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a;c-subunit (RGAPAGLHDQKKG+C). A male Japanese White rab-
bit was immunized four times every 2 wk. Serum was collected, and
polyclonal antibody was affinity purified.

Immunoblotting. The membrane fraction was prepared and immu-
noblotting was performed as described previously (23). Briefly, tis-
sues from rat (DA, aorta, atria, left ventricle, and lung) were homog-
enized in an ice-cold buffer [in mM: 50 Tris (pH 8.0), 1 EDTA, |
EGTA, 1 dithiothreitol, and 200 sucrose] and protease inhibitors
(Complete Mini, Roche, Tokyo. Japan). The polyclonal antibody
specific for ayc-, oip-, and ayg-subunits (Chemicon, Temecula, CA)
or spliced variant of o c-subunit at 5 pg/ml was used to examine
20-pg membrane fractions from rat tissues.

Immunohistochemistry. For immunoperoxidase demonstration of
VDCCs in the DA, paraffin-embedded blocks containing DA tissues
were cul into 4-pm-thick sections and placed on 3-aminopropyliri-
ethoxysilane-coated glass slides. To determine the boundary line of
intimal cushion formation, tissue sections were stained with Elastica
van Gieson as recommended by the manufacturer (Muto Pure Chem-
icals). The specimens were deparaffinized, rehydrated, and incubated
for 5 min in peroxidase-blocking reagent (DAKO Laboratories) to
inactivate endogenous peroxidases. Slides were incubated with each
primary antibody of splicing variant of a)c-, aip-, oG-, and o c-
subunits (1:200 dilution) at room temperature for 30 min. After they
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Fig. 1. Semiquantitative RT-PCR analyses of Ca?
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were washed with 0.1 M PBS for 5 min, the slides were incubated for
30 min in biotinylated rabbit anti-goat IgG (Vector, Burlingame, CA).
Then the slides were washed with 0.1 M PBS for 5 min, incubated for
30 min in avidin-biotin-horseradish peroxidase complex (Vector), and
washed again with 0.1 M PBS for 5 min. The peroxidase reactivity
was demonstrated with 3,3’-diaminobenzidine (Sigma, St. Louis.
MO) and 0.3% H.0- for 5 min. The specificity of staining was
examined by omission of the primary antibodies. The slides were
counterstained with Mayer's hematoxylin.

Primary culture of rat DA SMCs. Vascular SMCs in primary
culture were obtained from the DA of Wistar rat embryos at €21. The
tissues were minced and transferred to a 1.5-ml centrifuge tube that
contained 800 pl of collagenase-dispase enzyme mixture [1.5 mg/ml
collagenase-dispase (Roche), 0.5 mg/ml elastase type II-A (Sigma
Immunochemicals, St. Louis, MO). 1 mg/ml trypsin inhibitor type 1-S
(Sigma), and 2 mg/ml bovine serum albumin fraction V (Sigma) in
Hanks” balanced salt solution (Sigma)]. The digestion was carried out
at 37°C for 15-20 min. Then cell suspensions were centrifuged, and
the medium was changed to the collagenase Il enzyme mixture |1
mg/ml collagenase 11 (Worthington), 0.3 mg/ml trypsin inhibitor type
[-S, and 2 mg/ml bovine serum albumin fraction V in Hanks’ balanced
salt solution]. After 12 min of incubation at 37°C, cell suspensions
were transferred to growth medium in 35-mm poly-L-lysine (Sigma)-
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channel subunits. A: RT-PCR for L-type Ca’* channel a,-subunit isoforms in rat ductus arteriosus (DA),

aorta, skeletal muscle. and retina. RNA samples from tissues were processed for 35 cycles of PCR using primers directed 1o the cDNA sequence of VDCC as-,
aye-, aype, and agp-isoforms. PCR of the primer alone, without template, resulted in no product (data not shown). Transcripts for aic- and o;p-subunits were
detected in DA and aorta, bul no transcripts for ays- and a;g-subunits were detected in DA and aorta. Transcripts for ac-subunit were detected as clear bands
of expected (378 bp) and longer (453 bp) lengths. Sequence analysis detected insertion of an unreported 75-hp ¢cDNA in the 453-bp band into the 378-bp band
Expression of ajc-subunit mRNA was not altered during development. Expression of ajp-subunit mRNA was decreased in DA from embryonic day 27 (e21)
but decreased from day O (birth) in aorta. B: RT-PCR for T-type Ca’* channel a;s-, o=, and an-subunits in rat DA, aorta. skeletal muscle, and retina.
Transcripts for these subunits were present in DA and aorta. Expression level of a;g-subunit mRNA was high from embryonic day /9 (e19) to day 0 in DA and
aorta and decreased in adult aorta. Levels of - and ay5-subunit mRNA expression were low in DA and aorta. C: RT-PCR for a»s-subunits in rat DA and aorta
during development. Transcnpts for all 4 ass-subunit isoforms were present in both tissues. D: RT-PCR for B-subumts in rat DA and aorta during development.
Transcripts for 4 B-isoforms were present in both tissues. B3-Subunit mRNA was abundant in DA and aorta throughout development
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coated dishes in a moist tissue culture incubator at 37°C in 5%
C02-95% ambient mixed air. The growth medium contained DMEM
with 10% FCS, 100 U/ml penicillin, and 100 mg/ml streptomycin
(Invitrogen). The confluent cells were used at passages 4—6. We
confirmed that >99% of cells were positive for a-smooth muscle
actin and showed the typical “hill-and-valley” morphology.

Cell proliferation assays. [*H]thymidine incorporation was used to
measure cell proliferation in DA SMCs. The SMCs were reseeded into
a 24-well culwre plate at an initial density of 1 x 10% cells per well
for 24 h before serum starvation with DMEM containing 0.5% FCS.
Cells were then incubated with or without nitrendipine (1 M),
kurtoxin (1 M), and efonidipine (3 uM) for 16 h in the starvation
medium before addition of I pCi of [merhivl-*H]thymidine (specific
activity 5 Ci/mM: Amersham International, Bucks, UK) for 4 h at
37°C. After fixation with 1.0 ml of 10% trichloroacetic acid. the cells
were solubilized with 0.5 ml of 0.5 M NaOH and then neutralized
with 0.25 ml of 1 N HCI. A liquid scintillation counter was used to
measure [*H]thymidine incorporation. Data obtained from triplicate
wells were averaged.

Generation of expression construct for spliced variant of rai
w;c-subunit. The 220-bp fragment containing a 75-bp insertion of the
spliced variant of rat VDCC oc-subunit was extracted from the
453-bp PCR fragment using Xho I and Sph I restriction enzymes. Then
the 220-bp fragment was introduced into the Xho USph I site of the
pcDNA3J 1(+)-based expression construct of the rat brain 1C subunit
(rbClII; kindly supplied by Dr. T. P. Snutch) (35). The sequence of the
expression construct was confirmed by direct sequencing analysis.

Electrophysiological recordings. Cav1.2 (rbCIl; GenBank acces-
sion no. M67515) or its mutant was transiently expressed in BHK6
cells, which stably express Bi- and ezs-subunits, Transfection was
carried out with a transfection reagent (FuGene 6, Roche), as previ-
ously described (43).

Electrophysiological recordings were performed in the whole cell
patch-clamp configuration using a patch/whole cell-clamp amplifier
(Axopatch 200B, Axon Instruments) and an analog-to-digital con-
verter (Digidata 1200, Axon Instruments) (43). Data acquisition was
performed with pCLAMP7 software (Axon Instruments). Signals
were filtered at 5 kHz. Capacitative currents were electrically com-
pensated. The P/4 protocol (pCLAMP7) was used for leak subtraction.
Ca®* currents and Ba®™" currents (/,) through Cay 1.2 (rbCII) Ca?*
channels expressed in BHK6 cells were measured as previously
described (27). The external solution contained (in mM) 137 NaCl,
5.4 KCI, 1 MgCls, 10 HEPES, and 10 glucose, with 2 CaCls or BaCl,
as a charge carrier; pH was adjusted to 7.4 with NaOH at room
temperature. The resistance of the patch electrode was 2-2.5 M()
when it was filled with the pipette solution containing (in mM) 120
CsMeSO,, 20 TEA-CI, 14 EGTA, 5 Mg-ATP, 5 Na; creatine phos-
phate, 0.2 GTP, and 10 HEPES, with pH adjusted to 7.3 with CsOH
at room lemperature. All experiments were carried out at room
temperature.

The half-activation potential (V, .,) was estimated by fitting the
current-voltage (/-V) relations (curves) to the following equation by
an interactive nonlinear regression fitting procedure

I'= (Vo = Ve Gt {11 + exp(Vip — ViaVKT}

where Vi, is membrane potential, Vi, is reversal potential, k is slope
factor, and Gax 1 maximum conductance.

Half-inactivation voltage (Viinac) was estimated by fitting the
steady-state inactivation curves to the following equation

=1 Fill] r [mm )/[l - expl Vlmn:n-‘ - "‘/}",'l*']

min max

where fnax and Jpin are maximum and minimum plateau currents,
respectively, and & is slope factor.

Statistical analysis. Values are means = SE. Student’s unpaired
t-tests and unpaired ANOVA followed by the Student-Newman-Keuls
test were used for statistical analysis. P << 0.05 was considered
statistically significant.

H1663
RESULTS

Multiple transcripts of VDCC «,-, azs-, and B-subunits in
rat DA. Semiquantitative RT-PCR analyses revealed that,
among voltage-dependent L-type Ca®* channel subunits, o;c-
and op-subunit mRNAs were expressed in the DA and the
aorta, whereas neither ayp- nor oys-subunit transcript was
detected (Fig. 1A). The o c-subunit transcripts were amplified
as two bands, 378 bp (the expected size) and 453 bp, in the
RT-PCR products. The 378-bp band was confirmed as the
reported VDCC oy e-subunit, and the 453-bp band was identi-
fied as a novel spliced variant of the rat VDCC «;¢-subunit by
sequencing analysis. Another spliced variant of «,c-subunit in
the human, which displayed oxygen-sensitive opening of the
channel. was recently identified (11). However, we could not
detect this spliced variant in DA, aorta, and genomic DNA in
the rat by RT-PCR using Cay 1.2 (a;¢)-2 primers, although we
could detect its expression in human right ventricle (data not
shown). The expression of VDCC «;a (P/Q-type)-, o;u (N-
type)-, and o (R-type)-subunits was not detected in the DA
by semiquantitative RT-PCR (data not shown).

The transcripts of all T-type Ca®* channel o;-subunits, g,
oy, and oy, were detected in the DA and aorta (Fig. 18). In
our PCR conditions, expression of the o) g-isoform was highest
and expression of the o y-isoform was lowest in the DA
among T-type Ca®>" channel «;-subunits. Expression of ay
was decreased from e21 in the DA and from day 0 in the aorta.

The transcripts of all four ezs-subunits were detected in the
DA and aorta (Fig. 1C). Transcripts of all four B-subunits were
detected in the DA and aorta (Fig. 10). Among them, Bs-
subunit mRNA was highly expressed by semiquantitative RT-
PCR during development in the DA and aorta. Expression of
B3-subunit mRNA was not changed during development. Ex-
pression of B-subunit mRNA was not detected in adult aorta.
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Fig. 2. Relative abundance of L-type Ca** channel a;-subunils in DA at e21.
Uncut lane shows a single band corresponding to fragments obtained afier
RT-PCR; aic, ain, and a)s lanes show fragments obtained after restriction
tigest with enzymes. Digested fragments are indicated by arrows, Digested
fragment was detected more in oc- than in ap-subunit. No digested fragment
was detected in o;s-subunit. Values for o;c- and o p-subunits were obtained
from the value into which elements digested by each enzyme were divided by
amount of uncut PCR product using densitometry. The o c-subunit is the most
abundant of the L-type Ca®* channel subunits. *P < 0.01.
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Expression B- and Bs-subunit mRNA was higher in the fetus
than that in neonates on day 0.

VDCC wje-subunit was a predominant transcript of L-type
Ca®" channel subunits in rar DA. Using restriction enzyme
analysis as previously reported (29), we determined relative
abundance of HVA Ca®" channel mRNA. The digested frag-
ments were detected only in the o - and «;p-subunit lanes
(Fig. 2), which is consistent with the result from semiquanti-
tative RT-PCR. The values of ajc- and ap-subunits were
obtained when the value into which elements digested by each
enzyme was divided by the amount of uncut PCR product. The
density of the digested fragment was significantly higher in the
ac- than in the a;p-subunit lane, indicating that the oc-
subunit is the most abundant transcript among L-type Ca®’
channel subunits.

Protein expression of a,c-, a;p- @G-, and Bs-subunits in
the DA. Protein expression of a1, o1 p-, @1 G-, and Ba-subunits
was examined by immunoblotting analysis (Fig. 3). Although

e2l

A DA aorta

Ca** CHANNEL SUBUNITS IN RAT DUCTUS ARTERIOSUS

the expression level of a;c-subunit mRNA was higher in the
DA than in the fetal aorta, the expression level of ac-
subunit protein in the DA was comparable with that in the
aorta at e21 and much less than that in the adult atrium and
aorta. Protein expression of the o;p-subunit was similarly
detected in the DA and aorta at €21, but not in the adult
aorta. The level of a;g-subunit protein expression was high
in the DA and aorta at e21 and undetectable in the adult
aorta, We also detected Bs-subunit protein expression in the
DA at e2l.

In addition. we examined the localization of o c-, ayp-, and
aG-subunit proteins in the DA at e21 by immunostaining with
anti-a ¢, -ayp, and -og (Fig. 3B). Strong immunoreaction of
ayc- and oyg-subunits and moderate immunoreaction of the
o p-subunit were found in SMCs in the DA. Especially, the
ajg-subunit was strongly expressed in the region of intimal
thickening of the DA, which is clearly distinguished by Elas-
tica stain.

adult

aorta atria

ey —

alC s

Fig. 3. A: expression of ayc-, ain-, aig-, and Ba-subunit protein in rat DA, aorta, and atrium by immunoblotting. Membrane proteins from ral tissues were
separated by SDS-PAGE, together with prestained molecular weight markers, and subjected to immunoblot analysis with each subunit-selective antibody
Expression level of ajc-subunit protein was comparable in DA and aorta at €21 and much less in DA than in adult atrium. Expression of ap-subunit was
similarly detected in DA and aorta at e21. Expression of a-subunit protein was high in DA and aorta at e21 and undetectable in adult aorta. Expression of
Bs-subunit was high in DA at e21. B: DA at e21 immunostained with anti-a;c, -a;p, and -a,. Elastica stain identified the boundary of intimal cushion formation.
High-magnification (X4) image of the region of intimal cushion formation is shown at bortom. Strong immunoreaction of ot;c-subunit and mild immunoreaction
of ayp-subunit were ubiquitously found in DA, Strong a)G-subunit immunoreaction was especially found at the region of intimal thickening (IT) in DA. Scale

bar, 100 pm.
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Effects of development and maternally administered vitamin
A on expression of VDCC «;-subunit transcripts. Although the
expression levels of a;c-subunit mRNA were not changed in
the DA during development, a significant decrease in the
expression level of «a;c-subunit mRNA in the aorta resulted in
a higher expression of a¢-subunit mRNA in the DA than in
the aorta after e21 (Fig. 4A4). Maternally administered vitamin
A significantly increased the expression levels of a;¢-subunit
mRNA at day 0 (P < 0.01; Fig. 4B).

Expression of a;g-subunit mRNA was 25-120 times higher
In perinatal vessels than in the adult aorta (Fig. 4C). The
expression was upregulated in the DA during development.
The level of o g-subunit mRNA was significantly higher in the
DA than in the aorta at day 0. Maternally administered vitamin
A significantly upregulated the expression of ogG-subunit
mRNA at all developmental stages (P < 0.001; Fig. 4D).

Effects of L- and T-type VDCCs on SMC proliferation in DA.
We used a specific L-type VDCC blocker (nitrendipine), a
specific T-type VDCC blocker (kurtoxin), and an L- and
T-type VDCC blocker (efonidipine) to investigate a role for
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VDCCs in SMC proliferation in the DA, Significant inhibition
of [*H]thymidine incorporation was observed in rat DA SMCs
treated with 1 wM nitrendipine, 3 pM efonidipine, or 1 pM
kurtoxin compared with untreated SMCs (Fig. 5). The inhibi-
tion was the strongest in SMCs treated with 3 pM efonidipine,
suggesting that the additive inhibitory effect of efonidipine on
cell proliferation is due to the blockade of L- and T-type
VDCCs in rat DA SMCs.

A novel spliced variant of the a;c-subunit was highly ex-
pressed in adult lung and fetal arteries. As demonstrated
above, using RT-PCR with Ca,1.2 (a;¢)-1 primers, we found
a novel alternatively spliced isoform of the ac-subunit in the
DA and aorta (Table 1). The PCR products were subcloned
into a pCRII vector (Invitrogen) and sequenced. We reported
the nucleotide sequence in the EMBL/GenBank nucleotide
sequence databases (accession no. AY323810; Fig. 6A). The
spliced variant contained a 26-amino acid insertion into the I-II
cytoplasmic linker that interacts with the B-subunit of ;¢ (Fig.
68). During the course of the present study, homologs of this
variant have been reported in other species. Figure 6C shows
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Fig. 4. A: developmental changes in expression of a;c-subunit mRNA. Expression level of ac-subunit mRNA was higher in DA than in aorta (AO) at e21 and
day 0. Expression level was not changed in DA during development but was decreased in aorta from el19 to e21. *P < 0.05. NS. not significant. B: effects of
maternally administered vitamin A (MVA) on expression of ajc-subunit mRNA in DA, Levels of ajc-subunit mRNA were not changed in DA during
development and were significantly increased with vitamin A only at duy 0. *P < 0.05; **P < 0.01. C: developmental changes in expression of a;g-subunit
mRNA. Transcripts for a;i-subunit were increased during development in DA. Abundance of a,g-subunit mRNA was significantly greater in DA than in aorta
at day 0. **P =< 0.01; ***P < 0.001. D: effects of maternally administered vitamin A on expression of ayg-subunit mMRNA in DA, Expression of a)g-subunit
mRNA was upregulated during development and significantly higher than with vitamin A at any developmental stage. **P < 0.01; ***P < 0,001,
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Fig. 5. Effects of VDCC blockers on [*H]thymidine uptake of DA smooth
muscle cells. [*H]thymidine incorporation in groups treated with nitrendipine,
efonidipine, and kurtoxin was decreased compared with that in control group
in 0.1% FCS-containing medium, Treatment of DA smooth muscle cells with
efonidipine resulted in additional reduction of [*H]thymidine uptake compared
with nitrendipine or kurtoxin treatment. Experiments were performed 3 times
independently in duplicate. Significantly different from control: *P < 0.01,
*4P < 0.0001. 7Significantly different from nitrendipine (P < 0.01). $Signif-
icantly different from kurtoxin (P < 0.01).

that amino acid sequence homology between the rat and other
species (mouse, rabbit, and human) is very high (100%, 92%,
and 88%, respectively).

We characterized the novel spliced isoform of rat oc-
subunit. Figure 7A shows the expression the spliced variant of
ajc-subunit mRNA and protein by semiquantitative RT-PCR
and immunoblotting analyses. The PCR product migrating 433
bp was the spliced variant of the o c-subunit and the 378-bp
band indicated the reported a;c-subunit. A relatively high
intensity of the 453-bp band was detected in the DA and the

1492

Ca?" CHANNEL SUBUNITS IN RAT DUCTUS ARTERIOSUS

aorta. Using the specific antibody against the spliced variant of
the o;c-subunit, we also found a high level of expression of the
variant protein in arteries, including the DA, and less expres-
sion in the adult heart.

By quantitative RT-PCR analyses, the spliced variant tran-
script was expressed most abundantly in the adult lung (data
not shown). less in the fetal arteries, and least in the adult
arteries. In other adult tissues, the expression level of oc-
subunit mRNA, including this spliced variant, was very low
(data not shown). The ratio of the abundance of the spliced
variant to the conventional ajc-isoform was measured by
quantitative RT-PCR (see MATERIALS AND METHODS). The pro-
portion of the spliced variant and nonspliced o c-isoform was
almost invariable (1-1.5) among the lung, DA, and aorta.
Furthermore, we examined the developmental changes in the
expression of the spliced variant of the a;c-subunit transcript
in the DA and aorta (Fig. 7B). The level of the spliced variant
ajc-subunit mRNA peaked at e21 in the DA. After birth, the
level of the spliced variant o;c-subunit mRNA was higher in
the DA than in the aorta.

Localization of the spliced variant of the «;c-subunit in the
DA at e2] was examined by immunostaining with anti-ct;c-
subunit splicing variant (Fig. 7C). Strong immunoreaction was
found in the region of intimal thickening of the DA (Fig. 7C,
right), whereas immunoreaction of the conventional o c-iso-
form was ubiquitously expressed in the whole layers of the DA
(Fig. 3B).

1516 1517

AF394938 atggatgaagacaaaccecgaaaca tgageatgeccacaagtgagac

e
AY323810 | 176
|

Fig. 6. A: alignment of nucleotide sequence of rat
Ca*" channel ac-subunit (GenBank accession no.

AF394938) and novel spliced variant (GenBank

gaggcegetecageggecttgeatgatcagaaga 250
aaggaaatttgettggtitagtcactecacagaaacceatg

156
ELPWVYFVSLWFGSFFVLNLVLGVL*BEFSKEREKAKARGDFOKLRE

accession no. AY323810). Spliced variant consists
of a 75-bp insertion. B: amino acid sequence of rat

@QLEEDLKGYLOW!TM&DFDPEN EDEGMDEDKPRNMSMPTSETE

Ca*" channel oc-subunit. Spliced variant contains
a 25-amino acid insertion into the I-1I cytoplasmic
linker that interacts with the B-subunit of . C:
comparison of amino acid sequence of novel oc-
subunit alternatively spliced isoform among several
species. Sets of conservative or unconservative res-
idues are indicated in bold or light font, respec-
tively. Amino acid sequence is highly conserved

Beta subunit binding site pe

GAPAGLHDQKKGKFAWFSHSTETHY/
Splicing variant

SVNTENVAGGDIEGENCGARLAHRISKSKFSRYWRRWNRFCRRKCRA

; .
AVKSWFYWLVIFLVFLNTLTiA&iEHYNQPHWLTEVQDTANKALLAL

among species. st

C

Species  accession amino-acid sequences homology
nu.m.lmr - vs rat

Hat AY323810 RGAPAGLHIDOQKKGKFAWEFSHSTETHY -—

Mouse V17869 RGCAPAGI HDOKKGKFAWFSHSTETHY 1H00%

Rabbit NS5763 RGIPAGIHHTAQKKGKFAWESHSTETHY 92%

Human AJS36834 RGIPAGMLDOQKKGKFAWFSHSTETHY BR %%
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We examined whether the DA variant exerts any differences
in the gating kinetics of the Ca®' channel. Activation and
inactivation kinetics of [y, were not significantly different
between rbClII and the DA variant (Fig. 84). The expression
level at the surface membrane, estimated as the density of Ig,,
did not differ between the two groups, even though the indi-
vidual cell showed a wide variety of Iy, density, as is often the
case with a transient expression experiment (Fig. 8B). The I-V
relations of rbCII and the DA variant were almost superimpos-
able (Fig. 8C). Vhaa of tbCIl and the DA variant were
—154 £19mV(n=9 and —145 £ 12 mV (n = 7).
respectively (not statistically significant). The steady-state in-
activation curves could be slightly shifted toward the depolar-
ized direction in the DA variant, but Vi jn. was not signifi-
cantly different: —33.3 * 1.0 mV (n = 9) and —31.5 * 1.7
mV (n = 6), respectively.

DISCUSSION

Ca®* influx through VDCCs plays an important role in
vascular myogenic reactivity and tone (4, 8. 26). To our

H1667

Fig. 7. A: expression of splicing variant of a,c-
subunit confirmed by semiquantitative RT-PCR and
immunoblotting analyses. Band migrating at 453 bp
is spliced variant of ajc-subunit; smaller band is
nonspliced ajc-isoform. Immunoblotting analysis
revealed that spliced variant of ajc-subunit was
highly expressed in vascular smooth muscle, includ-
ing DA, at mRNA and protein levels. B: relative
abundance of spliced variant of «;c-subunit mRNA
measured by quantitative RT-PCR. Level of spliced
variant of a;c-subunit mRNA is highly expressed in
DA and aorta in the fetus. C: immunoreaction of
splicing variant of ac-subunit was found in smooth
muscle cells of DA at e2]. Strong immunoreaction
was found in region of intimal thickening. Scale bar,
100 wm. High-magnification (X4) image of region
enclosed in rectangle at Jeft is shown at right.

knowledge, the present study demonstrated the first complete
characterization of the expression of VDCC subtype mRNAs
in the DA. Tristani-Firouzi et al. (38) demonstrated that acti-
vation of L-type, but not T-type, VDCCs plays a major role in
oxygen-sensitive contraction in the DA. Takizawa et al. (37)
demonstrated that an L-type VDCC blocker, verapamil, inhib-
its spontaneous closure of the DA in newborn rats. Therefore,
the abundant expression of ajc-subunit mRNA in the DA
suggested that the ayc-subunit is mainly responsible for the
influx of Ca®* that induces contraction of the DA after birth.

We also found that all T-type VDCCs were expressed in the
DA. The most dominant isoform among T-type VDCCs in the
DA is the «;g-subunit. with an expression level 25-120 times
higher in fetal vessels than in adult aorta. which is consistent
with previous reports showing that T-type VDCCs are predom-
inantly expressed in the early stages of differentiation of many
embryonic and neonatal tissues (2, 9. 12, 21). The expression
of «jG-subunit MRNA was significantly upregulated by mater-
nal administration of vitamin A. In the DA. «ag-subunit
protein was highly localized in the region of intimal thicken-
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ing. Although the abundant expression of the o;g-subunit
suggests that the og-subunit plays an important role in the
DA, the physiological role of T-type VDCCs in smooth muscle
contraction has been obscure. However, Ca** influx through
the a;y-subunit has been recently identified to be essential for
normal relaxation of coronary arteries (4). Therefore, T-type
VDCCs may play a similar role in the DA, rather than in
oxygen-sensitive contraction (38). Further investigation is nec-
essary to test the possibility.

In addition to the regulation of vascular tone, L- and T-type
VDCCs are also known to regulate differentiation (14, 17),
proliferation (19, 36, 44), migration (7, 31), and gene expres-
sion (41) in vascular SMCs. In the present study, we found that
L- and T-type Ca®" channel blockers significantly inhibited
[*H]thymidine incorporation in DA SMCs, suggesting that L-
and T-type VDCCs promote cell proliferation in the DA.
Moreover, we found that BAY K 8644, an L-type VDCC
activator, increased DA SMC migration in a dose-dependent
manner (unpublished data). A previous study demonstrated
that the blockade of T-type, but not L-type, VDCCs prevented
neointima formation after vascular injury (32), which shares a
molecular mechanism of intimal thickening similar to that of
the DA. Our present results, however, indicate that L- and
T-type VDCCs are involved in intimal thickening in the DA in
different ways.

Previous studies demonstrated that responses of the DA to
oxygen and indomethacin, a prostaglandin H synthase inhibi-
tor, are blunted at 19 and are apparent at e21 (24, 25). In this
study, the expression level of e;c-subunit mRNA at el9 was
similar to that at e21 or day 0. Therefore, the expression level
of the a;c-subunit was not considered the cause of the blunted
response of the DA to oxygen and indomethacin at e19. One
may argue that an oxygen-sensitive signal is activated at near
term (e21) to increase the activity of VDCCs. In this sense,
vitamin A and/or retinoic acid signaling is a candidate for the
activator of oxygen sensitivity, because the retinoic acid re-
sponse element is strongly expressed in the mouse DA (6), and

maternally administered vitamin A accelerated development of
the oxygen-sensing mechanism of the rat DA (42). Previous
studies have also demonstrated that retinoic acid upregulated
a;c-subunit L-type Ca®* channel expression in vascular SMCs
(13) and HoC, cardiac myoblast cell lines (22). Although
vitamin A upregulated the expression of ajc-subunit mRNA in
the DA only at day 0, it would be of great interest that vitamin
A and/or retinoic acid signal may enhance the activity of
VDCCs in the DA.

We found a novel spliced variant of the ac-subunit in the
rat, The spliced variant contained a 25-amino acid insertion
into the I-1I cytoplasmic linker. The interaction between the
cytoplasmic I-II linker of oc- and B-subunits is known to
modulate channel opening (16). During the preparation of this
manuscript, Liao et al. (18) reported the same spliced variant of
the oyc-subunit. They demonstrated that the spliced variant of
the «ayc-subunit exhibited a hyperpolarized shift in voltage-
dependent activation and the /-V relation in HEK 293 cells.
However, we did not find a difference in basic electrophysio-
logical channel properties between the conventional and the
spliced variant of ac-subunits. Although we do not explain an
exact reason for the conflicting results between two studies, the
discrepancy may be due to the different conditions of the
experiments: we used rat cDNA and the B;-subunit, whereas
Liao et al. used human cDNA and the Bz-subunit. Although we
did not find a difference in basic channel properties between
the conventional and the spliced variant of o c-subunits, we
found the distinct expression pattern of the spliced variant in
the DA. The spliced variant was strongly expressed in neoin-
timal thickening of the DA, where SMCs exhibit more prolif-
erating and migrating characters (33, 34). In addition, we found
that expression of the spliced variant mRNA was significantly
increased in the lung of monocrotaline-treated rats (unpub-
lished data). These results suggest a distinct role for the spliced
variant in adaptation to various physiological and/or patholog-
ical signals.
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In conclusion, multiple VDCC subunits were identified in
the DA, and, in particular, o;c- and o -subunits were pre-
dominant in the DA. The expression of ac- and «;G-subunit
mRNAs was higher in the DA than in the aorta and was
significantly upregulated by maternal administration of vitamin
A. We found a novel spliced variant of the a;c-subunit gene
that may play a specific role in Ca?* entry in the lung and fetal
arteries. Our study could be an important first step in identifi-
cation of the molecular basis of Ca®* channel function in the
DA. On the basis of our results, further study would identify
the physiological relevance between mRNA levels and Ca*’
channel function in the DA.
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We found that a variety of compounds containing partial
structures of tamoxifen showed activity as chemical modulators
of large-conductance calcium-activated K* channels (BK chan-
nels).

Key words large-conductance calcium-activated K' channel: tamox-
ifen; channel opener; (xeno)estrogen; electrophysiology

Large-conductance calcium-activated K* channels (BK
channels) characteristically respond to two distinct physio-
logical stimuli, i.e., changes in membrane voltage and in cy-
tosolic Ca*" concentration.”” The BK channel opens in re-
sponse to an increase in cytosolic Ca’" concentration and
membrane depolarization, resulting in an increase of K* ef-
flux, which leads to rapid hyperpolarization of the excitatory
membrane and thus reduces Ca’~ influx through voltage-de-
pendent Ca’* channels. The BK channel is formed by a
tetramer of the pore-forming a-subunit and up to four f-sub-
units that function to modulate the BK channel.’*’ Recent
cloning studies also revealed the presence of multiple splice
variants of o-subunits* ® and multiple subtypes of f-sub-
units (B, B,/B; and B,).” Thus, there is a large diversity
of BK channels, which may be specific to tissues and
organs.*® Except for cardiac myocytes, the BK channels are
expressed in a number of organ systems, such as smooth
muscle cells, skeletal muscle cells, neuronal cells, and secre-
tary epithelial cells,'” and they have important physiological
roles in modulating muscle contraction and neuronal activi-
ties, such as synaptic transmission.'"”

These features and the widespread distribution of the
channel throughout the central nervous system and in periph-
eral tissues offer rich opportunities for discovering novel
therapeutic agents based on BK channel modulators, particu-
larly openers."'" Chemical channel openers are expected to
quench excitatory events that pathologically elevate the cy-
tosolic Ca’" and induce depolarization of the cell mem-
branes, and potentially have specificity for tissues and organs
of interest. Well-characterized BK channel openers could be
used to treat acute stroke, epilepsy, and bladder overactiv-
ity."" There is some evidence for the utility of BK channel
openers in the treatment of asthma, hypertension, gastric hy-
permotility and psychoses.'” Recent studies have shown that
the BK channel is one of the targets for the non-genomic
effects of (xeno)estrogens, such as tamoxifen and estra-
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diol."”" ™' The stimulatory action of tamoxifen and 17f-
estradiol on the BK channel activity requires the presence of
the 3, subunit.”" ' Herein, we show that compounds con-
taining partial structures of tamoxifen can activate the human
BK channels, possibly through action on the 8, subunit.
Compounds 3a—o were synthesized by means of Mec-
Murry condensation reaction of a substituted benzophenone
derivative and 3-pentanone in the presence of TiCl, and zinc
powder in dry THF with heating at reflux for 4—20h.2” Pre-
liminary assay by using the fluorescent dye method with
DiBAC,(3) was applied with rat rSlo & and f3, stably ex-
pressing human embryonic kidney (HEK 293) cell lines.?"”
The results are shown in Fig. 1. The magnitude of release of
the dye from the inside of the cells upon opening of the BK
channels is shown in terms of the normalized decrease of flu-
orescence of the dye, relative to that in the case of tamoxifen,
defined as 100 (%). The observed relative magnitudes were
based on a large set of data (n=11—19). The larger the
value, the stronger the opening activity of a compound. As
shown in Fig. 1, the N,N-dimethylaminoethyloxy group of ta-
moxifen is not necessary for activity (see 3a). The acidic
phenol functionality is also not essential, but rather hy-
drophobicity, such as a methoxy (3c) or trifluoromethyl
group (3h), is crucial, particularly at the para position. Com-
pounds in which the two benzenes are substituted are less po-
tent (31—o0). While diethylstilbestrol (DES) is more potent
than tamoxifen in the dye assay, 4,4'-dimethoxystilbene, 4a,
is more potent than the present series of the compounds 3a—
0. In DES and 4a, the arrangement of the two benzenes with

Tamoxifen (1) DES(2)  3a Ri=4-(CH,);NCH,CH,0 / HC1 4a
abR=4-0H
3c Ry=1 CH,0

=40

3‘:2;4 Br Roq 3 Ri=+HO R=4HO
3 R =1 F . 3m R, =4-CH,0 R=4-CH,0
3gR,-4-COH 3n R,=4-CH,0 Ry=4-CF,0
3hR,=4.CF, 30 Ri=4-01  R,=4-HO
3 R=3.01
3) R,=3CHO
3k R,=2-CH,0

e
S

23

% Reduction of Relative Fluorescense Intensity

a ?? ki
% ;% -.

= - o~ o _-'.-v-

1 2 3Ja 3b 3c 3d3e 3f 3g 3

Fig. 1. Fluorescent Dye Assay Result
n=11—19.
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Relative BK current amplitude

control 4a

(n=7) (n=7)

Fig. 2. Electrophysiological Effect of 4a on the BK Channel Current

Vehicle containing DMSO at 0.05—0.1% was used as control. Statistical analysis
was performed with Student’s r-test. p<<0.05 was accepted as statistically significant
[**]_

respect to the central double bond is different from that in
3a—o.

We further investigated the channel opening activity of 4a
electrophysiologically (Fig. 2).

The BK channel currents were recorded by the inside-out
patch-clamp technique from HEK-293 cells expressing
human hSlo e and f3, subunits.”” We also repeated the same
experiment with rSlo o and 3, subunits. Compound 4a ap-
parently increased the relative current amplitude, activated by
the test potential to 120mV from the holding potential of
—60mV, as compared with the control. 4a did not show sig-
nificant effects when hSlo o was expressed without 3, sub-
unit (data not shown). The half activation potential was
shifted from 136.524.9mV (n=7) to 120£6.1 mV (n=7) by
4a, indicating that the BK channel activity was facilitated by
4a. Clearly, a hydroxyl group on the aromatic ring is not es-
sential for the BK channel opening activity of the tamoxifen
derivatives. Thus, the present work suggests a simple but im-
portant criterion for the design of tamoxifen derivatives as
BK channel openers.
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Abstract

The role of a voltage-dependent gate of recombinant P2X; receptor/channel was investigated in Xenopus oocytes. When a voltage step to
—110 mV was applied from a holding potential of —50 mV, a gradual increase was observed in current evoked by 30 uM ATP. Contribution
of this voltage-dependent component to total ATP-evoked current was greater when the current was evoked by lower concentrations of ATP.
The voltage-dependent gate closed upon depolarization, and half the gates were closed at —80 mV. On the other hand, a potential at which
half the gates opened was about —30 mV or more positive, which was determined using a series of hyperpolarization steps. The results of the
present study suggest that the voltage-dependent gate behavior of P2X, receptor is not due to simple activation and deactivation of a single
gate, but rather due to transition from a low to a high ATP affinity state.

© 2004 Elsevier B.V. All rights reserved.

Keywords: P2X receptor; Voltage dependence; Gate; Kinetics; Ligand affinity

1. Introduction

Extracellular ATP is considered a neurotransmitter, and its
fast neurotransmission is mediated through ion channel-
forming P2X receptors (see reviews, Ralevic and Burnstock,
1998; Khakh, 2001; North, 2002). To date, at least seven
subclasses of P2X receptor (P2X, ;) have been cloned, which
form homo- or heteromeric receptors that act as functional ion
channels (North and Surprenant, 2000). Each subclass
consists of two transmembrane domains (TM1 and TM2)
and one long extracellular domain (E1) between them. Both
TMI (Jiang et al., 2001; Haines et al., 2001) and TM?2
(Rassendren et al., 1997; Egan et al., 1998; Migita et al.,
2001) contribute to formation of the channel pore. P2X
receptor/channels are permeable to cations, but demonstrate
poor cation selectivity. The channels are pated by ATP
molecules, and the narrowest part of the channel pore opens
when activated (Rassendren et al., 1997). The ATP-binding
site for gating is partly attributable to basic amino acid
residues near the outer mouth of the channel pore formed by

* Corresponding author, Tel.: +81 3 3700 9704; fax: +81 3 3707 6950.
E-mail address: nakazawa(@nihs_go.jp (K. Nakazawa).

0014-2999/§ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/.ejphar.2004.12.005

TMI and TM2 (Ennion et al., 2000; Jiang et al., 2000), and
the possibility that aromatic residues in E1 contribute to the
binding site has also been suggested (Nakazawa et al., 2002;
Roberts and Evans, 2004).

In addition to ATP, other factors are known to modulate
channel activity. Zn"" and acidic conditions facilitate ATP-
mediated gating by increasing ATP sensitivity of P2X,
receptor (Clyne et al., 2002). Neurotransmitters, including
dopamine, and related compounds also facilitate ATP-
mediated gating (Nakazawa et al., 1997a). Membrane
potential may also play a role. It has been reported that
ionic current activated by ATP is enhanced by hyper-
polarization in pheochromocytoma PC12 cells (Nakazawa et
al., 1997b). We observed similar voltage-dependent gating
of recombinant P2X, receptor/channel, which was origi-
nally cloned from PC12 cells (Brake et al., 1994), and
qualitatively analyzed its properties in the present study.

2. Methods

Recordings of ionic current through recombinant P2X,
receptor/channels were performed according to our previous
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report (Nakazawa and Ohno, 1997). Briefly, the cloned rat
P2X, receptor (Brake et al., 1994) was expressed in
Xenopus oocytes by injecting in vitro transcribed cRNA.
After 4 days of incubation at 18 “C, the membrane current
of the oocytes was recorded. Oocytes were bathed in ND96
solution containing (in mM) NaCl 96, KCl 2, CaCl, 1.8,
MgCl, 1, HEPES 5 (pH 7.5 with NaOH). In some
experiments, oocytes were bathed in solution containing
10.8 mM BaCl, instead of 1.8 mM CaCl,. When achieving
a low extracellular chloride concentration, 96 mM Na-
acetate was added instead of 96 mM NaCl. ATP (adenosine
5 -triphosphate  disodium salt; Sigma, St. Louis, MO,
U.S.A.) was applied by superfusion for approximately 10
s at regular 2-min intervals. Membrane current was
recorded using the standard two-electrode voltage-clamp
techniques, and electrical signals were stored on a data
recorder (PC204Ax; SONY, Tokyo, Japan) for off-line
analysis. Curve fittings to data were made using Microsoft’
Excel X.

3. Results
3.1. Voltage-dependent component of ATP-evoked current

Fig. A compares membrane currents in the absence and
presence of 30 pM ATP in a P2X, receptor-expressing
oocyte. The oocyte was held at —50 mV and stepped to
—110 mV for 200 ms. In the presence of ATP, inward
current at —110 mV did not instantancously reach steady-
state, but gradually increased: a biphasic increase in current
was observed with a voltage-independent component (“a” in
Fig. 1A) and a voltage-dependent component (“b” in Fig.
1A). When the voltage was returned to —50 mV, a gradually
declining inward “tail” current was observed (“¢” in Fig.
1A). The voltage-dependent component of the inward
current at —110 mV was observed to follow first-order
kinetics with a time constant of 40 ms (Fig. 1B).

Fig. 2A demonstrates an increased magnitude of the
voltage-dependent component when activated from a less
negative holding potential. The voltage-dependent compo-
nent was larger when the step to — 110 mV was applied from
—10 mV (“a” in Fig. 2A) than when it was applied from
—70 mV (“b” in Fig. 2A). This dependence of the voltage-
dependent component on holding potentials is illustrated in
Fig. 2B. It is worth noting that Ca’"-activated currents exist
in Xenopus oocytes (Weber, 1999; Zhang and Hamill,
2000). Since P2X receptor/channels are Caz*-pcmcablc
(Khakh, 2001), a secondarily activated Ca®"-induced current
might contribute to the observed voltage-dependent
changes. This does not, however, appear to be the case
since a similar dependence on holding potentials was
observed when extracellular Ca™™ was replaced with 10.8
mM Ba”*. Time constants for the activation of the voltage-
dependent component were obtained as shown in Fig. 1B,
and the mean values were plotted against holding potentials

A. ATP 30 yM

voltage .sow

0OnA —
current

activation time course
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Fig. 1. (A) Current traces of an oocyte stepped to —110 mV from a holding
potential of —50 mV in the absence (—ATP) or presence (+ATP) of 30 pM
ATP. The current evoked by ATP is represented by the difference between
the two traces. Upon hyperpolarization, a gradual increase in current was
observed in the presence of ATP, suggesting activation of a voltage-
dependent gate (denoted by “b"). The current denoted by “c” represents a
gradually declining “tail current” that was observed when the voltage was
returned to —50 mV. (B) Time course of activation of the voltage-dependent
component. Current amplitude of the voltage-dependent component
represented by “b” in panel A was plotted against time after the onset of
hyperpolanization at —110 mV. The voltage-dependent component could be
made to fit a curve with a time constant of 40 ms.

(Fig. 2C). While the current amplitude demonstrated voltage
dependence (Fig. 2B), voltage did not have an effect on time
course of the activation.

3.2. Effect of ATP concentrations

Fig. 3A shows the voltage-dependent component of the
current activated by 10 pM or 300 pM of ATP in a single
oocyte. The relative size of the voltage-dependent
component involved in total ATP-evoked current became
smaller when the current was evoked by greater concen-
trations of ATP (Fig. 3A and B). A similar dependence on
ATP concentration was observed for the current evoked in
the presence of 10.8 mM Ba® instead of 1.8 mM Ca’”
(Fig. 3B). Dependence on ATP concentrations was also
found for activation time constants for the voltage-
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Fig. 2. Effect of holding potential on current. Current was evoked by 30
1M ATP. (A) Voltage-dependent current at —110 mV when stepped from
a holding potential of —10 mV (“a”) or =70 mV (“b”). (B) Effect of
holding potential on voltage-dependent current. The amplitude of the
voltage-dependent current was measured as described in Fig. 1A. Mean
values obtamed from 4 oocytes in a standard extracellular solution
containing 1.8 mM ca** (@) and an extracellular solution containing 10.8
mM Ba®* (instead of Ca®*; ©) were plotted. Bars represent the S.E.M. (C)
Time course of activation of the voltage-dependent component. Time
constants were determined as shown in Fig. 1B, and mean values obtained
from 4 oocytes were plotted against holding potentials. Bars represent the
S.EM.

dependent component; the time constants were larger for
10 uM ATP than 30 pM ATP (Fig. 3C).

3.3. Activation and deactivation kinetics

Cl  currents are observed in Xenopus oocytes (Weber,
1999; Zhang and Hamill, 2000). In the following experi-
ments, current measurements were made using an
extracellular solution containing 96 mM Na-aspartate
instead of NaCl in order to facilitate the analysis of the

voltage-dependent component of ATP-evoked current by
reducing C1™ currents. In doing so, there was an obvious
reduction in outward current upon depolarization, result-
ing in better voltage-clamp conditions. Using this
extracellular solution, the ECs, value for ATP-activated
current measured at —50 mV was about 40 puM, which
was lower than the value obtained with the standard
extracellular solution containing 96 mM NaCl (about
100 uM; Nakazawa and Ohno, 2004). Fig. 4 illustrates

A. -SU—U—

ATP 10 pll ATP 300 uﬂ
=110

- -ATP
”"1 -ATP
E,um: IMM . M”_J
1

—&— 1.8mMCa
~—O— 10.8 mM Ba

component
current)
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8

v

(1] T T -
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log [ATP) (M)

—e— 1.8mMCa
—o— 10.8 mM Ba

20

activation time constant (ms)

-5.5 -5.0 -4.5 -4.0
log [ATP] (M)

Fig. 3. Effect of ATP concentration. The voltage-dependent current was
activated by hyperpolanzation (—110 mV) from a holding potential of —50
mV. (A) Voltage-dependent current activated by 10 pM or 30 pM ATP.
Current traces in the absence (—ATP) or presence (+ATP) of ATP are
superimposed in each panel. (B) Contribution of the voltage-dependent
current to total ATP-evoked current using different ATP concentrations.
Mean values obtained from 4 oocytes in a standard extracellular solution
containing 1.8 mM Ca”* (@) and an extracelllular solution containing 10.8
mM Ba®" (instead of Ca’*; O) were plotted. Bars represent the S.E.M. (C)
Time course of activation of the voltage-dependent components. Time
constants were determined as shown in Fig. 1B, and mean values obtained
from 4 oocytes were plotted against holding potentials. Bars represent the
S.EM
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Fig. 4. Activation and tail current. (A) Gradual increase in magnitude of the
tail current with increasing voltage-dependent current. Current traces
obtained upon exposure to hyperpolarizing pulses (—120 mV) of different
durations are superimposed. (B) Time course of activation of the voltage-
dependent (M) and tail (A ) currents. Current amplitude was plotted against
duration of hyperpolarization (also shown in panel A). The results of both
time course activation experiments fit curves with a single time constant of
65 ms.

the relation between activation kinetics of the voltage-
dependent component and time course of tail current. As
shown in Fig. 4A, oocytes were stepped to 70 mV and
then to —120 mV to induce the voltage-dependent
component. When hyperpolarization at —120 mV was
terminated after various periods, a gradual increase in
amplitude of the tail current was observed with increased
duration of hyperpolarization at —120 mV. Time courses
of both the voltage-dependent component and tail current
could be fitted with curves with a single time constant
(65 ms in this case; Fig. 4B). Similar fitting with single
time constants were made for 4 oocytes tested, and the
mean time constant+S.E.M. was 66.3+2.4 ms.

With increased duration of the +70 mV depolarizing
pulse, increased amplitude of the voltage-dependent
component was observed at —120 mV (Fig. 5A). This
may reflect “deactivation™ of the voltage-dependent com-
ponent (Scheme 1):, where A is ATP, and R and R* are
closed and open states, respectively, of the voltage-
dependent component of P2X, receptor/channel. The
deactivation time course could be fitted with a time
constant of 70 ms in this case (Fig. 5B; mean+S.EM.,
71.3+1.3 ms; n=4).

A.

depolarizing pulse (ms)

Fig. 5. Deactivation of the voltage-dependent component. (A) Current
traces obtained using depolarizing pulses (+70 mV) of two different
durations. The amplitude of the voltage-dependent component increased
when the duration was prolonged. (B) Time course of deactivation of the
voltage-dependent component. Current amplitude was plotted against
duration of the depolanizing pulses (also shown in panel A).

3.4. Voltage dependence of activation and deactivation

As shown in Fig. 1, contribution of the voltage-
dependent component to total ATP-evoked current was
influenced by the holding potential prior to hyperpolariza-
tion. This was further examined by testing a number of
prepulses at various potentials prior to hyperpolarization
(Fig. 6A). As the prepulse became more depolarized, a
greater contribution of the voltage-dependent component to
total ATP-evoked current was observed, and this contribu-
tion became maximal near 0 mV (Fig. 6B). Thus, the
voltage-dependent gate must be completely closed at
potentials equal to or more positive than 0 mV. The data
were fitted with a curve in accordance with the following
model of “deactivation™

d., =1/{1 +exp[(E\j2 — En)/k]}, (1)

where d . represents the relative proportion of closed gates
at steady state, £y, is the voltage at which the half-
maximal closing occurs, £y, is the membrane potential, and

(activation)
AR el AR*
(deactivation)

Scheme 1.
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Fig. 6. Prepulse experiment. An ATP concentration of 30 uM was used. (A)
Current traces obtained using prepulses of +30 mV (“a”) or =90 mV (“b")
prior to hyperpolarization at — 120 mV. (B) Effect of prepulses. The relative
contribution of the voltage-dependent current to total ATP-evoked current at
—120 mV was plotted against each prepulse voltage. Some of this data is
also shown in panel A.

# 1s a slope factor reflecting an energy barrier (Hodgkin and
Huxley, 1952; Hille, 1992a). As shown in Fig. 6B,
potential at which half the gates closed was estimated to
be —90 mV in this case (mean+S.EM., —78.8+52 mV;
n=4).

The voltage dependence of activation was also
examined. As shown in Fig. 7A, the channels responsible
for the voltage-dependent component was sufficiently
“deactivated” by applying a prepulse of +100 mV, and
they were then activated at various hyperpolarization
potentials. Contribution of the voltage-dependent compo-
nent to total ATP-evoked current decreased as the
hyperpolarization became more negative up to —45 mV
in the case shown in Fig. 7B. Potentials exceeding —45
mV could not be examined since the resultant ATP-
evoked current was not large enough to analyze. The data

were fitted in accordance with the following model of

“activation™

as = 1/{1+exp[(E\z — En)/k] }, (2)

where a . represents the degree of gate opening at steady
state. The other parameters are the same as those described
above. The data obtained using Eq. (2) (Fig. 7B) could be

fitted with a curve indicating that half of the gates were
open at a potential of —30 mV.

The above data suggest that activation of the voltage-
dependent gate occurs at more positive potentials than gate
deactivation. To further investigate this, the fraction of the
gates that escaped deactivation (1—d ) was calculated from
the data obtained during deactivation experiments. The
deactivation data was then plotted alongside data obtained
from activation experiments (Fig., 7C). These data suggest
that the activation potential is 50 mV more positive than the
deactivation potential.
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Fig. 7. Effect of hyperpolanization on voltage-dependent current. (A)
Current traces before (control) and during the application of 30 uM ATP. In
the panel on the right, two current traces obtained following hyper-
polarization at —45 mV (“b") and —60 mV (“¢”) are superimposed. (B)
Contribution of voltage-dependent current to total ATP-evoked current at
various hyperpolarization potentials. Some of these data are shown in panel
A. (C) Comparison of activation and deactivation. Paramelers describing
activation and deactivation were determined as described m the text. Each
data point represents data obtained from mdividual oocytes.
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4. Discussion
4.1. Schematic model of voltage-dependent gating

Recombinant P2X, receptor/channels expressed in Xen-
opus oocytes exhibited voltage-dependent gating properties
similar to those of the channels in PC12 cells (Nakazawa et
al., 1997b). The following similarities were observed: (1)
the gate opens at negative potentials, (2) activation follows a
time course with a time constant of 40 to 70 ms, and (3)
gating depends on ATP concentrations. Thus, voltage-
dependent gating in PC12 cells may be due to intrinsic
expression of P2X, receptor/channels. We depict here a
model that has been proposed to explain voltage-dependent
gating of the channels in PC12 cells (Scheme 2):, where A is
ATP, R, and Ry represent closed states, and R* represents
the open state (Nakazawa et al., 1997b). In this model,
voltage-dependent gating is explained by transition between
low and high ATP-affinity states. Upon hyperpolarization,
there is a shift from the R; to the Ry conformation. ATP
preferentially binds to channels in the Ry; state (A -Ryy), after
which the channels open (A -Ry*). Binding of ATP is the
rate-limiting step since activation kinetics were observed to
depend on ATP concentrations in the present study (Fig.
3C). The following rate constants have been proposed
(Scheme 3): where k., parallels the concentration of ATP
(ky)=k" .1[ATP]), and K, is given by k_,/k’ ., (Hille,
1992b). In the present experiment, an activation time
constant of 65 ms was observed in the presence of 30 pM
of ATP (Fig. 4), which is equivalent to a rate constant of 15
s '. Using these values, k' =k /[ATP]=15 s71/(30
uM)=5x10" M~ s™'. An inactivation time constant of 70
ms was observed in the presence of 30 M of ATP (Fig. 5),
which is equivalent to a rate constant of 14 s~'. Thus, Ky
was calculated to be k_/k' _ =14 s '(5x10° M ' s~ 1)=28
uM, which is slightly less than the ECs, value obtained at
—50 mV (about 40 uM). This estimation is in accordance
with the finding that the voltage-dependent component is
not completely activated at —50 mV (Fig. 7C). It is difficult
to quantify the low-affinity ATP binding state since the
relationship between concentration and response needs to be
assessed at highly positive potentials, while P2X, receptor/
channels permit only small current due to their inward-

(low-affinity process)
A
R, g AR, = AR’

(voltage-dependent) J[

Ry % AR, == AR,
A
(high-affinity process)

Scheme 2.

kol

A+Ry — ARy
k,

Scheme 3.

rectifying nature. We estimate here the low affinity from
simple theoretical concentration-response curves. Fig. 8
shows two concentration-response curves. One demonstrates
an ECsq of 30 uM, corresponding to a high-affinity state. If
the other low-affinity state demonstrates an ECsq of 100 uM,
more P2X; receptor/channels were in the high-affinity state in
the presence of 10 uM ATP, and more were in the low-affinity
state in the presence of 300 uM ATP. This is consistent with
the greater observed contribution of the voltage-dependent
component to total ATP-evoked current in the presence of 10
uM, while little was observed in the presence of 300 uM ATP
(Fig. 3). Thus, the low-affinity state may be lower than the
high-affinity state by threefold or larger.

The idea of the transition of P2X, receptor/channels
between low- and high-affinity states might explain the
“non-voltage-dependent” component of ATP-evoked cur-
rent. For example, the current evoked by 30 pM ATP was
not completely observed as voltage-dependent component
even when activated at very negative potentials (Fig. 7B) or
following deactivation at very positive potentials (Fig. 6B).
This “non-voltage-dependent current” (about 20% of the
total ATP-evoked current) might result from the activation
of P2X; receptor/channels in the low-affinity state prior to
voltage-dependent activation.

The voltage dependence of activation and deactivation
differed, with deactivation occurring at more negative
potentials (Fig. 7C). This indicates that the activation and
the deactivation do not arise from a simple reversible “‘back-
and-forth” process, rather, two voltage-dependent processes

g

ECso 30 uM
ECsa 100 uM

relative amplitude (% max)
8 &

e
L — low affinity

b"

-3

log ATP (M)

Fig. 8. Voltage-dependent change in sensitivity to ATP might explain
dependence of the voltage-dependent current on ATP concentration. Low-
affinity (ECs;=100 pM) and high-affinity (ECsq=30 uM) states of the
receptor are thought to exist (Hill coefficient; 1.5). Each receptor shifts from
a low-affinity to a high-affinity state upon hyperpolarization (A}V). With 10
UM ATP, only a small proportion of the receptors, many of which were in
the low-affinity state. were activated prior to hyperpolarization, but many
more were activated upon induction of the high-affinity state by hyper-
polarization. In the presence of 300 uM ATP, a larger proportion of the
receptors were activated even in the low-affinity state, and induction of the
high-affinity state caused only a marginal increase in activated receptors.
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R, - AR, = AR’

(route 1) J[ J[ (route 2)
Ry 7 AR, = AR,
A

Scheme 4.

may be involved. We propose the following modification to
Scheme 2.

This model (Scheme 4) involves two voltage-dependent
processes, one resulting in activation through “route 17, and
the other resulting in deactivation through “route 2”. Such
model would explain the observed difference in voltage
dependence between activation and deactivation. However,
we would expect this model to result in more difficult to
interpret data than we did above based on Schemes 2 and 3.

4.2. Relevance of voltage-dependent gating

P2X. receptor is expressed in a number of neurons (e.g.,
Atkinson et al., 2000; Rubio and Soto, 2001). P2X,
receptor/channel is permeable to Ca®' (Egan and Khakh,
2004), and Ca®" influx through the channel may influence
cellular activity, although its exact role remains to be
clarified. The voltage-dependent gating reported here may
be relevant to the Ca®" influx from the following consid-
eration. Na” current (/) and Ca”" current (/¢,) permeating
through P2X,; receptor/channel are:

En 2 [Na .
Bia = — Praa o :
e " RT 1 —exp(— EF/RT) &l
» 2 [Cal @ —9E
oy = i EnF* [Ca] exp( F/RT) (4)

RT 1 —exp(—2EF/RT)’

where Py, and P, represent the permeability of Na' and
Ca™, respectively, E, represents the membrane potential,
and F. R, and T are their usual physicochemical meanings
(Fatt and Ginsborg, 1958; Nakazawa et al., 1989). The ratio
of Iy, to I, is thus:

Iea _ 4Pgi[Cal, 1
Ie  Pra[Na|, exp(EnF /RT)[exp(EnF/RT) + 1]

(5)

This equation indicates that the ratio of /¢-,/I, is larger at
more negative potentials. The ratio calculated at —90 mV is
about 13-fold larger than that calculated at —30 mV. Thus,
channel opening at negative potentials favors Ca®" over Na”
influx. Thus, voltage-dependent gating may facilitate
cellular Ca™-dependent responses when cells are hyper-
polarized. This may occur when efflux through K* channels

outpaces depolarization afforded by opening of P2X,
receptor/channels.

4.3. Conclusion

The results of the present study suggested that P2X,
receptor exhibits voltage-dependent gating, and that this is
not due to simple activation and deactivation of a single
gate, but rather, due to a transition from a low ATP affinity
to a high ATP affinity state. This may favor Ca”" influx at
negative potentials, although further studies are required to
clarify the physiological significance of voltage-dependent
gating of P2X, receptor.
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Abstract

Recombinant P2X, receptor was observed by atomic force microscope in the aqueous phase. The P2X, receptor was expressed in an
insect cell line, and recombinant proteins were prepared under native conditions. The membrane fractions were extracted, and histidine-
tagged receptor protein was purified from the fractions by column chromatography. When the purified protein fraction was diluted with water
and served for atomic force microscopy, dispersed particles of about 3 nm in height were observed. In the presence of 1 mM ATP, the
assembly-like images of the particles were obtained. More densely assembled images of the particles were achieved when the protein was
dissolved in a Tris buffer containing 1 mM ATP. Under this condition, imaging of the surface of the particles exhibited a circular structure
with a diameter of about 10 nm having a pore-like structure. These results suggest that atomic force microscopy provides structural

information about P2X, receptor in aqueous phase.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

P2X receptors are ion channel forming membrane
proteins that are activated by extracellular ATP, and their
physiological roles have been shown in various tissues
including the central nervous system (see reviews, Khakh,
2001; North, 2002; Vial et al.,, 2004). This ion channel/
receptor family consists of 7 subclasses (P2X, to P2X5), and
is believed to have molecular structures distinct from so-
called “ligand-gated channel super family” including
nicotinic acetylcholine receptor/channels and ionotropic
glutamate receptor channels. Structural analyses such as
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the X-ray crystal analysis have not been made for P2X
receptor/channel family. In addition, because of their
distinct  structures, estimation from homology modeling
based on known three-dimensional structures of other
proteins is difficult. Thus, information concerning the
structure and morphology of P2X receptor is lacking.
Atomic force microscopy is an approach for structural
analysis that allows the analysis of a small amount (nano-
gram to microgram) of uncrystalized protein. Atomic
microscopy enables the observation of both individual and
assembled protein molecules in the aqueous phase, which
may reveal dynamic forms of biologically active proteins
(Miiller and Engel, 2002). Recently, Barrera ct al. (2005)
reported atomic force microscopy imaging of dried P2X
receptor protein. In the present study, we have prepared
P2X; receptor protein from an insect cell line expression
system, and made atomic force microscopy imaging in
aqueous phase, The imaging has revealed that P2X; receptor
is a pore-forming protein for the first time.



