 The A23187- or TG-induced decrease of [PH]-STX binding was diminished by BAPTA-AM.
EGTA also inhibited the decreasing effect of A23187. A23187 caused a rapid, monophasic and
persistent increase in intracellular concentration of Ca®" ([Ca®'];)) to a greater extent than that
observed with TG. 2,5-Di-(t-butyl)-1,4-benzohydroquinone (DBHQ) (an inhibitor of SERCA)
produced only a rapid monophasic increase in [Ca®"];, without any effect on [*H]-STX binding.

3 Reduction in [*'H]-STX binding capacity induced by A23187 or TG was attenuated by G66976
(an inhibitor of conventional protein kinase C) or calpastatin peptide (an inhibitor of calpain). When
the internalization rate of cell surface Na* channels was measured in the presence of brefeldin A (an
inhibitor of vesicular exit from the trans-Golgi network), A23187 or TG accelerated the reduction of
[’H]-STX binding capacity.

4 Six hours treatment with A23187 lowered Na* channel a- and f;-subunit mRNA levels, whereas
TG had no effect.

5 These results suggest that elevation of [Ca®']; caused by A23187, TG or DBHQ exerted
differential effects on down-regulation of cell surface functional Na® channels and Na® channel
subunit mRNA levels.
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Introduction

Voltage-dependent Na* channels consist of the principal -
subunit (~260 kDa) which may be associated with a
noncovalently-attached f;-subunit (~36 kDa) and a dis-
ulfide-linked f,-subunit (~33 kDa) (Catterall, 1992; Isom et
al., 1994). The a-subunits issued from a large multigene
family (Dietrich et al., 1998) contain the ion-pore and the
toxin binding sites (site 1 for tetrodotoxin (TTX) and
saxitoxin (STX); site 2 for veratridine; site 3 for a-scorpion
toxin; site 4 for f-scorpion toxin; and site 5 for Ptychodiscus
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brevis toxin) (Catterall, 1992). In contrast, the f;-subunits
are structurally homologous among various tissues (Makita
et al., 1994; Oh & Waxman, 1994); the p,-subunit from
brain is the only one which has been sequenced so far (Isom
et al., 1995).

The density of cell surface Na® channels is crucial to
regulating the development and differentiation of neurons
(Van Huizen et al., 1985; Mourre et al., 1987; Toledo-Aral et
al., 1995), retina (Miguel-Hidalgo et al., 1995) and skeletal
myocytes (Linsdell & Moody, 1994). Fluctuation of Na”*
channel density has been described in pathological states such
as neuropathy (Brismar, 1993), epilepsy (Sashihara et al.,
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1994) and ischaemia or hypoxia (Xia & Haddad, 1994; 1999;
Urenjak & Obrenovitch, 1996).

Because spatiotemporal-specific heterogeneous increases of
intracellular concentration of Ca?* ([Ca?*],) differentially
modulate genetic and phenotypic responses (Ginty, 1997,
Malviva & Rogue, 1998), various agents raising [Ca®*]; have
been investigated for their ability to alter Na™ channel levels
and their subunit mRNAs. Chronic (1-8 days) treatment
with Ca?* ionophore A23187 or depolarizing concentrations
of K* reduced the density of [*H]-STX binding sites
(Sherman & Catterall, 1984; Sherman et al., 1985; Brodie et
al., 1989) and Na™' currents (Satoh er al., 1992; Chiamvi-
monvat et al., 1995), as well as Na® channel o-subunit
mRNA levels (Offord & Catterall, 1989; Duff et al., 1992) in
skeletal and cardiac myocytes. Treatment of neuroblastoma
cells with A23187 (1 um for 2-3 days) decreased Na™
currents and «-subunit mRNA levels (Hirsh & Quandt,
1996), whereas A23187 treatment had no effect on f;- and f3,-
subunit mRNA levels in astrocytes and neuroblastoma cells
(Oh et al., 1997). Previous studies did not, however, analyse
[Ca"]; transients in relation with Na™ channel expression. In
addition, little is known about the mechanisms whereby
[Ca**); regulates cell surface expression of Na™ channels.

In adrenal chromaffin cells (embryologically derived from
the neural crest), the Na* channel o-subunit is homologous
to the TTX- and STX-sensitive human neuroendocrine type
Na™ channel o-subunit (hNE-Na) (Klugbauer et al., 1995).
Adrenal chromaffin cells possess sarco(endo)plasmic reticu-
lum Ca?*-ATPase (SERCA)-2b and -3 isozymes localized in
the endoplasmic reticulum (Mathiasen et al., 1993; Poulsen et
al., 1995; Alonso et al., 1999) whereby cytosolic Ca?* is taken
up into Ca?* store associated with inositol 1,4,5-trispho-
sphate receptor- and ryanodine receptor-coupled Ca®" release
channels (Cheek & Thastrup, 1989; Robinson & Burgoyne,
1991a,b; Robinson et al., 1992). Thapsigargin (TG) and 2,5-
di-(t-butyl)-1,4-benzohydroquinone (DBHQ), two inhibitors
of SERCA but not of the plasma membrane Ca®"-ATPase
(Cheek & Thastrup, 1989; Robinson & Burgoyne, 1991a,b;
Robinson et al., 1992), and A23187 (Heldman et al., 1996), as
well as muscarinic receptor agonists that increase inositol
1,4,5-trisphosphate (Cheek & Thastrup, 1989), have pre-
viously been shown to raise [Ca’']; in adrenal chromaffin
cells. In the present study, we examined whether treatment of
adrenal chromaffin cells with either A23187, TG, or DBHQ
could alter [Ca*"];, [*H]-STX binding, and Na" channel o-
and f3;-subunit mRNA levels. Because either o- or f-scorpion
venom, or Ptychodiscus brevis toxin-3 (PbTx-3) cooperatively
enhance veratridine-induced *Na” influx in adrenal chro-
maffin cells (Wada et al., 1987; 1992), Na* channel function
was characterized by these distinct classes of venoms and
toxins.

Methods
Materials

Eagle’s minimum essential medium was from Nissui Seiyaku,
Tokyo, Japan; calf serum from Nacalai Tesque, Kyoto,
Japan; A23187 from Wako Junyaku, Tokyo, Japan; DBHQ
from Biomol Research Laboratories, Plymouth Meeting, PA,
U.S.A.; calpastatin peptide and G66976 from Calbiochem-

Novabiochem Corp., San Diego, CA, U.S.A. TG, BAPTA-
AM, EGTA, cytosine arabinoside, veratridine, o-scorpion
venom (Leiurus quinquestriatus quinquestriatus), [-scorpion
venom (Centruroides sculpturatus), ouabain, TTX, and
brefeldin A (BFA) were from Sigma, St. Louis, MO,
U.S.A.; PbTx-3 from Latoxan, Westbury, NY, U.S.A;
fura-2/AM from Dojindo, Kumamoto, Japan; TRIzol
reagent from Life Technologies, Rockville, MD, U.S.A.;
oligotex-dT30 <Super> from Nippon Roche Co., Tokyo,
Japan; BcaBEST labelling kit from Takara, Kyoto, Japan;
[PH]-STX (20—-40 Ci mmol~"), **NaCl (6—-17 Ci mmol "),
and [0-*P]-dCTP (4000 Ci mmol "), and 1-quinuclidinyl(phe-
nyl-4-*H)benzilate (*H]-QNB) (30-60 Ci mmol~') from
Amersham, Buckinghamshire, U.K.; cDNA for human
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from
Clontech Laboratories, Palo Alto, CA, U.S.A. Plasmids
containing hNE-Na (Klugbauer er al., 1995), and rat brain
Na* channel f;-subunit (Oh & Waxman, 1994) were
generously donated by Dr F. Hofmann (Technischen
Universitdt Miinchen) and Dr Y. Oh (University of
Alabama), respectively.

Primary culture of adrenal chromaffin cells and
drug treatment

Isolated bovine adrenal chromaffin cells were cultured (4 x 10°
dish~!, Falcon; 35 mm in diameter) in Eagle’s minimum
essential medium supplemented with 10% calf serum under
5%0, and 95% air in a CO, incubator (Wada et al., 1985a,b).
For measurement of [Ca**]; cells were plated at the density of
4 x 107 cells per 35 mm culture dish on 25 mm cover glass, and
cultured as described (Tanaka er al., 1998). At 60—62 h after
plating, cells were treated with fresh medium (with or without
A23187, TG, or DBHQ for up to 96 h) and test medium was
changed after 48 h. A23187, TG and DBHQ were dissolved in
dimethyl sulphoxide (DMSO), DMSO final concentration in
the test medium being ~0.2%. When the effects of EGTA,
BAPTA-AM, Go66976, calpastatin peptide and BFA were
examined, these compounds were included in the medium. The
culture medium contained 3 uM cytosine arabinoside to inhibit
proliferation of nonchromaffin cells; when chromaffin cells
were purified by differential plating (Yanagita ez al., 2000),
concentration-response curve of veratridine for **Na™ influx
was not modified, as compared to that obtained in cells plated
using conventional method.

Treatment of adrenal chromaffin cells with A23187 (1 um
for 96 h), TG (100 nm for 96 h), DBHQ (100 uM for 96 h),
EGTA (5 mM for 24 h) or BAPTA-AM (50 uM for 24 h) did
not impair cell viability; more than 95% of nontreated and
drug-treated cells were viable, as evidenced from the trypan
blue exclusion test. In addition, carbachol (100 um for
1 min)-induced *Na™ influx via nicotinic receptors (Wada
et al., 1985b; 1986) was comparable between nontreated and
A23187- or TG-treated cells. Binding of [*H]-QNB, an
antagonist of muscarinic receptors, was similar between
nontreated (Kp=34+2.9 pM, Bp.x=52.8+3.6 fmol mg™'
protein) and A23187 (1 um for 48 h)-treated cells
(Kp=30+22pM, Bpax=50.942.6 fmol mg~' protein)
(n=3), Kp and B, values being close to those previously
reported for adrenal chromaffin cells (Ballesta et al., 1989).
Briefly, nontreated and A23187-treated cells were washed,
homogenized at 4°C in 50 mM Tris-HCI buffer (pH 7.4) using
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a Polytron (10 s x four times), and centrifuged at 900 x g for
5 min. The supernatant was centrifuged at 30,000 x g for
15 min; the resultant pellet was washed, suspended in buffer,
and used to assay 0.01-1 nM [*H]-QNB binding at 37°C for
1 h, as reported previously (Ballesta et al., 1989). Bound and
free ligand was separated by filtration (GF/C filter, What-
man); the filter was washed with buffer, and radioactivity was
measured.

[PH]-STX binding

Cells were washed with ice-cold Krebs-Ringer phosphate
(KRP) buffer (mm: NaCl 154, KCl 5.6, MgSO, 1.1, CaCl,
2.2, NaH,PO4 0.85, Na,HPO,4 2.15, dextrose 5, and 0.5%
bovine serum albumin (BSA), pH 7.4) and incubated with
0.5-25 nM [PH]-STX in 1 ml KRP buffer at 4°C for 15 min
in the absence (total binding) and presence (nonspecific
binding) of 1 um TTX. The cells were then immediately
washed and solubilized with 10% Triton X-100. Radio-
activity was then measured. Specific binding was calculated as
the total binding minus nonspecific binding.

“Na™ influx

Cells were incubated with 2 uCi *NaCl at 37°C for 5 min in
1 ml KRP buffer with or without veratridine, o- and -
scorpion venom, PbTx-3, or ouabain. Cells were then
washed, solubilized, and counted for radioactivity. Previous
electrophysiological and **Na™ influx studies have shown that
venoms from Leiurus quinquestriatus quinquestriatus (Catter-
all, 1976) and from Centruroides sculpturatus (Meves et al.,
1982) exert effects similar to those obtained with their major
o- and f-scorpion toxin, respectively.

mRNA isolation and electrophoresis

Total RNA was isolated from cells by acid guanidine
thiocyanate-phenol-chloroform extraction using TRIzol re-
agent. Poly(A)" RNA was purified by oligotex-dT30<
super >, separated by electrophoresis on 1% agarose gel
containing 6.3% formaldehyde in buffer (40 mm 3-(N-
morpholino)propanesulphonic acid, pH 7.2, 0.5 mm EDTA,
and 5 mM sodium citrate), transferred to a nylon membrane
(Hybond-N, Amersham) in 20 x saline-sodium citrate (SSC;
1 xSSC=0.15M NaCl and 0.015 M sodium citrate) over-
night, and cross-linked using UV cross-linker (Funakoshi,
Tokyo, Japan).

Northern blot

cDNA fragments for hNE-Na [nucleotides (nt) 435-2666]
and f;-subunit (nt 457—790) obtained according to Yanagita
et al. (2000), as well as GAPDH cDNA (1.1 Kbp) were
labelled with [0-**P]-dCTP using the BcaBEST labelling kit.
The membrane was prehybridized and hybridized with hNE-
Na probe for 18 h at 42°C in 6 x SSC, 10 x Denhardt’s (2%
BSA fraction V, 2% polyvinylpyrrolidone, and 2% Ficoll
400), 50% formamide, 0.5% sodium dodecyl sulphate (SDS)
and 50 pug ml~' salmon sperm DNA. Membrane was then
washed in 2 x, 1 x, 0.2 x SSC containing 0.1% SDS, each for
30 min twice, and subjected to autoradiography. The same
membrane was sequentially hybridized with probes for f;-

subunit and GAPDH after being thoroughly washed to
remove the former probe in 0.1% SDS at 100°C. The
autoradiogram was quantified by a Bioimage analyser
BAS2000 (Fuji Film, Tokyo, Japan). Abundance of «- and
p1-subunit mRNAs was normalized against that of GAPDH
mRNA.

Measurement of [Ca’" ];

Cultured cells were preincubated at 35°C for 1 h in HEPES-
buffered solution (HBS) (mMm: NaCl 140, KCl 5, CaCl, 2,
MgCl, 1, HEPES 10, dextrose 10, and 0.5% BSA, pH 7.4)
containing 3 uM fura-2/AM, as reported previously (Tanaka
et al., 1998).

Fluorescence was measured in single cells with a Ca’"-
imaging system equipped with an intensified CCD camera
(Quanticell/700, JEOL, Tokyo, Japan) in the perfusion
chamber; cells were continuously perfused with HBS at a
flow rate of 1.0 ml min~—' in the absence or presence of
A23187, TG or DBHQ. Ca?"-free solution was a modified
HBS containing 1 mM EGTA without CaCl, and MgCl,.
[Ca®>*]; was calculated from the ratio of fluorescence
intensities obtained at 510 nm with dual excitation at 340
and 380 nm, using the equation of Grynkiewicz et al. (1985).

Statistical method

All experiments were repeated at least three times (mean+
s.e.mean). Significance (P <0.05) was determined by one-way
or two-way analysis of variance with post hoc mean
comparison using the Newman-Keuls multiple range test.
Student’s z-test was used when two means of group were
compared.

Results

[PH]-STX binding to adrenal chromaffin cells treated
with A23187, TG or DBHQ

Treatment of chromaffin cells with 1 uM A23187 decreased
[FH]-STX binding in a time-dependent manner, reaching 66%
reduction at 96 h (Figure 1A). Treatment with 100 nMm TG
caused a time-dependent reduction of [*H]-STX binding,
which leveled off (35%) at 48 h. In contrast, treatment with
10 or 100 um DBHQ for 24, 48 or 96 h did not affect [*H]-
STX binding.

Treatment of cells with 1 uM A23187 for 12 and 24 h
lowered [*H]-STX binding by 23 and 32% (Figure 1A); in
contrast, when chromaffin cells were first treated with 1 um
A23187 for 6 h, then washed with culture medium and
further incubated without A23187 for up to 24 h, [*H]-STX
binding measured at 12 (34.54+0.9 fmol 4 x 10° cells~') and
24 h (35.240.6 fmol 4 x 10° cells~') was comparable to that
measured in nontreated cells at 12 (35.0+1.1 fmol 4 x 10°
cells™!") and 24 h (34.64+1.2 fmol 4x10° cells™") (n=3).
Treatment of cells with 100 nM TG decreased [*H]-STX
binding by 8, 19 and 35% at 12, 24 and 48 h (Figure 1A).
When cells were exposed to 1 uMm A23187 or 100 nM TG for
48 h, subsequent washout and additional incubation in the
absence of drug restored [?’H]-STX binding values to 79 or
89% of control value at 96 h, respectively. As shown in
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Figure 1 Effects of treatment with A23187, TG, and DBHQ on
[*H]-STX binding capacity in adrenal chromaffin cells. (A) Cells were
treated for up to 96 h with DMSO, 1 um A23187, 100 nm TG, 10 um
or 100 um DBHQ, then washed with KRP buffer, and tested for [*H]-
STX binding assay. In a parallel experiment, cells exposed for 48 h to
1 um A23187 or 100 nMm TG were washed with culture medium
(indicated by arrow), then incubated without A23187 or TG, and
subjected to [*H]-STX binding assay at 72 and 96 h. Mean + s.e.mean
(n=35). ¥*P<0.05, significant decrease by A23187 or TG compared to

Figure 1B, treatment of cells for 48 h with A23187 or TG
produced a concentration-dependent decline of [PH]-STX
binding capacity with ECs, values of 281.4 or 35.1 nMm,
respectively. Scatchard analysis (Figure 1C) revealed that
A23187 (1 um for 48 h) or TG (100 nM for 48 h) lowered
Bax values from 48.8+4+1.3 to 21.6+0.6 or 32.2+4+3.5 fmol
4x10° cells™!, without modifying K, values (5.340.1 nM,
nontreated  cells; 5.5+0.5 nMm, A23187-treated cells;
5.940.4 nM, TG-treated cells; n=3).

Effects of A23187 and TG treatment on Na™ influx
evoked by veratridine, o- and B-scorpion venom or PbTx-3

Toxins that bind to distinct sites on the Na™ channel -
subunit are useful probes to characterize pharmacological
and structural properties of Na* channel isoforms (Catterall,
1980; 1992). In adrenal chromaffin cells, we have previously
shown that veratridine, a toxin acting on site 2 in segment 6
of domain I (S6I) of Na* channel a-subunit (Trainer et al.,
1996), caused a sustained influx of *?Na* for at least 5 min.
Nanomolar concentrations of TTX or STX (Wada et al.,
1985a,b; 1987), toxins that bind to the site 1 at the
extracellular loop between S5I and S6I (Noda er al., 1989;
Satin et al., 1992), inhibited the effect of veratridine.
Incubation of A23187- (1 uM for 48 h) or TG- (100 nm for
48 h) treated adrenal chromaffin cells with veratridine (1-—
560 uM) for 5 min caused inhibition of veratridine (=10 uM)-
induced *Na* influx, as compared with nontreated cells
(Figure 2A,B). The maximum influx of ?Na* was reduced by
61 or 48% in A23187- or TG-treated cells, but ECsq values
for veratridine were not significantly changed (77.5+7.2 uMm,
nontreated cells; 83.1+5.0 um, A23187-treated cells;
84.2+6.4 uMm, TG-treated cells; n=15). In adrenal chromaffin
cells, Na™ influx increases Na®, K"-ATPase activity, so
intracellular Na* is continuously pumped out (Wada et al.,
1985a; 1986). Our present study (Figure 2A,B) shows that
even in the presence of ouabain (100 uM), a concentration
that completely inhibits Na™,K*-ATPase activity (Wada et
al., 1986), veratridine-induced *Na* influx was significantly
reduced in A23187- or TG-treated cells, as compared to
nontreated cells.

A previous study has shown that cooperative modulation
of veratridine-induced *Na™ influx caused by site 3-5-binding
toxins occurs in a Na® channel isoform-specific manner
(Cestéle et al., 1995). As shown in Figure 3, either a-scorpion
venom, which binds to site 3 between S3IV and S4IV (Rogers
et al., 1996), or f-scorpion venom, which interacts with site 4
(Catterall, 1992), or PbTx-3, which binds to site 5 (Yuhi et
al., 1994) between S5IVand S6I (Trainer et al., 1994), had
little effect per se on **Na™ influx in nontreated and A23187-
or TG-treated cells. However, in nontreated cells, a-, f-
scorpion venom or PbTx-3 enhanced veratridine (30 um)-
induced **Na™ influx by 2.2, 2.5, or 3.9 fold, respectively,

DMSO-treated cells. (B) Cells were treated for 48 h with DMSO,
A23187 or TG at indicated concentrations, and tested for [°H]-STX
binding ability. Mean+s.emean (n=5). *P<0.05, significant
decrease by A23187 or TG. (C) Scatchard plot of [*H]-STX binding
to cells treated with DMSO, 1 um A23187 or 100 nm TG for 48 h.
Data are representative of one experiment from three independent
experiments with similar results.
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Figure 2 Treatment of adrenal chromaffin cells with A23187 and
TG: effects on veratridine-induced ?Na™ influx in the absence and
presence of ouabain. Cells were treated for 48 h with DMSO, (A)
1 um A23187 or (B) 100 nm TG, and washed. To measure *Na™
influx, cells were incubated with 2 uCi *NaCl at 37°C for 5 min in
the absence or presence of 1-560 uM veratridine and 100 uM ouabain.
Basal >*Na " influx values (nmol 4 x 10° cells™! 5 min~!; n=>35) were
similar among nontreated (19.6+2.0), A23187 (18.6+1.8)- and TG
(18.2+2.4)-treated cells, and these values were subtracted from the
data. »>Na™ influx values obtained with ouabain alone were similar
among nontreated (70.8+3.2), A23187 (70.4+2.8)- and TG
(70.4+2.8)-treated cells. Mean+s.e.mean (n=5). *P<0.05, signifi-
cant decrease by A23187 or TG; #P<0.05, significant enhancement
by ouabain of veratridine’s effect within each cell group.

values similar to those previously reported (Wada et al., 1987;
1992). In A23187- or TG-treated cells, absolute values of
2Na™* influx were lower when compared to nontreated cells;
however, o-, f-scorpion venom or PbTx-3 enhanced vera-
tridine-induced **Na* influx in a synergistic mode. In
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Figure 3 Enhancement of veratridine-induced **Na™ influx by a-
scorpion venom, f-scorpion venom and PbTx-3 in nontreated,
A23187- and TG-treated adrenal chromaffin cells. Cells were treated
for 48 h with DMSO, 1 um A23187 or 100 nM TG, washed, and
incubated with 2 uCi *NaCl at 37°C for 5 min in the absence (—) or
presence (+) of 0.5 ug ml~" a-scorpion venom, 5 ug ml~' f-scorpion
venom, 1 uM PbTx-3 or 30 uM veratridine. Basal *Na ™ influx values
at 37°C were subtracted for each value. Mean+s.e.mean (n=23).
*P<0.05, combined with DMSO-treated cells; #P <0.05, significant
enhancement by venom or toxin of veratridine’s effect. @P<0.05;
significant enhancement by scorpion venom compared to value
obtained in cells exposed to veratridine and PbTx-3.

addition, PbTx-3 combination with o- or f-scorpion venom
further augmented veratridine-induced **Na™* influx by 6.4 or
6.1 fold in A23187- or TG-treated cells (Wada et al., 1992).

Effects of EGTA, or BAPTA-AM on A23187- or
TG-induced reduction of [PH]-STX binding

We examined whether reduction in [*H]-STX binding
capacity caused by A23187 or TG was dependent on extra-
or intra-cellular Ca®*, using EGTA or BAPTA-AM, cell
membrane-impermeable or -permeable Ca?* chelators, re-
spectively. As shown in Figure 4A, treatment of cells for 24 h
with EGTA totally prevented A23187-induced reduction of
[PH]-STX binding capacity. In contrast, EGTA attenuated
TG-induced decrease of [PH]-STX binding capacity by 40%
only. BAPTA-AM entirely blocked the decline of [*H]-STX
binding capacity evoked by A23187 or TG. Because Na*
channel down-regulation caused by A23187 or TG was
absolutely dependent on [Ca®*];, we examined whether either
a long-lasting or a transient increase in [Ca’*]; may be
sufficient to lower [*H]-STX binding capacity. As shown in
Figure 4B, when cells were exposed to A23187 or TG for the
first 24 h period, then treated with or without BAPTA-AM in
the presence of A23187 or TG, addition of BAPTA-AM at
24 h fully prevented A23187- or TG-induced subsequent
decrease in [?’H]-STX binding capacity at 48 h.

Effects of A23187, TG, or DBHQ on [Ca’™ ]; in the
presence or absence of extracellular Ca®*

Because A23187- or TG-induced decrease in [PH]-STX
binding capacity was dependent on [Ca®"];, we measured
whether A23187, TG or DBHQ could modify [Ca®*];. In the
presence of extracellular Ca?* (Figure 5A), A23187 (1 um)
produced an immediate and significant increase in [Ca*>*]; in a
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Figure 4 Ca’"-dependent decrease of [*'H]-STX binding capacity in
A23187- and TG-treated adrenal chromaffin cells. (A) Cells were
treated for 24 h with DMSO, 1 um A23187 or 100 nm TG in the
absence (none) or presence of S mMm EGTA or 50 um BAPTA-AM,
washed, and subjected to [*’H]-STX binding assay. Mean +s.e.mean
(n=15). *P<0.05, significant decrease by A23187 or TG within each
cell group. (B) Cells were exposed to DMSO, 1 um A23187 or
100 nM TG for the first 24 h, then treated with or without 50 um
BAPTA-AM in the continuous presence of DMSO, A23187 or TG
for up to 48 h, and used for [PH]-STX binding assay. Mean+
s.e.mean (n=3). *P<0.05, compared with A23187 or TG alone.

monophasic manner, followed by a decline to a value above
the initial control [Ca**];. This value was sustained for up to
60 min. TG (100 nM) induced a slowly-developing mono-
phasic rise in [Ca®"]; followed by a persistent plateau. In
contrast, DBHQ (100 uM) robustly increased [Ca’*'];, an
effect that gradually waned, as resting level was reattained at
60 min. As shown in Figure 5C, [Ca®*]; increases were
observed in all cells studied (A23187, n=27; TG, n=21;
DBHQ, n=20). The peak increase in [Ca®>"]; over the basal
value (A [Ca®*];)) was remarkably higher in A23187-treated
cells than in TG- or DBHQ-treated cells, whereas peak values
of [Ca’*]; were not significantly different between TG- or
DBHQ-treated cells. At 30 min, the highest [Ca®*]; was in
A23187-treated cells; however, [Ca*>"]; went higher in TG-
treated cells than in DBHQ-treated cells, as [Ca’*]; in
DBHQ-treated cells gradually declined toward the basal

value. In the absence of extracellular Ca®" (Figure 5B),
A23187 did not evoke any [Ca®"]; increase over the basal
value in most cells examined (z=27). In some cells, however,
A23187 caused a slight transient increase in [Ca®*];, followed
by a late, significant decrease below baseline at 30 min
(Figure 5C). As shown in Figure 5B, omission of extracellular
Ca’>" shortened the duration of TG- or DBHQ-induced
monophasic increases in [Ca’"]; and returned the DBHQ-
induced rise in [Ca®*]; to the basal value by 15 min. In
contrast, [Ca®>"]; was continuously elevated during sustained
(>30 min) treatment with TG, although its peak amplitude
was smaller in Ca?*-free medium, compared to that in Ca?*-
containing medium. TG or DBHQ increased [Ca®"]; in all
cells examined (TG, n=44; DBHQ, n=43) (Figure 5C). The
peak value of [Ca**]; was lower in TG-treated cells than in
DBHQ-treated cells; in contrast, TG-induced sustained
elevation of [Ca®*]; was still observed at 30 min, whereas
[Ca?*]; decreased below the basal value in DBHQ-treated
cells.

We then examined whether [Ca’*]; may remain continu-
ously elevated with chronic treatment by A23187 or TG.
Culture dishes were classified into nontreated (n=185),
A23187 (n=219) or TG (n=196)-treated cell groups; they
were incubated for 24, 48 and 96 h, and then used for [Ca*"];
measurement as indicated in Figure 5D. In the nontreated
cell group, [Ca**]; remained stable until 48 h, but unexpect-
edly increased at 96 h. In the A23187-treated cell group,
[Ca®"]; progressively went up depending on the duration of
A23187 treatment. In the TG-treated cell group, [Ca’*];
increased over the control value at 24 and 48 h, but was
similar to the value of the control cell group at 96 h. The
[Ca?*); increment in the A23187-treated cell group was
smaller than that in the TG-treated cell group at 24 h, but
larger at 48 and 96 h.

Decrease of [PH]-STX binding evoked by A23187 or TG:
prevention by Go6976 or a calpain inhibitor

Due to the A23187- or TG-induced decrease in [*H]-STX
binding capacity being entirely dependent on the long-lasting
[Ca**); increase (Figures 4 and 5) we examined whether a
Ca?"-dependent, conventional protein kinase C (cPKC) was
involved in A23187- or TG-induced down-regulation of Na*
channels. Our previous [*H]-STX binding and Western blot
analysis revealed that among four cPKC isozymes, adrenal
chromaffin cells contain the cPKC-« isozyme only. Treatment
of cells with thymeleatoxin (TMX), a selective activator of
cPKC, caused the translocation of cPKC-a from cytosol to
membranes, an event assumed to be the hallmark of PKC
activation (Newton, 1997). This treatment caused down-
regulation of Na® channels by promoting endocytic inter-
nalization of cell surface Na* channels (Yanagita et al., 1996;
2000). As shown in Figure 6, treatment of cells for 24 h with
1 uM G66976, a selective inhibitor of cPKC, had no effect per
se, but reversed the inhibitory effect of A23187 or TG on
[PH]-STX binding capacity by 56 or 66%. This concentration
of G66976 completely prevents the TMX-induced decrease in
[PH]-STX binding capacity (Yanagita et al., 2000).

It has been shown that calpain, a family of Ca**-dependent
cysteine proteases (Carafoli & Molinari, 1998), catalyzes
regulated proteolysis of cytoskeletal and membrane enzymes
involved in signal transduction, as well as transcriptional
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Figure 5 Time-course of [Ca®*]; increase in adrenal chromaffin cells: effects of A23187, TG and DBHQ treatment in the presence
or absence of extracellular Ca*>*. Cells preloaded with fura-2 were treated with 1 um A23187, 100 nm TG or 100 uM DBHQ (as
indicated by the horizontal bars under recordings) in (A) Ca®"-containing HEPES-buffered solution (HBS) for 60 min and (B)
Ca®*-free HBS containing EGTA for 30 min. Each recording shown here was obtained in a single cell and is typical of independent
multiple experiments with similar results. (C) Increment of [Ca®>"]; over the basal value (A [Ca®*]). Cells were treated with or
without A23187, TG or DBHQ in the presence (Ca®>" (+)) or absence (Ca®>* (—)) of extracellular Ca®". Peak, maximum increase
of A [Ca®>];; 30 min, increase of A [Ca®"]; measured at 30 min after the exposure to A23187, TG or DBHQ. Basal values of [Ca®"];
were 109.4+ 6.8 nM (n=68) in Ca®*-containing medium, and 100.4+ 5.2 nM (n=114) in Ca>"-free medium. Parenthesis (number of
cells examined). (D) Culture dishes were divided into nontreated, A23187- or TG-treated cell group; cells were treated in cultured
medium with DMSO, 1 um A23187 or 100 nm TG for 24, 48 and 96 h, and then subjected to [Ca®"]; measurement.
Mean +s.e.mean. *P<0.05, significant difference; n.s., no significant difference.

factors, thereby modulating physiological events such as the
internalization of endocytic vesicles (Nakamura et al., 1992;
Sato et al., 1995; Kamal et al., 1998; Michaely et al., 1999).
We then used the cell permeable calpastatin 27-amino acid
peptide, an endogenous inhibitor of calpain. As shown in
Figure 6, treatment with the calpastatin peptide had little
effect per se, but prevented A23187- or TG-induced
decrement in [PH]-STX binding by 54 or 65%. As control,
the biologically inactive calpastatin peptide had no effect. The
simultaneous treatment of cells with G66976 and calpastatin
peptide prevented A23187- or TG-induced reduction in [*H]-
STX binding capacity by 84 or 81%.

Effects of A23187, TG, or BFA on [PH]-STX
binding capacity

The internalization rate of Na*' channels in the absence or
presence of A23187 or TG was studied using BFA, an
inhibitor of the guanine nucleotide exchange protein of ADP-
ribosylation factor 1, a monomeric GTPase (Moss &
Vaughan, 1995). BFA has been shown to block cell surface
vesicular externalization from the trans-Golgi network (TGN)
of newly-synthesized renal epithelial Na™ channels (Shimkets
et al., 1997; Staub et al., 1997), receptors (Schonhorn &
Wessling-Resnick, 1994; Hirasawa et al., 1998), and trans-
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porters (Chakrabarti et al., 1994), whereas it has no effect on
ADP-ribosylation factor 6-catalyzed endocytosis (Schonhorn
& Wessling-Resnick, 1994; Cavenagh et al., 1996; Hirasawa
et al., 1998). As shown in Figure 7, treatment for 6 h with
A23187 or TG did not lower [PH]-STX binding capacity.
Treatment for 6 h with BFA alone decreased [*H]-STX
binding capacity by 16%, whereas 6 h treatment with A23187
plus BFA or TG plus BFA lowered [*H]-STX binding by 31
or 25%, respectively. After 12 h treatment, A23187, TG, or
BFA reduced [*H]-STX binding by 22, 9 or 31%, respectively.
Treatment of cells with A23187 plus BFA or TG plus BFA

[*H]STX binding (fmol / 4 x 10° cells)
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Figure 6 Decrease of [*’H]-STX binding capacity in A23187- and
TG-treated adrenal chromaffin cells: prevention by G66976 and
calpain inhibitor. Cells were treated for 24 h with DMSO, 1 um
A23187 or 100 nMm TG in the absence (None) or presence of 1 um
G066976, or/fand | um calpastatin peptide or 1 um biologically
inactive calpastatin analogue [calpastatin (—)], and used for [*H]-
STX binding assay. Mean+s.e.mean (n=5). *P<0.05, significant
decrease by A23187 or TG; #P<0.05, significant prevention by
G066976 or/and calpastatin.
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Figure 7 Enhancement by BFA of A23187-, and TG-induced
decrease of [PH]-STX binding capacity in adrenal chromaffin cells.
Cells were treated with DMSO, 1 um A23187 or 100 nm TG for 6 or
12 h in the absence (None) or presence of 10 ug ml~' BFA, and
subjected to [*H]-STX binding assay. Mean+s.e.mean (n=>5).
*P<0.05, significant decrease by BFA, A23187 or TG; #P<0.05,
compared with BFA alone.

remarkably reduced [*H]-STX binding capacity by 59 or
50%, respectively.

Effects of A23187 or TG treatment on Na* channel o-
and B ;-subunit mRNA levels

We measured the steady-state levels of Na* channel «- and
p1-subunit mRNAs in cells treated with or without A23187 or
TG for up to 48 h. As shown in Figure 8A, hNE-Na probe
hybridized to one major transcript (~9.4 kb) corresponding
to the a-subunit as reported previously (Klugbauer ez al.,
1995; Yanagita et al., 2000). When o-subunit mRNA level
was normalized against that of GAPDH mRNA, A23187
treatment progressively decreased o-subunit mRNA level by
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Figure 8 Northern blot analysis: distinct effects of A23187 and TG
treatment on Na™ channel - and f3;-subunit mRNA levels in adrenal
chromaffin cells. (A) Cells were treated with DMSO (—), | um
A23187 (+) or 100 nM TG (+) for up to 48 h; poly(A)" RNA was
extracted, separated by electrophoresis on agarose gel, and
transferred to membrane. The membrane was sequentially hybridized
to each **P-labelled cDNA probe for hNE-Na (top), rat brain f-
subunit (middle), and GAPDH (bottom) after removal of the former
probe. Data shown are typical one from three independent analyses
with similar results. (B) Levels of a- and f;-subunit mRNAs and
GAPDH mRNA in (A) were quantified by a Bioimage analyser, and
the relative amount of a- or §;-subunit nRNA GAPDH mRNA ™' in
A23187- or TG-treated cells is shown. A value of 100% represents
the relative level obtained in DMSO-treated cells at the left lane of
each incubation time. Mean+s.e.mean (n=3). ¥*P<0.05, compared
with DMSO-treated cells.
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~48% between 3 and 48 h (Figure 8B). In contrast, TG
treatment had no measurable effect on a-subunit mRNA level
between 3 and 48 h. Figure 8A shows that f;-subunit probe
hybridized to a single transcript (~1.5 kb), as reported
previously (Makita et al., 1994; Oh & Waxman, 1994;
Yanagita et al., 2000). A23187 decreased the relative level
of the f;-subunit mRNA by ~50% between 6 and 48 h,
whereas TG had no effect (Figure 8B).

Discussion

In the present study, treatment of adrenal chromaffin cells
with A23187 or TG caused a time- and concentration-
dependent decrease in [PH]-STX binding capacity. Scatchard
analysis revealed that A23187 or TG lowered the B, value
of PH]-STX binding, but did not alter the K, value. A23187
or TG also attenuated veratridine-induced **Na" influx, but
did not change the ECsy value of veratridine. It has been
shown that veratridine causes persistent activation of Na™
channels at resting membrane potential by blocking Na™*
channel inactivation and shifting the voltage dependence of
Na* channel activation to a more negative membrane
potential (Catterall, 1992). In our present study, the
maximum values of Na™ influx caused by veratridine in the
presence of ouabain (Figure 2) were 500.2, 214.3 and
306.6 nmol per 5 min per 4x 10° nontreated, A23187- or
TG-treated cells, respectively. Because STX binds to Na™
channels with the molecular ratio of 1:1 (Catterall, 1980), the
Biax values of [PH]-STX binding (Figure 1C) show that there
exist approximately 292.8 x 10%, 129.6 x 10® and 193.2 x 10® of
Na™ channels per 4 x 10° nontreated, A23187- or TG-treated
cells, respectively. Thus, the calculated Na™ influx rates
(107" mol single Na* channel™' min~') are comparable
among nontreated (3.41), A23187 (3.32)- or TG (3.26)-treated
cells. Also, either a- or f-scorpion venom, or PbTx-3 alone,
and a combination of either venom with PbTx-3 remarkably
potentiated veratridine-induced *Na* influx in A23187- or
TG-treated cells in the same manner as in nontreated cells
(Wada et al., 1987; 1992). These results suggest that long-
term treatment with A23187 or TG down-regulates cell
surface Na* channels without altering the activity and the
pharmacological property of the Na® channel molecule.
Either EGTA or BAPTA-AM completely prevented the
A23187-induced decline in [*H]-STX binding capacity.
A23187 elevated [Ca>"]; in the presence (but not in the
absence) of extracellular Ca®* for at least 96 h, consistent
with A23187-induced long-lasting (>96 h) down-regulation
of cell surface [?’H]-STX binding. These results suggest that
A23187-induced influx of extracellular Ca?* and the sub-
sequent rise in [Ca’']; were responsible for the down-
regulation of Na™ channels. TG-induced reduction in [*H]-
STX binding capacity was fully abolished by BAPTA-AM,
thereby showing that this reduction was dependent on
[Ca’*].. In contrast, EGTA prevented the TG-induced
reduction of [*H]-STX binding by 40% only, suggesting that
part of the TG-induced decrease of [*H]-STX binding
capacity could be attributed to the TG-induced influx of
extracellular Ca?* presumably via a mechanism termed
capacitative Ca?* entry (Parekh & Penner, 1997), previously
described in adrenal chromaffin cells (Cheek & Thastrup,
1989; Robinson et al., 1992). In the presence of EGTA, the

TG-induced monophasic increase in [Ca?*]; and subsequent
sustained plateau were reduced, compared to those in Ca®*-
containing medium. [Ca®']; remained elevated for up to
30 min. Thus, the remaining 60% reduction in [*H]-STX
binding capacity induced by TG in the presence of EGTA
might be attributed to the TG-induced sustained increase in
[Ca®"]; due to mobilization from intracellular Ca** pools.

In Ca?*-containing medium, DBHQ robustly increased
[Ca?*]; with an amplitude comparable to that induced with
TG, while this compound did not alter [?’H]-STX binding
capacity. The DBHQ-induced monophasic rise of [Ca®*];,
however, decayed rapidly, and was followed by the gradual
decline of [Ca®"]; toward basal levels. At 30 min the DBHQ-
induced increase in [Ca®*]; was significantly smaller,
compared to the TG-induced rise of [Ca**];. Moreover, the
observation that TG-induced [Ca®"]; rise lasted for at least
48 h is in agreement with the fact that TG-induced down-
regulation of cell surface [*H]-STX binding capacity levelled
off between 48 and 96 h. Continuous chronic elevation of
[Ca’"]; may be necessary to induce down-regulation of Na*
channels, because (1) BAPTA-AM, when added 24 h after
addition of A23187 or TG, completely blocked the sub-
sequent decreasing effect of A23187 or TG on [*H]-STX
binding capacity; (2) the decreasing effect of A23187 or TG
was readily reversed when A23187 or TG was washed out,
even after 48 h treatment; and (3) pulse treatment for 6 h
with A23187 was insufficient to diminish [*H]-STX binding,
when assayed at 12 and 24 h. In contrast, treatment of
adrenal chromaffin cells with DBHQ (100 uMm for 24 h)
decreased the number of cell surface insulin receptors to a
larger extent than TG treatment (100 nM for 24 h), as shown
by '*’I-insulin binding assay (authors’ unpublished observa-
tion). Similar results have been obtained in lymphocytes, in
which duration and amplitude of [Ca®*]; increase were found
to control the activation of a distinct subset of transcriptional
factors independently (Timmerman et al., 1996; Dolmetsch et
al., 1997).

In the present study, A23187 treatment lowered Na*
channel o- and f;-subunit mRNA levels as early as 3 and
6 h, respectively, when [*H]-STX binding capacity was not yet
decreased. The reduction of both transcript levels lasted for
at least 48 h in these conditions. In contrast, TG treatment
failed to decrease Na™ channel - and f,-subunit mRNA
levels between 3 and 48 h. On the basis that A23187 evoked a
rapid monophasic increase and sustained (>60 min) plateau
of [Ca>"]; with approximately a 2 fold greater amplitude than
did TG, it may be argued that A23187-induced higher level of
[Ca?*]; increase was required for the down-regulation of Na*
channel subunit transcripts. A previous expression study of
Xenopus oocytes showed that injection of decreasing amounts
of cardiac Na® channel f;-subunit mRNA, in conjunction
with the constant amount of the a-subunit mRNA, produces
a graded reduction in cell surface expression of Na™ channels
(Qu et al., 1995). Our present study showed that compared to
TG-induced decrease in [*H]-STX binding capacity, A23187-
induced reduction of [*H]-STX binding occurred to a greater
extent at each incubation time, and lasted for a longer period.
These results suggest that A23187-induced decrease in Na™
channel subunit mRNA levels contributes to the down-
regulation of cell surface Na* channels.

In adrenal chromaffin cells, our previous study shows that
the TMX-induced, rapid (<15 min) and sustained (>15 h)
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translocation of cPKC-o from cytosol to membranes
promotes endocytic internalization of cell surface Na™
channels, and causes down-regulation of Na* channels, as
evidenced by using G66976 and BFA (Yanagita et al., 2000).
In the present study, reduction of [*H]-STX binding capacity
caused by A23187 or TG was attenuated by concurrent 24 h
treatment with G66976. Although the mechanisms whereby
[Ca**); lowered [PH]-STX binding may vary during chronic
(~96 h) treatment with A23187 or TG, we measured whether
A23187 or TG treatment could stimulate internalization of
Na™ channels at 6 and 12 h. BFA treatment (10 ug ml~' for
~12 h) decreased [*H]-STX binding per se, and enhanced
A23187- or TG-induced reduction in [*H]-STX binding. BFA
treatment (2.5—10 pg ml~' for 2—36 h) has been shown to
block cell surface vesicular trafficking from the TGN of
glucose transporter-4 (Chakrabarti et al., 1994), transferrin
receptors (Schonhorn & Wessling-Resnick et al., 1994), renal
epithelial Na* channels (Shimkets et al., 1997; Staub et al.,
1997), and «;g-adrenoceptors (Hirasawa et al., 1998), whereas
a similar BFA treatment does not alter the internalization
rate of these ion channels and receptors (Schonhorn &
Wessling-Resnick, 1994; Cavenagh et al., 1996; Hirasawa et
al., 1998). Thus, the attenuation evoked by G66976 and the
enhancement by BFA of A23187- or TG-induced decline in
[PH]-STX binding capacity suggest that A23187- or TG-
induced rise of [Ca®*];, and the subsequent activation of
cPKC-o accelerated internalization of cell surface Na*
channels, thereby contributing to the down-regulation of
Na™ channels during 6 and 12 h treatment with A23187 or
TG.

Our present study also showed that decrease in [?’H]-STX
binding capacity caused by A23187 or TG was diminished by
simultaneous 24 h treatment with calpastatin peptide. One
possible mechanism of calpain-induced down-regulation of
Na™ channels is internalization of Na* channels, because
calpain stimulates budding of clathrin-coated vesicles, an
event triggering the internalization of ion channels (e.g. renal
epithelial Na™ channels) (Lamaze & Schmid, 1995; Liu &
Robinson, 1995; Shimkets et al., 1997; Staub et al., 1997). In
the brain, calpain binds to clathrin-coated vesicles in a Ca**-
dependent manner, and catalyzes the degradation of
membrane proteins, thus promoting generation of clathrin-
coated vesicles (Nakamura et al., 1992; Sato et al., 1995). In
vivo and in vitro studies in fibroblasts have shown that
calpain-catalyzed proteolytic removal of spectrin, a cytoske-
letal protein, is the prerequisite for budding of clathrin-
coated vesicles, and the effect of calpain is stimulated by
annexin VI, a Ca?"-dependent phospholipid-binding protein
(Kamal et al., 1998). In brain and fibroblasts, clathrin is
associated with ankyrin, a protein that accelerates calpain-
induced degradation of spectrin and endocytosis of clathrin-
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