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Abstract.

The rise of Ca®" concentration ([Ca®'];) by reducing external Na* in urinary bladder

smooth muscle cells (UBSMCs) from transgenic mice overexpressing Na'/Ca?" exchanger type-
1.3 (NCX1.3'¥'¢) was about 4 times as large as that in the wild-type (WT). NCX1 protein expres-
sion in UB increased about 4-fold in NCX1.3'¥'¢, The Ca’®' release by caffeine in UBSMCs was
comparable between NCX1.3¥'¢ and WT, but [Ca®']; decay was faster in NCX1.3'¢"¢, Contractions
induced by acetylcholine, 60 mM K, or electrical stimulation were significantly smaller in UB
segments of NCX1.3"¥'¢, NCX worked in Ca*"-extrusion mode during these contractions in
UBSMCs of both WT and NCX1.3'¢"¢,

Keywords: Na'-Ca*" exchanger, urinary bladder smooth muscle, transgenic mouse

The Na'/Ca*" exchanger (NCX) is a bidirectional anti-
porter and transports three Na' per Ca®" in an electrogenic
manner in cardiac myocytes (1). NCX is an essential
molecule for extruding Ca** from the cytosol following
the influx through voltage-dependent L type Ca’" chan-
nels (VDCCs) and the Ca**-induced Ca*" release (CICR)
from sarcoplasmic reticulum (SR) during the excitation—
contraction coupling and, thus, to maintain the physio-
logical regulation of intracellular Ca** ([Ca*"];) dynamics
in cardiac myocytes (2). The Ca*” influx via the reverse
mode of NCX occurs in cardiac myocytes only under
limited conditions, where the transmembrane Na" gradi-
ent is reduced and the membrane is depolarized (1, 2).
However, its functional roles in smooth muscle (SM)
appear to be more complicated, since both modes have
been supposed to work under physiological conditions in
different preparations (3 — 5). The most probable reason
why functional roles of NCX in SM cells (SMCs) is so
equivocal may be the much lower expression of the
molecule in these cells compared to that in cardiac myo-
cytes. The transgenic mice, which specifically overex-
press NCX1.3 in SMCs (NCX1.3'*'¢), have been intro-
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duced to shed light on this problem from a new direction
(6). Under resting conditions in vascular SMCs, NCX
has been suggested to function in the reverse mode and
the related salt-sensitive hypertension was found in
NCX1.3'¥"¢ (6). The present study was undertaken to
elucidate the contribution of NCX to Ca** dynamics and
contractility of urinary bladder SMCs (UBSMCs) by
comparing NCX1.3'*"¢ and wild-type (WT) mice.

NCX1.3%"¢ and WT male mice, 8 — 10-week-old, were
used. Generation of the mice overexpressing NCX1.3
specifically in SMCs has been reported previously (6).
All experiments were carried out according to the guid-
ing principles for the care and use of laboratory animals
(the Science and International Affairs Bureau of the Japa-
nese Ministry of Education, Culture, Sports, Science, and
Technology) and also with the approval of the ethics
committee at Nagoya City University.

Single SMCs were enzymatically isolated from UB
(7). Fura-2 fluorescent signals were measured by the
ARGUS/HiSCA imaging system (Hamamatsu Photon-
ics, Hamamatsu) at 23 £ 2°C (8). The isometric measure-
ments of contractility were carried out as reported previ-
ously (7). Real-time quantitative PCR was performed by
using Syber Green chemistry on an ABI 7000 sequence
detector (Applied Biosystems, Foster City, CA, USA) as
described previously (9). The following PCR primers
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were used for real-time PCR analysis: NCX1 2300 — 2434,
135 bp (GenBank accession no. AF004666). Western
blotting analysis was performed in the same manner as
described previously (8).

Direct electrical stimulation (ES) was performed in the
presence of 1 uM atropine, 1 uM phentolamine, 1 M
propranolol, 1 uM tetrodotoxin, and 10 M suramine.
Standard Krebs solution contained 112 mM NaCl, 4.7
mM KCIl, 2.2 mM CaCl,, 1.2 mM MgCl,, 25 mM
NaHCO;, 1.2 mM KH,PO,, 14 mM glucose (pH 7.4 with
95% 0O, — 5% CO, at 36°C). High K" solution was pre-
pared by replacing NaCl with equimolar KCIl. HEPES-
buffered Krebs solution having the following composi-
tion was used for [Ca’']; measurements 120 mM NaCl,
4.8 mM KCl, 1.2 mM CaCl,, 1.3 mM MgSOs, 5.8 mM
glucose, 10 mM HEPES, 1.2 mM KH,PO,, and 12.6 mM
NaHCO; and pH was adjusted to 7.4 with NaOH. Zero
Na' solution was prepared by the equimolar substitution
of NaCl and NaHCO; with N-methyl-p-glucamine in

significant difference between two groups.

HEPES-buffered Krebs solution and pH was adjusted to
7.4 by HCI. Data are expressed as the mean = S.E.M. in
the text. Statistical significance between two groups was
examined by Student’s #-test after the F-test: *P < (.05,
**P<0.01.

Figure 1A summarizes the results from quantitative
analyses of NCX1 mRNA in UB from WT and NCX1.3'¢'¢
mice. The expression of NCX1 transcripts relative to that
of GAPDH in NCX'¥¢ was significantly larger than that
in WT. The expression of NCX1 protein in UB was also
examined with Western blotting (Fig. 1B: a and b). The
expression level in UB of NCX1.3'¢"¢ was approximately
4 times as high as that in WT (P <0.01).

In single UBSMCs loaded with fura2-AM, the resting
F340/F380 was comparable between WT and NCX1.3'¢¢
(0.352 £0.014,n=32;0.362 £ 0.017, n =30, P > 0.05).
The application of 30 mM caffeine induced transient rise
of [Ca®];, which was monitored by F340/F380 (Fig.
1Ca). The F340/F380 reached the peak within 10 s from
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the start of caffeine application. The peak of AF340/F380
and the integrated area of F340/F380 from the resting
level (AUC) for 60 s in the response to caffeine in
NCX1.3""¢ were not significantly different from those in
WT, respectively (Fig. 1C: b and c). In contrast, the de-
cline of F340/F380 from the peak to the resting level in
NCX1.3'"¢ was apparently faster than that in WT (Fig.
1Ca). When the peak AF340/F380 was normalized as
100% in each record, it was apparent that the decline in
NCX1.3'¥"¢ was faster than that in WT. The duration of
F340/F380 rise at the half maximum of each peak (tso)
in NCX1.3'*'¢ was approximately 65% of that in WT (P
<0.01) (Fig. 1DDb).

When the concentration of Na™ ([Na'],) in the bathing
solution was reduced to two thirds (2/3 Na': 91 mM), one
third (1/3 Na': 46 mM), or zero (0 Na"), the rise of [Ca*];
was detected in a manner depending on the decrease in
[Na'], (Fig. 2Aa). The original records and summarized
data indicate that AF340/F380 induced by 0 Na" in
NCX1.3'"¢ was approximately 5.8 times as large as that
in WT (P <0.01) (Fig. 2Ab). The rising phase of AF340/

two groups.

F380 following the reduction of [Na], to 0 is shown in
Fig. 2Ac and the rate of rise is summarized in Fig. 2Ad.
The rate of rise in NCX1.3'¥"¢ was approximately 4.4
times as large as that in WT (P < 0.01).

The [Ca®"]; rise induced by 0 Na* was challenged with
10 uM KB-R7943, an inhibitor of NCX (10) (KBR in
Fig. 2B). The AF340/F380 was significantly decreased
by KB-R7943 in both groups (P < 0.05, respectively) but
the decrease was more prominent in NCX1.3'¢"¢ than in
WT. In the presence of KBR, the AF340/F380 by 0 Na"
was not significantly different between the two groups (P
>0.05) (Fig. 2Bb). The KBR-sensitive component of
AF340/F380 in NCX1.3'¥"¢ was significantly larger than
that in WT (P < 0.05) (Fig. 2Bc).

The contractile responses to 10 uM acetylcholine
(ACh) (Fig. 3A), 60 mM K" solution (Fig. 3B) and ES
(Fig. 3C) were measured in tissue segments of UB. The
peak amplitude of contractions induced by these stimuli
in NCX1.3'¥"¢ was significantly smaller than those in
WT, respectively (P < 0.01 in ACh and ES and P < 0.05
in 60 mM K"). The AUCs of contractions for 10 min
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during the responses to ACh and 60 mM K" and that of
twitch contraction by ES in NCX1.3'# were also signifi-
cantly smaller than those in WT, respectively (P <
0.01).

NCXI1 protein expression in UB increased approxi-
mately 4-fold in NCX1.3'¥"¢ in comparison with that in
WT. The finding that the KB-R7943—sensitive compo-
nent of AF340/F380 induced by 0 Na" also increased
approximately 4-fold in NCX1.3'¥'¢ is consistent with the
extent of protein overexpression. In contrast, the tsoy, of
caffeine-induced [Ca®); transients in UBSMCs from
NCX1.3'¥"¢ was 65% of that in WT, suggesting 1.5 times
faster half-sequestration of Ca*" from the cytosol. Since
Ca’" uptake into SR and mitochondria may also contrib-
ute to the Ca®" sequestration, the 1.5 times faster tso;, in
NCX1.3'*"¢ may be reasonable with respect to 4 times
overexpression of NCX protein. These results indicate
that overexpressed NCX1.3 significantly facilitated
membrane Ca®' transport in either direction, acting in

QIA (6)
WT TG

Fig. 3. Contractions induced by ACh, high K, and ES
in UB segments from WT and NCX1.3'*"¢. A: Typical
recordings of isometric tension development due to 10
M ACh in UB segments is demonstrated in a. Data for
the peak amplitude of contraction and integrated area of
contraction above the resting tension for 10 min are
summarized in b and c, respectively. In b, the peak am-
plitude of contraction was divided by the tissue weight
in each preparation (mN/mg), throughout A —C. B:
Typical recordings of isometric tension development
due to 60 mM K" and summarized data of the peak am-
plitude and the integrated area for 10 min are shown in
a, b, and c, respectively. C: Typical recordings of twitch
contraction due to ES and summarized data of the peak
*% amplitude and the integrated area are shown in a, b, and
¢, respectively. Twitch contractions were elicited by a
train of 10 pulses (3 ms in duration, 300 mA in strength,
200 ms in interval, once every 90 s) in the presence of 1
4#M atropine, 1 M phentolamine, 1 M propranolol, 1
#M tetrodotoxin, and 10 M suramine. In A, B and C,
*P<0.05 and **P <0.01: statistically significant dif-
ference between two groups.

both forward and reverse modes in UBSMC:s.

It has been reported that overexpression of NCXI1 in
cardiac myocytes of the mice results in changes in SR
Ca®" contents, as well as [Ca®]; transients (11). In
UBSMCs, SR Ca*" content was not significantly changed
in NCX1.3'¥"¢ in the standard external solution. On the
other hand, the peak amplitude of contraction in UB seg-
ments from NCX1.3'¥"¢ was significantly smaller than
that in WT, when segments were challenged with three
different stimuli: ACh, 60 mM K", or ES. These stimuli
provide [Ca®"]; elevation by combination of separate
signal pathways: i) Ca”" release from SR via formation of
IP;, ii) Ca®" influx through VDCC, and iii) Ca** release
from SR via CICR through ryanodine receptors (8). The
decreased contractile responses in NCX1.3'¥'¢ may be
due to significantly potentiated Ca*" extrusion from the
cytosol by overexpressed NCX. It has been, however,
shown that the contractile response to U46619, a throm-
boxane A, analogue, in aortic tissue from NCX1.3'¢" is
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not significantly different from that in WT (12). The
reason for the dissociated results is not clear in this study,
but it may possibly be due to the difference in cellular
excitability, which is much higher in UBSMCs than in
aortic SMCs. Entered Ca** through VDCC may be more
preferentially extruded by NCX located nearby.

The Ca®" transport by NCX in the reverse mode has
been reported in vascular smooth muscle under the con-
ditions where [Na']; is elevated by treatment with ouabain
(6). The findings suggesting that NCX functions in the
reverse mode under physiological conditions have been
accumulating (13, 14). Under pathophysiological condi-
tions, the up-regulation of NCX and its accelerated
functions in reverse mode has been also reported (6, 15).
The possible roles of NCX in reverse mode in UBSMCs
under physiological and pathophysiological conditions
remain to be carefully examined using NCX1.3'¢"¢,
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