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Abstract Ryanodine receptor type 3 (RyR3) is expressed in
myometrial smooth muscle cells (MSMCs). The short isoform
of RyR3 is a dominant negative variant (DN-RyR3) and neg-
atively regulates the functions of RyR2 and full-length (FL)-
RyR3. DN-RyR3 has been suggested to function as a major
RyR3 isoform in non-pregnant (NP) mouse MSMCs, and FL-
RyR3 may also be upregulated during pregnancy (P). This
increase in the FL-RyR3/DN-RyR3 ratio may contribute to
the strong contractions by MSMC:s for parturition. In the pres-
ent study, spontaneous contractions by the myometrium in NP
and P mice were highly susceptible to nifedipine but were not
affected by ryanodine. Ca®* image analyses under a voltage
clamp revealed that the influx of Ca®* through voltage-
dependent Ca®* channels did not cause the release of Ca**
from the sarcoplasmic reticulum (SR). Cytosolic Ca®* concen-
trations ([Caz+]cyt) in MSMCs were not affected by caffeine.
Despite the abundant expression of large conductance Ca**-
activated K* channels in MSMCs, spontaneous transient out-
ward currents were not observed in the resting state because of
the substantive lack of Ca®* sparks. Quantitative PCR and
Western blot analyses indicated that DN-RyR3 was strongly
expressed in the NP myometrium, while the expression of FL-
RyR3 and DN-RyR3 was markedly reduced in the P
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myometrium. The messenger RNA (mRNA) expression of
RyR2 and RyR1 was negligible in the NP and P myometria.
Moreover, RyR3 knockout mice may become pregnant and
deliver normally. Thus, we concluded that none of the RyR
subtypes, including RyR3, play a significant role in the regu-
lation of [CazJ']Cyt in or contractions by mouse MSMCs re-
gardless of pregnancy.
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Introduction

The ryanodine receptor (RyR) is one of the major intracellular
Ca®* release channels and conducts excitation—contraction
(E—C) coupling in striated and some smooth muscle cells
(SMCs) [31, 36, 42]. Previous studies identified three sub-
types of RyR, i.e., RyR1, RyR2, and RyR3, which are coded
by distinct genes in vertebrates [26]. RyR1 is abundantly
expressed in skeletal muscle cells and physically interacts
with voltage-dependent Ca** channels (VDCC) [45]. RyR2
is widely expressed in excitable cells, such as cardiomyocytes,
neurons, and SMCs [32, 38]. RyR3 is expressed at low levels
in a wide range of different cell types [16]. All three isoforms
are present in SM tissues, and the relative proportion of the
expression of each channel is dependent on the tissue and
species [48].

In the SMCs of some visceral tissues as well as in cardiac
myocytes, RyR2 is considered to be mainly responsible for the
Ca**-induced Ca®* release (CICR) mechanism [12, 17, 18].
When SMCs are depolarized by physiological stimuli, the
influx of Ca** occurs via VDCC opening. This Ca®* activates
loosely coupled RyRs and induces “Ca”* hotspots”, which in

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00424-016-1900-z&domain=pdf

314

Pflugers Arch - Eur J Physiol (2017) 469:313-326

turn evoke global CICR, resulting in muscle contraction in
some highly excitable SMCs [31]. On the other hand, RyRs
in the sarcoplasmic reticulum (SR) cause local, spontaneous,
and transient calcium release, i.e., Ca®* sparks in the resting
state [33]. These Ca”* events occur in local areas in SMCs in
order to couple with large conductance Ca®*-activated K*
channel (BK,, KCal.l) activity and contribute to the action
potential repolarization phase and occurrence of spontaneous
transient outward currents (STOCs) [36]. Membrane repolar-
ization and hyperpolarization by BK, channel activation re-
duce VDCC activities and are regarded as the main negative
feedback mechanisms for the regulation of [Caz+]Cyt to stabi-
lize tone in various types of SM tissues [19].

RyR3 is ubiquitously expressed in various cell types;
however, its physiological impact has not yet been eluci-
dated in detail. A homozygous RyR3 gene deletion (RyR3
—/—) does not result in a lethal phenotype, in contrast to
RyR1—/—and RyR2—/—. RyR3—/— shows increases in loco-
motor activity and memory impairment [4, 14, 24, 44]. The
knockdown of RyR3 results in a decrease in the frequency
of Ca®* oscillations in Jurkat T cell and duodenal SMCs [9,
25]. A previous study reported the existence of a dominant
negative isoform (DN-RyR3) lacking 29 amino acid resi-
dues corresponding to exon 97 [21]. This variant is widely
expressed in SM tissues such as the uterus and duodenum,
but not in the brain or skeletal muscle. This variant channel
does not display any channel function and negatively reg-
ulates RyR2 and full-length RyR3 (FL-RyR3) by forming
heterotetramers [8, 10, 21]. Mironneau et al. suggested that
RyR3 is the main RyR expressed in myometrial SMCs
(MSMCs) and only functions when Ca®* is over-loaded
to intracellular stores in non-pregnant (NP) cells [30].
Dabertland et al. reported that the expression of FL-RyR3
increases toward term and facilitates contraction ability for
complete parturition [8]. On the other hand, the same
group has also shown that caffeine, an activator of RyR,
does not contract but relaxes the pregnant rat myometrium
[40]. In addition, another group showed that Ca®* sparks in
myometrium were absent, although they had found them in
vascular preparations [7].

The results obtained in the present study were not con-
sistent with previous findings. In our experimental system,
RyR3 was not sufficiently expressed as the functional Ca**
release channel in NP or pregnant (P) mouse MSMs.
Moreover, the messenger RNA (mRNA) expression of
FL-RyR3 and DN-RyR3 was significantly weaker in the
P uterus than in the NP uterus. The most important result
is that RyR3—/— displayed normal pregnancy and parturi-
tion. Collectively, these results suggest that RyR3 is not
necessary for parturition, whereas Ca”* influx through L-
type VDCC and Ca®* release from IP5 receptors are re-
quired for spontaneous and agonist-induced contractions,
respectively.
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Methods
Animals

The generation of RyR3 knockout mice on the C57BL/6 back-
ground (RyR3—/-) has been reported previously [44]. In order
to elucidate the genotypes of mutant mice, a polymerase chain
reaction (PCR) was performed using the following primers:
forward primer (TCCAGGAATCTCTGGTATACTAGGG)
and reverse primer (ATGAAAGTTGTACTCCAGTG
CATTGC). Amplified DNA was analyzed on 2% agarose
gels. Wild-type female mice (C57BL/6, RyR3+/+) of 8 weeks
old were purchased from Japan SLC (Hamamatsu, Japan).
Non-pregnant myometrium was obtained from non-parous
mice. To obtain pregnant myometrium, three primiparous fe-
male mice (8—16 weeks old) were paired with a male mouse
(825 weeks old) overnight (day 0). The next morning, the
male mouse was moved to separate cage. Pregnant
myometrium tissues were obtained from mice with day 18
of gestation. In this study, myometrial tissues were obtained
from 8 to 20-week-old mice. All experiments were approved
by the Ethics Committee of Nagoya City University and were
conducted in accordance with the Guide for the Care and Use
of Laboratory Animals of the Japanese Pharmacological
Society.

Measurements of contractility from myometrial tissue
strips

Myometria from 8 to 20-week-old female mice were removed
and placed in Ca**-free Krebs solution. The myometrium was
cut open and isolated as small strips (0.8—1.2 mm wide and 5—
7 mm long). Each strip was placed in a tissue bath (5 ml in
volume) containing Krebs solution aerated with 95% O, and
5% CO, and kept at 37 °C. One end of the strip was pinned to
the chamber bottom, and the other end was connected to a
force—displacement transducer for the measurement of iso-
metric contractility [17]. Strips were stretched to a tension of
0.2 to 0.3 mN.

Cell isolation

Single MSMCs were enzymatically isolated from NP and P
mice as previously reported [15]. In brief, the myometrium
was dissected out and freed from other tissues in Ca**-free
physiological salt solution for dissociation (dPSS). This solu-
tion was then replaced with Ca®*-free dPSS solution contain-
ing 0.1% papain (Sigma-Aldrich, St. Louis, USA) and 0.1%
dithiothreitol (Sigma-Aldrich) at 4 °C. After a 30-min treat-
ment, the solution was replaced with 100 uM Ca®*" dPSS
solution containing 0.1% collagenase (Wako Pure Chemical
Industries, Osaka, Japan) at 37 °C. After a 25-min treatment,
the solution was replaced with enzyme-free and Ca**-free
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dPSS solution. The tissue was then gently triturated using a
glass pipette to isolate cells. Urinary bladder SMCs
(UBSMCs) were also isolated as described previously [17].
At the start of each experiment, a few drops of the cell sus-
pension were placed in a recording chamber.

Electrophysiological recording and data analysis

Electrophysiological experiments were performed using the
whole-cell patch clamp technique with an EPC7 amplifier
(HEKA Electronics, Darmstadt, Germany), analog—digital
converter (DIGIDATA 1440A; Axon Instruments, Foster
City, USA), and pCLAMP software (version 10.2; Axon
Instruments) [42]. Membrane currents and voltage signals
were also stored and analyzed using Clampex 10.2 and
Clampfit 10.2 software (Axon Instruments).

.
[Ca® |eyt measurements

[Ca2+]Cyt in the whole cell area was measured using Fura-2/
AM (Invitrogen, Carlsbad, USA) and the ARGUS/HiSCA
system (Hamamatsu Photonics, Hamamatsu, Japan) as report-
ed previously [17].

Changes in local [Ca’*].,, mediated by Ca** sparks were
recorded using a total internal reflection fluorescence (TIRF)
imaging system (Nikon, Tokyo, Japan) including an EM-CCD
camera (C9100-12; Hamamatsu Photonics) and
AQUACOSMOS software (Ver. 2.6; Hamamatsu Photonics)
[42]. MSMCs were loaded with 10 uM Fluo-4/AM
(Invitrogen) in standard HEPES-buffered solution at room
temperature for 10 min (23 £ 1 °C). Fluo-4/AM was excited
with a 488-nm argon laser (Spectra-Physics, Santa Clara,
USA), and the emission was collected using a filter cube
(DM505/BA520; Nikon). Fluorescence intensity (F) in the
regions of interest (ROIs) was expressed as average fluores-
cence within the ROIs (2 um in diameter). F' was normalized
to basal fluorescence intensity (F). Images were recorded at
37 Hz (512 x 512 pixels). The threshold for the Ca** spark
was set at the averaged intensity plus 10 times of standard
deviation of the average from quiescent areas (2 um in diam-
eter), in which sparks were not observed during the recording
for 1 s. Transient increase in fluorescence above the threshold
was defined as “a Ca>" spark.”

When membrane currents and Ca®* events were simulta-
neously recorded, a laser scanning confocal fluorescent micro-
scope (A1R; Nikon) equipped with a fluorescent microscope
(ECLIPSE Ti; Nikon) and NIS Elements software (version
3.10; Nikon) was utilized. Cells were loaded with 100 uM
Fluo-4 by diffusion from recording electrodes. The excitation
wavelength from the multi-argon laser (Melles Griot,
Carlsbad, USA) was 488 nm, and the emission light was col-
lected by a band-pass filter (515/30 nm). F in the ROIs was
expressed as average fluorescence within the whole cell area.

RNA extraction and quantitative PCR

Total RNAs were extracted from myometrium homogenates
by the acid guanidium thiocyanate—phenol method, and re-
verse transcription (RT) was performed with
SUPERSCRIPT II reverse transcriptase and a random
hexamer (Invitrogen) [37]. Real-time quantitative PCR was
performed using SYBR Green Chemistry (Takara Bio Inc.,
Kusatsu, Japan) on an ABI 7000 sequence detector (Applied
Biosystems, Foster City, USA).

Standard curves (threshold cycle vs. log of DNA dilution)
were constructed by amplifying the complementary DNA
(cDNA) of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). It was confirmed that GAPDH level judging from
Ct value does not change between pregnant and non-pregnant
state by real-time PCR. Each cDNA sample was tested in
triplicate. Quantitative PCR experiments were performed
using the following specific primers: total RyR3
(NM_177652.2) (forward: AACCTGAGTTCACGACAA
GCTACA and reverse: CTTCGTGCACAAAAGCCAAG
T), FL-RyR3 (NM _177652.2) (forward: CCTGAGGT
TCCTTGCTCTGTTT and reverse: CATCCTCTGTCTCT
TCCTCTAAAGGT), DN-RyR3 (NM_177652.2) (forward:
TGAGAAGCCAGAAGCCTTTATG and reverse:
CAAGTTATTGGTCACTGAAGAACC), RyRI1
(NM_009109.2) (forward: ATTACAGAGCAGCCCGA
GGAT and reverse: AGAACCTTCCGCTTGACAAACT),
RyR2 (NM 023868.2) (forward: CTTCGATGTTGGCC
TTCAAGAG and reverse: AGAACCTTCCGCTTGA
CAAACT), and GAPDH (NM_001289726.1) (forward:
CATGGCCTTCCGTGTTCCT and reverse: CCTGCTTC
ACCACCTTCTTGA).

‘Western blot

The SR membrane fraction was prepared from the mouse
myometrium. Briefly, tissues were suspended in homogeniz-
ing buffer containing 4 mM HEPES, 320 mM sucrose, and
protease inhibitor cocktail (Sigma-Aldrich), mechanically ho-
mogenized, and then centrifuged for 10 min at 8000x g. The
supernatants were retrieved and centrifuged for 1 h at
100,000xg. The pellets containing the SR membrane fraction
were suspended in sample buffer (60 mM Tris-HCI (pH 6.8),
15% glycerol, 2% SDS, and 0.001% bromophenol blue).
Equal protein samples were subjected to SDS-PAGE on
7.5% polyacrylamide gels, and the proteins were then trans-
ferred to PVDF membranes (Amersham Biosciences,
Piscataway, USA). Membranes were blocked with 2% BSA
and 0.1% Tween 20 in PBS. The blots were incubated with
anti-RyR (34C) (GeneTex Inc., Irvine, USA) and then incu-
bated with anti-mouse horseradish peroxidase-conjugated IgG
(Chemicon International Inc., Temecula, USA). An enhanced
chemiluminescence detection system (GE Healthcare Life
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Fig. 1 No contribution of RyR to a
spontaneous contractions. a
Typical traces of spontaneous
contractions in myometrial strips
from non-pregnant (NP) and
pregnant (P) mice. DMSO-
containing solution was used for
the control group. b, ¢
Summarized data on the
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the control (DMSO) (NP 0.87 +0.05, P 1.14 = 0.10; p > 0.05)
(Fig. 1a, c). Thus, ryanodine did not significantly affect spon-
taneous contractions in the NP myometrium or P myometrium.

In Fig. 1d, effects of tetracaine, another RyR inhibitor, on
spontaneous Ca®" oscillations were examined by measuring
changes in [Ca2+]cyt with Fura-2/AM in single myocytes
freshly isolated from the NP myometrium or P myometrium.
As shown in Fig. 1d, 10 uM tetracaine had no effect on Ca>*
oscillations in NP-MSMCs or P-MSMC:s (relative amplitudes
were 1.03 + 0.26 and 1.06 £ 0.12, n = 3 from two mice,
respectively, Fig. 1e).

We then investigated whether caffeine, an activator of RyR,
evokes Ca’" release from the SR in MSMCs. UBSMCs (Uri
in Fig. 1f) were used as a positive control. The application of
10 mM caffeine caused a transient increase in [Ca2+]cyt, pre-
sumably via its release from the SR in UBSMCs (90% of
140 mM KCl-positive cells, n = 10 from three mice)

(Fig. 1f). On the other hand, 10 mM caffeine did not induce
[CazJ’]cyt increase in NP-MSMCs or P-MSMCs (NP 3%,
n =38 from three mice; P 0%, n = 18 from five mice), whereas
140 mM KCl markedly elevated [Ca**].y.

These results indicate that RyR is not functional as a Ca®*
release channel and, thus, does not contribute to spontaneous
contractions regardless of pregnancy in mouse MSMC:s.

Spontaneous contractions are highly dependent on Ca>"
influx through L-type Ca** channels

The effects of nifedipine, an L-type Ca®* channel blocker, on
spontaneous contractions were examined in NP and P
myometrial tissue strips (Fig. 2a). The amplitudes of contrac-
tions were reduced by nifedipine in a concentration-dependent
manner (1-100 nM). Figure 2b shows the dose-response re-
lationship for nifedipine-induced decreases in the relative
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Fig. 2 High dependency of spontaneous contractions on Ca>* influx

through L-type Ca®* channels. a Typical traces of spontaneous
contractions in NP and P myometrial strips. Nifedipine was added
cumulatively at the concentrations indicated under the traces. b The
dose-dependent inhibition of spontaneous contractions by nifedipine
was calculated based on a decrease in contraction amplitude. Amplitude
was normalized to the value obtained 5 min prior to the addition of
nifedipine. ¢ Typical traces of VDCC currents in NP-MSMCs and P-

amplitudes of contractions. The ICs, values obtained for ni-
fedipine were not significantly different between NP
(20.0 £ 2.8 nM, n = 3) and P (25.0 £ 9.8 nM, n = 3,
p > 0.05). The Hill coefficient was 1.20 &+ 0.36 in NP-MSMs
and 1.34 £ 0.35 in P-MSMs (p > 0.05).

Membrane currents were measured from freshly isolated
MSMCs by whole-cell patch clamp recording. VDCC cur-
rents were measured in NP-MSMCs and P-MSMCs under
the block of K* currents by Cs* and TEA-CI in the pipette
solution, and extracellular Ca** was replaced with 30 mM
Ba®* (Fig. 2¢). Figure 2d shows current—voltage relationships
from NP-MSMCs and P-MSMCs. The peak VDCC current
density at +20 mV and cell capacitance were summarized in
Fig. 2e. No significant difference was observed in current
densities between NP-MSMCs (—13.2 + 1.4 pA/pF, n =3 from
three mice) and P-MSMCs (—13.3 + 1.9 pA/pF, n = 5 from
three mice; p > 0.05), while cell capacitance was significantly
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MSMCs. Extracellular 2.2 mM Ca®* was replaced with 30 mM Ba®*,
and VDCC currents were obtained as 100 uM Cd**-sensitive current
components. Cells were depolarized for 150 ms from a holding
potential of —60 to +20 mV. Note that the amplitude of VDCC currents
in a P-MSMC was sixfold larger than that in an NP-MSMC. d Current—
voltage relationships for VDCC currents were plotted. e Summarized
data of the VDCC current density at +20 mV and cell capacitance.
**p < 0.01 vs. NP

larger in P-MSMCs (68.7 + 6.6 pF) than in NP-MSMCs
(13.1 £3.2 pF; p < 0.01) (Fig. 2¢).

The lack of CICR through RyR and decreases in BKc,
current density after pregnancy

In order to measure the Ca®* entry by membrane depolar-
ization and subsequent CICR in MSMCs, membrane cur-
rents and [Ca2+]cyt were simultaneously recorded (Fig. 3a),
as has been performed in mouse UBSMCs [31]. The rela-
tive increase in [Ca\sz’]cyt upon depolarization to +10 mV
was not significantly changed by pregnancy (NP control
1.28 £ 0.16, n = 5 from three mice; P control
2.41 £ 0.72, n = 4 from three mice; p > 0.05) (Fig. 3b).
Although the shapes and amplitudes of membrane currents
appeared to be changed by pregnancy (Fig. 3a), the density
of the peak outward current was not affected (NP control
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Fig. 3 Substantive lack of CICR
through RyR3. a Ca®* events and

a NP (control)

membrane currents were =4 __ \ghr?(l-:‘en tarea 0~
simultaneously recorded under a & 3 v 10 Oi(%
voltage clamp in single MSMCs bt €
isolated from NP and P mice. k= 2 50 2
Typical changes upon o 03
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[Caz+]m (F/F,) in the whole cell 0 50 100 150

area were measured by confocal Time (ms)
microscopy in the absence and P (control)

presence of 10 uM ryanodine. U_’;:4 6002
Fluo-4 was added to cells through T3 4002
electrodes. Data were acquired at §2 200‘5
120 frame/s. b Summarized data 1 05
of increases in [Ca2+]cy[ (FIF) x 0 r 2 OOO
from whole cell areas. ¢ 5 20100 150
Summarized data of peak outward Time (ms)

current density. d Typical traces

of total outward, Pax-insensitive, d Outward current

and Pax-sensitive (BK¢,) currents
in NP-MSMCs and P-MSMCs
are shown in the left, middle, and
right panels, respectively. These
traces were obtained at membrane
potentials ranging between —70
and +60 mV and summarized as
I-V relationships in the bottom
panels. The Ca®* concentration in
the pipette filling solution was
pCa 6.0. The Ca** current was
blocked by 0.1 mM Cd**. e
Summarized data of the outward
current density at +10 mV in NP-
MSMCs and P-MSMCs.
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*p < 0.05. f Summarized data of S % 80
the Pax-sensitive (BK,) current g gL 60
density at +60 mV in NP-MSMCs £E% 4
and P-MSMCs. **p < 0.01 o 5~ 20

0

-80 40 40
Voltage (mV)

Current density @
at +10 mV (pA/pF)

o N A O

Outward

6.79 + 0.10 pA/pF, n = 5 from three mice; P control
4.00 = 0.39 pA/pF, n = 4 from three mice; p > 0.05).
[Ca2+]cyt was not significantly affected by the application
of 10 uM ryanodine in NP-MSMCs (ryanodine
0.99 + 0.08, n = 3 from three mice, Fig. 3b) or P-
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b I Control

NP (10 uM Ryanodine) 110 uM Ryanodine

=4 ___ns
€ 150 & =
L3 100 S 3
(o] o
5’ — %5 £
@1 00 a1
0 50 0
0 50 100 150 NP P
Time (ms)
P (10 uM Ryanodine) C ~
:54 6005 w —1ns
3 400E %10
22 2008 &
2 e E
e’ 03 £5
0 ' -200 o
0 50 100 150 s 0 NP =
Time (ms) o

Pax-sensitive
current

Pax-insensitive
current

u NP o u NP = NP
g s T gp e
[z ? L
cs's 10 c3s
[T} o-< 40
55 5 &3 201
30 80 40 10 40 8 -80 40 [0 40 80
Voltage (mV) Voltage (mV)
. NP
—P f
o
bo- *k
2% 260
= S g
=258
52 >40
» 5 E
s £ 320
e g‘&’i
Pax Pax ® 0 NP P

insensitive sensitive

9.06 + 3.74 pA/pF, n = 3 from three mice; Fig. 3c) or P-
MSMCs (ryanodine 4.36 + 0.83 pA/pF, n = 3 from two
mice; Fig. 3c). These results suggest that membrane depo-
larization does not cause CICR in MSMC:s.

In order to examine changes in BK, channel currents after
pregnancy, outward currents were recorded in MSMCs.
Figure 3d shows outward currents and -V relationships be-
fore and after the treatment with 1 uM paxilline (Pax), a
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specific BK¢, channel blocker (NP # = 4 from four mice; P
n = 3 from three mice). The -V relationships revealed the
following: (1) The density of outward currents upon depolar-
ization was markedly reduced by pregnancy (at +10 mV, NP
6.8 £ 0.8 pA/pF; P 3.7 + 0.8 pA/pF, p < 0.05) (Fig. 3d (left
panel), e). (2) The density of Pax-insensitive outward currents,
presumably voltage-gated K* currents, was significantly de-
creased by pregnancy (at +10 mV, Pax-insensitive current
density, NP 5.3 + 0.7 pA/pF; P 2.0 £ 0.3 pA/pF, p < 0.05)
(Fig. 3d (middle panel), e). (3) The Pax-sensitive (BK, chan-
nel) current density at +60 mV was significantly decreased by
pregnancy (NP 49.0 £ 10.9 pA/pF; P 6.7 £ 0.9 pA/pF,
p < 0.01; Fig. 3d, (right panel), f), while the density at
+10 mV was small and not significantly changed by pregnan-
cy (NP 1.5 £ 0.5 pA/pF; P 1.7 £ 0.6 pA/pF, p > 0.05; Fig. 3d
(right panel), e).

These results indicate that significant BK, channel activa-
tion by CICR upon depolarization does not occur in MSMCs
regardless of pregnancy and also that outward currents upon
depolarization, particularly the BK, channel current compo-
nent, were significantly downregulated by pregnancy, as has
been reported previously [5].

STOCs and Ca”" sparks were not detected in MSMCs

STOCs at holding potentials of —10 mV were measured
in MSMCs and UBSMCs (Fig. 4a). STOCs were detect-
ed in UBSMCs (average amplitude 109.3 £ 28.6 pA;
frequency 1.83 + 0.87 Hz, n = 4 from four mice),
which is consistent with previous findings [17, 31]. In
contrast, clear STOCs with amplitudes of greater than
5 pA were not recorded in NP-MSMCs or P-MSMCs.
As shown in Fig. 4b, integrated STOCs for 10 s from
the baseline at —10 mV in NP-MSMCs and P-MSMCs
were significantly smaller than those in UBSMCs (Uri
79.4 £ 144 pC, n = 4 from four mice; NP 15.2 +£ 9.5
pC, n = 4 from three mice; P 7.7 = 2.6 pC, n = 5 from
three mice). Thus, STOCs were clearly detected in
UBSMCs, but not in NP-MSMCs or P-MSMCs. Since
BKc, channels were functional in NP-MSMCs and P-
MSMCs (Fig. 3f), we hypothesized that spontaneous
Ca®* release through RyR, i.e., Ca’* sparks, are absent
or small/rare in MSMCs.

Fluo-4/AM was used in UBSMCs and MSMCs to mea-
sure Ca®* sparks. Ca®* sparks were detected in UBSMCs
(n = 11 from six mice), but not in NP-MSMCs or P-
MSMCs under the same recording conditions (#n = 5 from
three mice and n = 9 from four mice, respectively;
Fig. 4c, d). Integrated intracellular Ca®* elevations for
10 s in NP-MSMCs and P-MSMCs were significantly
smaller than those in UBSMCs (Uri 53.4 + 53, n = 11
from six mice; NP 13.7 £ 4.4, n = 5 from three mice; P
11.6 £ 1.7, n = 9 from four mice; p < 0.01 vs. UBSMCs,
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Fig. 4e). Only MSMCs in which [Ca®*]; elevations were
observed in response to 100 nM Oxy were used in anal-
yses of Ca®* sparks (Fig. 4f). The treatment with 100 nM
Oxy caused similar [Ca2+]cyt elevations in NP-MSMCs
and P-MSMCs (p > 0.05). Therefore, the substantive lack
of STOCs is attributable to the absence of clear Ca**
sparks in NP-MSMCs and P-MSMC:s.

Changes in mRNA and protein levels of RyRs in the NP
myometrium and P myometrium

RyR1, RyR2, and RyR3 mRNA levels in the myometrium
from NP and P mice were quantified using real-time PCR
(Fig. 5a). The relative expression levels of RyR1 and RyR2
were low in the NP myometrium (RyR1 0.0013 £ 0.0005;
RyR2 0.0008 = 0.0002, n = 4 from four mice) and P
myometrium (RyR1 0.0005 = 0.0001; RyR2
0.0008 + 0.0002, n = 4 from four mice). The transcriptional
level of total RyR3 (i.e., FL-RyR3 + DN-RyR3) was signifi-
cantly lower in the P myometrium than in the NP myometrium
(NP 0.013 £+ 0.003, n = 4 from four mice; P 0.003 = 0.001,
n =4 from four mice; p < 0.05). By using specific primer pairs,
we also measured the mRNA levels of FL-RyR3 and DN-
RyR3. FL-RyR3 and DN-RyR3 transcripts were both abun-
dant in the NP myometrium (FL-RyR3 0.004 + 0.001; DN-
RyR3 0.008 £+ 0.002, n = 4 from four mice) but were sig-
nificantly reduced in the P myometrium (FL-RyR3
0.0009 + 0.0001; DN-RyR3 0.0013 £ 0.0004, n = 4 from
four mice; p < 0.05 vs. NP). A Western blotting analysis
using an anti-RyR3 antibody suggested that the relative
expression of RyR3 was reduced in the P myometrium
(NP 0.028 £ 0.009, n = 3 from three mice; P
0.001 £ 0.002, n = 3 from three mice; p < 0.05; Fig. 5b).
These results indicate that the expression of RyR3 is down-
regulated toward the term of pregnancy.

Deletion of the RyR3 gene had no effect

on pregnancy/labor, myometrial contractility,

or expression levels of other proteins that contribute
to Ca®" regulation in MSMCs

Experiments were performed using RyR3—/— mice. The NP
myometrium from RyR3—/— mice lacked the RyR3 protein
(Fig. 5¢). The number of pups per parturition was counted
from primiparous mice younger than 20 weeks of age. The
number of pups was not significantly different between
RyR3+/+ and RyR3—/— mice; parity was 8.3 = 0.4 in
RyR3+/+ mice (nine mice) and 8.1 £ 0.5 in RyR3—/— mice
(nine mice; p > 0.05; Fig. 5d). The deletion of RyR3 did not
affect pregnancy or parturition.

Spontaneous contractions were measured in myometrial
strips from RyR3—/— mice (Fig. 6a). No significant difference
was observed between RyR3+/+ and RyR3—/— mice in the
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Fig. 4 STOCs were not detected
in MSMCs due to the substantive
lack of Ca** sparks. a STOCs
were recorded at —10 mV in
UBSMCs (Uri), NP-

MSMCs (NP), and P-MSMCs
(P). b Outward currents at

—10 mV for 10 s were integrated
(pC). Note that almost no STOCs
were detected in NP-MSMCs or
P-MSMCs. ¢ Typical Ca**
images in UBSMCs (Uri), NP-
MSMCs (NP), and P-MCMCs (P)
at 110-ms intervals are shown.
Images were obtained at 37 Hz by
a TIRF microscope. d Changes in
[Ca* 1oy (FIFy) in Ca™ spark
sites. ' means the average
fluorescence intensity within
ROIs (2.0 um in diameter). Fy is
the basal fluorescence intensity of
the ROIs. e Summarized data of
changes in F/F) (calculated as the
area under the curve) are shown.
#p < 0.01. f The [Ca™ oyt
elevation by 100 nM Oxy was
confirmed in each cell used in
“c—e.” Note that Oxy-induced
[Ca®*]y increases in NP-
MSMCs were similar to those in
P-MSMCs
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amplitude (RyR3+/+ 0.31 + 0.04 mN, n = 4 from four mice;
RyR3—/=0.44 £ 0.08 mN, n = 4 from four mice; p > 0.05) or
frequency (RyR3+/+ 10.5 £ 3.7/min; RyR3—/— 11.3 £ 3.0/
min; p > 0.05) of spontancous contractions (Fig. 6b). The
transcript levels of Ca** handling proteins such as IP5 receptor
type 1 (IP3R), VDCC, Na*-Ca** exchanger type 1 (NCX), and
SR-Ca®*-ATPase type 2A (SERCA2A) in P-MSM were sim-
ilar between RyR3+/+ (three mice) and RyR3—/— (three mice)
mice (Fig. 6¢).

Ca** currents were also measured in the same manner as
in Fig. 2c—e (Fig. 6d—f). The peak VDCC current density at
+20 mV in NP-MSMCs and P-MSMCs from RyR3—/—
mice and cell capacitance was summarized (Fig. 6f).
Current density was similar between NP-MSMCs
(—=11.7 £ 0.7 pA/pF, n = 3 from three mice) and P-
MSMCs (—13.2 £ 1.0 pA/pF, n = 5 from three mice;
p > 0.05), while cell capacitance was significantly larger
in P-MSMCs (73.8 £ 5.8 pF) than in NP-MSMCs
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(16.1 £ 0.2 pF; p < 0.01). These values were not signifi-
cantly different from those obtained in RyR3+/+ mice
(p > 0.05 vs. Fig. 2).

The sensitivity of the myometrium in RyR3—/— mice
to Oxy was similar to that in RyR3+/+ mice

The dose-dependent contractions induced by Oxy were com-
pared among four groups in the presence of nifedipine
(Fig. 7a). ECs, values were reduced by pregnancy in
RyR3+/+ (EC50 4.76 £ 0.97 nM in NP, n = 3 from two mice
and 1.28 +£0.64 nM in P, n = 5 from four mice, p < 0.01) and
RyR3—/—mice (3.2 £0.24 nM in NP, n = 6 from four mice and
0.79+0.02nM in P, n = 5 from two mice, p < 0.01) (Fig. 7b).
However, ECso was not significantly affected by a RyR3 de-
ficiency in the NP myometrium or P myometrium (p > 0.05).
The Hill coefficient of Oxy was 1.02 &+ 0.10 in NP-MSMs and
1.00 + 0.04 in P-MSMs from RyR3+/+ mice and 1.06 + 0.03
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Fig. 5 RyR3 was not significantly functional in labor. a Quantitative
real-time PCR analyses of RyR1-3 in the NP myometrium and P
myometrium were performed. As for RyR3, the mRNA levels of total
RyR3 (measured by the detection of the RyR3 transcript sequence
common to FL-RyR3 and DN-RyR3), FL-RyR3, and DN-RyR3 were
separately evaluated. *p < 0.05. b Western blot analyses of RyR3 in the
NP myometrium and P myometrium were performed. Proteins extracted

in NP-MSMs and 1.11 £ 0.10 in P-MSMs from RyR3—/—
mice (p > 0.05 among four groups). The force of contractions
by P myometrial strips induced by the 100 nM Oxy stimula-
tion was also similar between RyR3+/+ and RyR3—/— mice
(5.66 £0.77 mN, n = 5 from four mice in NP and 4.99 +0.51
mN, n = 5 from two mice in P; p > 0.05; Fig. 7c).

Discussion

The results of the present study clearly demonstrated that
RyRs made almost no functional contribution to spontaneous
contractions by MSMCs, regardless of pregnancy. Moreover,
the expression of RyR3 was decreased by pregnancy. These
results are not consistent with previous findings, which sug-
gested that an increase in the ratio of FL-RyR3 versus DN-
RyR3 at the late stage of pregnancy markedly contributed to
strong contractions during labor [8].

Ryanodine and tetracaine had no effect on spontaneous
contractions in NP or P myometrial strips (Fig. 1). On the
other hand, nifedipine (Fig. 2) or the removal of external
Ca** (data not shown) completely suppressed spontaneous
contractions. Thus, spontaneous contractions in MSMCs are
essentially dependent on the Ca* entry though VDCC but are
not mediated by Ca”* release from RyR (CICR). The direct
recording of [Ca“]Cyt demonstrated that depolarization-
induced Ca** entry through VDCC weakly induced CICR in
NP-MSMCs and P-MSMCs (Fig. 3, see also [29]). Previous
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from the mouse brain were used as a positive control (/eff panels). RyR3
protein levels were normalized by that of 3-actin (right panel). *p < 0.05.
¢ The expression of RyR3 and its absence were confirmed by Western
blotting in RyR3+/+ and RyR3—/— mice, respectively. d The number of
pups per parturition of primiparous RyR3+/+ and RyR3—/— mice were
counted. Note that RyR3—/— mice exhibited normal pregnancies and
parturition

studies have shown that RyR activators have weak or negligi-
ble effects on spontaneous contractions and calcium oscilla-
tions in NP-MSMs from humans and rats [41, 43]. Our results
suggest that spontancous myometrial contractions in mice at
the late stage of pregnancy are also insensitive to ryanodine. In
contrast, ~60% of MSMs from pregnant rats are susceptible to
ryanodine [28, 30, 43]. Thus, inconsistencies, including pos-
sible species differences, exist between previous studies on the
involvement of RyR in myometrial spontaneous contractions.
In the many kinds of SMCs, such as those in the urinary
bladder, vas deferens, gastrointestinal tract, trachea, and blood
vessels, local spontaneous Ca®* release through RyR, Ca**
sparks, stimulates BK, channels and induces STOCs [33, 36].
STOCs cause membrane hyperpolarization and reduce the open
probability of VDCC, leading to the attenuation of smooth mus-
cle tone [20, 27]. The expression of RyR3 has been reported to
increase at the late stage of pregnancy in MSMC:s [8]. Therefore,
we expected the upregulation of RyR3 to stabilize resting tone
through the generation of STOCs as well as promotion of muscle
contractions for labor. However, STOCs were not detected un-
der the whole-cell voltage clamp mode (Fig. 4a), while Pax-
sensitive BK, currents were observed upon depolarization in
MSMCs (Fig. 3f). The density of the whole-cell BK ¢, current in
MSMCs was significantly reduced by pregnancy, and this result
was consistent with previous findings from another group [5].
The lack of STOCs in MSMCs is attributable to the absence of
Ca®* sparks (Fig. 4c). Ca’" sparks have not been clearly detected
in isolated SMCs from the myometria of other species [7, 35].
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Fig. 6 RyR3—/— mice exhibited
normal myometrial contractions
and ion channel expression. a
Typical traces of spontaneous
contractions by NP-MSMs from
RyR3+/+ and RyR3—/— mice. b
Summarized data of spontaneous
contraction amplitudes and
frequencies. No significant
difference was observed between
RyR3+/+ and RyR3—/— mice. ¢
The expression of Ca?* handling
proteins in P-MSMs was
analyzed by quantitative real-time
PCR. d Typical traces of VDCC
currents in NP-MSMCs and
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In human myometrial strips, BK, channel blockers poten-
tiate spontaneous contractions and Ca* elevations [3], while
openers inhibit spontaneous contractions [11] and relax
contracting muscles [22]. Therefore, BK¢, channels in
MSMs may be preferentially activated by [Ca2+]Cyt elevations
caused by depolarization-induced Ca”* influx through VDCC
and/or agonist-induced Ca”" release from the SR, leading to a
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negative feedback mechanism for VDCC activity. The de-
crease in BK(, channel expression at the late stage of preg-
nancy (Fig. 3f) may be involved in the enhancement of muscle
excitability for labor. On the other hand, other groups sug-
gested that BK, weakly contributed to the control of
myometrial excitability in the NP myometrium and P
myometrium from rats [1, 34]. Thus, further studies are
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Fig. 7 The sensitivity of the myometrium to Oxy was not changed by
RyR3 deficiency. a The sensitivity of the myometrium to Oxy was
assessed by means of muscular contraction recordings. b The ECs,
values obtained are summarized. No significant difference in NP-

MSMs and P-MSM between RyR3+/+ and RyR3—/— mice. **p < 0.01.
¢ Peak contractions by P-MSM from RyR3+/+ and RyR3—/— mice in
response to 100 nM Oxy were compared
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required in order to elucidate the functional roles of BKc,
channels in MSM, including species-dependent diversity.

The functional expression of RyR3 in the NP-MSMCs of
mice has been reported under the condition of increased SR
Ca”* loading [30]. Dabertland et al. demonstrated that the
expression of DN-RyR3 was higher than that of FL-RyR3 in
NP-MSMCs, whereas only FL-RyR3 was upregulated at the
late stage of pregnancy [8]. They suggested that these changes
increased the FL-RyR3/DN-RyR3 ratio and total protein level
of functional RyR3, which promotes stronger contractions for
labor. However, our real-time PCR analyses demonstrated that
both transcripts decreased in the late stage of pregnancy
(Fig. 5a). The results of the Western blot analysis also indicat-
ed that total RyR3 expression was markedly decreased at the
late stage of pregnancy (Fig. 5b). We did not detect the func-
tions of RyR in the present study, such as Ca** sparks, in-
creases in [Ca2+]cyt in response to caffeine, and the effects of
ryanodine/tetracaine on spontaneous contractions, regardless
of pregnancy. The functions of FL-RyR3 in MSMCs from
non-pregnant mice may be strongly suppressed by the forma-
tion of a heterotetramer with DN-RyR3 [8]. In MSMCs from
mice at the late stage of pregnancy, the expression levels of
both RyR3 isoforms may be too low for them to function as
Ca”* release channels. The most important result of the pres-
ent study is that RyR3—/—mice, which lacked RyR3 due to the
gene targeting technique [44], had normal pregnancies and
deliveries (Fig. 5d). This result strongly suggests that RyR3
is not essential for reproductive function in female mice. The
reason for the inconsistencies between the results of the pres-
ent study and previous findings currently remains unclear but
may be due to the different conditions used for experiments
performed. In the present study, freshly isolated myometria
and myocytes were utilized, whereas primary cultured
myometrial cells were used in a previous study [8]. Changes
in the expression levels of RyR2 and RyR3 in cultured arterial
smooth muscles have also been reported [6, 46].

The results of the present study suggest that the strong
contractile force for parturition in the MSMs of mice is gen-
erated by (i) depolarization-induced Ca®* entry through
VDCC and (ii) agonist (e.g., Oxy and prostaglandins)-induced
Ca”* release from the SR. The results suggest that both VDCC
current amplitude and cell surface area (capacitance) were
markedly increased in P-MSMCs. VDCC current density
was similar between NP-MSMCs and P-MSMCs. However,
this change may not be advantageous for strengthening mus-
cle contractions because a decrease in the ratio of the cell
volume versus surface area prevents increases in [CazJ’]Cyt in
the central region of the cell and subsequent force production.
On the other hand, the Ca®* sensitivity of the contractile sys-
tem in myocytes [2, 39] and electrical junctions between
myocytes [13] are extensively enhanced at the late stage of
pregnancy. Some contractile proteins [13, 47] are also known
to be upregulated in P-MSMs. These changes appear to
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support stronger contractions for labor in spite of VDCC cur-
rent density remaining unchanged. Regarding agonist-
induced Ca®* elevations and contractions, MSMCs exhibit
marked changes with the progression of pregnancy. The sen-
sitivity of MSMs in RyR3+/+ and RyR3—/— mice to Oxy was
elevated by pregnancy to a similar extent. This change may be
induced by the upregulation of receptors [23] and increases in
Ca** release through IP;Rs [43]. RyR3 may not be involved in
IP;-induced Ca”* release or contractions because the maxi-
mum contraction induced by Oxy in P-MSMs of RyR3—/—
mice was comparable to that of RyR3+/+ mice (Figs. 6 and 7).
In conclusion, the present study revealed that RyR3 is not
significantly involved in spontaneous contractions in MSMs
during the non-pregnant period, pregnancy, or parturition.
Spontaneous contractions in NP-MSMs and P-MSMs as well
as strong contractions for labor are mainly conducted by (i)
Ca** entry through VDCCs and (ii) agonist-induced Ca** re-
lease from intracellular Ca®* stores through IPsRs. The upreg-
ulation of Ca** sensitivity, gap junctions, contractile proteins,
and G protein-coupled receptor signaling (Gq-phospholipase
C (PLC)-IP3R) may play important roles in normal delivery.
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