
Mechanisms underlying the neurokinin A-induced contraction of the
pregnant rat myometrium

1Yoshinobu Shintani, 1Junji Nishimura, 1Naohisa Niiro, 1Katsuya Hirano, 2Hitoo Nakano &
*,1Hideo Kanaide

1Department of Molecular Cardiology, Research Institute of Angiocardiology, Kyushu University, 3-1-1 Maidashi, Higashi-ku,
Fukuoka, 812-8582, Japan and 2Department of Gynecology and Obstetrics, Graduate School of Medical Sciences, Kyushu
University, 3-1-1 Maidashi, Higashi-ku, Fukuoka, 812-8582, Japan

1 Using fura-PE3 ¯uorimetry and a-toxin permeabilization, the characteristics of the contractile
responses to neurokinin A (NKA) were determined in the pregnant rat myometrium.

2 NKA induced contractions in rat myometrium in a concentration-dependent manner. There were
no signi®cant di�erences in the maximum contractions and EC50 values between the pregnant and
non-pregnant myometrium, however, the contraction of only the former was greatly enhanced in the
presence of phosphoramidon (PPAD), an endopeptidase inhibitor.

3 In the pregnant myometrium, NKA induced sustained increases in [Ca2+]i and tension in normal
physiological saline solution, while only small transient increases in [Ca2+]i and tension were
observed in Ca2+-free solution.

4 Both diltiazem (10 mM) and SK-F 96365 (10 mM) signi®cantly inhibited the NKA-induced
elevations of [Ca2+]i and tension. The e�ects were additive when these drugs were used together.

5 NKA induced a signi®cant leftward shift of the [Ca2+]i-tension curve obtained by changing the
external Ca2+ (0 ± 2.5 mM) during depolarization with high K+ solution. This Ca2+-sensitizing e�ect
by NKA was also observed in the a-toxin permeabilized myometrium.

6 These results indicated that in the pregnant rat myometrium: (1) the responsiveness to NKA
increased, although it was masked by the increase in the endopeptidase activity; (2) NKA induced
contractions of the myometrium by increasing both [Ca2+]i and the myo®lament Ca2+ sensitivity
and (3) The NKA-induced [Ca2+]i elevation was partly due to the intracellular Ca2+ release and
mainly due to the Ca2+ in¯ux, which was thought to be through both voltage dependent calcium
channels and non-speci®cation channels.
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Introduction

Neurokinin A (NKA) belongs to a structurally related peptide
family named tachykinins, which also includes substance P
(SP) and neurokinin B. These tachykinins are mainly localized

in the central nervous system in a large amount. However,
these peptides are also distributed in the sensory nerves
(mainly in the a�erent C-®bres) and are widely distributed
within the mammalian peripheral tissues (Gibbins et al., 1985;

Otsuka & Yoshioka, 1993; Ottesen & Fahrenkrug, 1990;
Regoli et al., 1994). The function of SP in the various
peripheral tissues have been extensively investigated, however,

the function of NKA, which is a product of the same gene as
SP and usually co-localizes with SP (Otsuka & Yoshioka,
1993), in the peripheral tissues still remains unclear.

Since NKA-containing ®bres innervate the uterus of various
species (Gibbons et al., 1985; Shew et al., 1992; Traurig et al.,
1988), it can be postulated that NKA might have a role in the
regulation of the uterine function, especially in pregnancy.

This speculation is supported by the following reports: (1) The

pelvic neurectomies lead to uterine dystocia in the pregnant rat
(Higuchi et al., 1987; Traurig et al., 1984; 1988), and a�erent
C-®bres may play a role in the neural regulation of parturition

(Traurig et al., 1991); (2) NKA induced contractions in the rat
myometrial strips (Fisher & Pennefather, 1997; Fisher et al.,
1993; Pennefather et al., 1993) and (3) NK-2 receptor, which is
preferentially activated by NKA, were predominant in the

estrogen-primed rat myometrium (Fisher & Pennefather, 1998;
1999; Fisher et al., 1993; Magraner et al., 1998; Pennefather et
al., 1993).

Regarding the mechanism underlying the NKA-induced
contraction of myometrial smooth muscle, it has been reported
to be largely dependent on the Ca2+ in¯ux through voltage

operated Ca2+ channel (VOC) and the Ca2+ release from
intracellular Ca2+ store site in the estrogen-primed rat
myometrium (Magraner et al., 1997). However, the direct
measurements of [Ca2+]i and tension of the myometrial strips

during activation by NKA have not been reported before. In
the present study, using fura-PE3 ¯uorimetry and a-toxin
permeabilization, we determined the mechanisms underlying

the NKA-induced contraction of the pregnant rat myome-
trium.
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Methods

The study protocol was approved by the Animal Care and

Committee of Research Institute of Angiocardiology (Faculty
of Medicine, Kyushu University). The pharmacological
experiments were done according to the procedures described
previously (Niiro et al., 1998). A brief description of them is

shown below.

Tissue preparation

The virgin female Wister-Kyoto rats weighing 200 ± 250 g were
paired overnight with male rats and the next morning was
considered to be day 1 of pregnancy when a vaginal plug was

detected. The rats were sacri®ced with ether on day 18 after
mating. The myometrium of the pregnant rats was taken from
the remote sites of implantation. The myometrium of the non-

pregnant rats was also prepared from virgin rats without
monitoring the oestrous cycle. The strips of myometrium
(1 mm in width and 4 mm in length) were prepared using the

middle part of the horn in a physiological saline solution (PSS)
consisting of the following compositions (in mM): NaCl, 123;
KCl, 4.7; CaCl2, 1.25; MgCl2, 1.2; KH2PO4, 1.2; NaHCO3,

15.5; D-glucose 11.5; gassed with 95% O2 and 5% CO2.

Tension measurement of intact myometrial strips

The myometrial strips were connected to a force
transducer (TB-612T, Nihon Koden, Japan) and mounted

vertically in a quartz organ bath. The strips were
stimulated with 40 mM K+ PSS (an equimolar substitution
of KCl for NaCl) every 15 min with a stepwise increase in

the resting load until the maximal response was obtained.
The contractile responses to NKA was quantitatively
evaluated by the ®rst peak level of contraction. These
values obtained with 40 mM K+-depolarization were

designated to be 100%.

Fura-PE3 loading and measurement of cytosolic Ca2+

concentration [Ca2+]i

The myometrial strips from the pregnant rats were incubated
in Dulbecco's-modi®ed Eagle medium gassed with 5% CO2

and 95% O2 containing 50 mM fura-PE3/AM and 5% foetal

bovine serum for 6 h at 378C. The strips were equilibrated in
normal PSS for at least 1 h before the measurements. Front-
surface ¯uorimetry (Niiro et al., 1998) was used to monitor the
changes in the ¯uorescence intensity of the fura-PE3-Ca2+

complex. The ¯uorescence (500 nm) intensities at alternating
(400 Hz) excitation (340 and 380 nm) and the ratio (F340/
F380) were continuously measured. The data were stored in a

Macintosh computer using a data acquisition system
(MacLab). The ¯uorescence ratio (F340/F380), which in-
dicates [Ca2+]i, was expressed as a percentage, assigning the

values in normal (5.9 mM K+) and 40 mM K+ PSS to be 0 and
100%, respectively. The absolute values of [Ca2+]i were
estimated in separate measurements as previously described
(Kanaide, 1999). The [Ca2+]i levels of the pregnant myometrial

smooth muscle cells at 0 and 100% were 190+46 nM and
485+123 nM, respectively (n=8). All simultaneous measure-
ments of [Ca2+]i and force were performed at 378C.

Tension measurement of a-toxin permeabilized
myometrial strips

The permeabilization of the rat myometrium was carried out
according to the methods described by Niiro et al. (1998) using

a-toxin instead of b-escin. Small strips of the day 18 pregnant
rat myometrium were mounted between two tungsten wires.
The strips were permeabilized in a relaxing solution (mM):

potassium methanesulphonate 100, Na2ATP 2.2, MgCl2 3.38,
ethyleneglycol-bis (b-aminoethylether)-N',N',N',N'-tetra acetic
acid (EGTA) 10, creatine phosphate 10, Tris-maleate 20
(pH=6.8) containing 5000 units ml71 Staphylococcus aureus

a-toxin for 60 min. The activating solution containing the
indicated concentration of free Ca2+ was made by adding an
appropriate amount of CaCl2 to the relaxing solution, using

the Ca2+-EGTA binding constant of 106/M (Saida &
Nonomura, 1978). The tension measurements of the permea-
bilized tissue were all performed at room temperature. The

tension in the relaxing solution and maximal tension induced
by 10 mM Ca2+ were taken as 0 and 100%, respectively.

Drugs and solutions

The composition of the normal physiological salt solution
(normal PSS) was described above. High-K+ PSS was made by

an equimolar substitution of KCl for NaCl. The Ca2+-free
solution (Ca2+-free PSS) containing 2 mM EGTA instead of
1.25 mM CaCl2 was produced by an exclusion of CaCl2 from

the normal PSS. Each solution mentioned above was gassed
with a mixture of 5% CO2 : 95% O2 (pH 7.4 at 378C). The
composition of the solution for the permeabilized preparations

was described above. Neurokinin A was purchased from the
Peptide Institute (Osaka, Japan). Diltiazem, phosphoramidon
(N- (a-L-rhamnopyranosyl- oxyhydroxy-phosphinyl)-L-leucyl-

L-tryptophan), and a-toxin were from Sigma (St Louis, MO,
U.S.A.). SK&F 96365 (1-{b-[-3-(4-methoxyphenyl)propoxy]-4-
methoxyphenyl}-1H-imidazole hydro-chloride) was purchased
from Calbiochem (La Jolla, CA, U.S.A.). Guanosine-5'-
triphosphate (GTP) and guanosine-5'-O-(b-thiodiphosphate)
(GDPbS) were purchased from Boehringer Mannheim
(Germany). EGTA was from Dojindo Laboratories (Kuma-

moto, Japan). All other chemicals were of the highest grade
commercially available.

Statistical analysis

All data were expressed as the mean+s.e.mean. One strip

obtained from one animal was used for each experiment,
therefore the number of experiments (n value) also indicates
the number of animals. Statistically signi®cant di�erences were

determined by an analysis of variance (ANOVA) followed by
Sche�e's post-hoc test between more than three groups.
P50.05 were considered to be signi®cant. An analysis of co-

variance was used to determine the non-overlapping (or shift)
of the [Ca2+]i-force relationship. The four-parameter logistic
model was used to ®t the sigmoidal curve to the concentration

response of each drug (De Lean et al., 1978). All data were
collected using a computerized data acquisition system
(MacLab; Analog Digital Instruments, Australia, Macintosh;
Apple Computer, U.S.A.).

Results

E�ects of NKA on the contractility of the pregnant or
non-pregnant rat myometrium

Application of NKA (100 nM) to the pregnant (Figure 1a) or
non-pregnant (Figure 1c) rat myometrial strips in the normal
PSS induced an initial rapid phasic contraction which reached

Neurokinin A-induced myometrial contraction1166 Y. Shintani et al

British Journal of Pharmacology, vol 130 (5)



a peak within 1 min and was followed by a tonic response of
low amplitude with a superimposed rhythmic contraction. This
oscillatory response usually continued for more than 20 min

(Figure 1a,c), but disappeared in some strips (data not shown).
When the developed tension was evaluated as an absolute
value, 40 mM K+-depolarization produced 393+25 mg/mg
wet weight (n=12) in the non-pregnant myometrium and

611+61 mg/mg wet weight (n=12) in the pregnant myome-
trium. Therefore, we evaluated the tension development
induced by NKA relative to the 40 mM K+-depolarization-

induced e�ect. There appeared to be no di�erence in the NKA-
induced contractions between the pregnant and non-pregnant
rat myometrium (Figure 1a,c). However, when the strips were

treated with phosphoramidon (PPAD), an endopeptidase
inhibitor, the NKA-induced contraction was greatly enhanced
in the pregnant myometrium (Figure 1b). On the other hand,

the enhancing e�ect of PPAD, if any, in the non-pregnant
myometrium was not remarkable (Figure 1d).

For a quantitative analysis of the NKA-induced
contraction of the pregnant or non-pregnant myometrium,

the concentration-response relationships of NKA were
determined in the presence or absence of PPAD. Since an
initial peak value of the ®rst contraction was reproducible

for each NKA concentration, we measured this value to
construct the concentration-response curves for the NKA-
induced myometrial contraction (Niiro et al., 1998). Figure 2

shows the concentration-response relationships of the
contractions induced by the various concentrations of NKA
(0.3 nM± 10 mM) in the four di�erent groups, namely, non-

pregnant without PPAD, non-pregnant with PPAD, preg-
nant without PPAD and pregnant with PPAD. The log EC50

value and maximal contraction level of each curve are
shown in Table 1. Without PPAD, there was no signi®cant

di�erence in the log EC50 values and maximal contraction
levels between non-pregnant and pregnant myometrium.
However, when the strips were treated with PPAD, a

signi®cant di�erence was observed in the log EC50 values
and the maximal contraction levels between the non-
pregnant and the pregnant myometrium. The PPAD-induced

leftward shift was signi®cant in the pregnant myometrium,
but it was not signi®cant in the non-pregnant myometrium.

Mechanisms underlying the NKA-induced myometrial
contraction in the pregnant myometrium

Because the response to NKA in the pregnant myometrium

was signi®cantly greater than that in the non-pregnant

Figure 1 Representative recordings of tension developed by neurokinin A (NKA) in day 18 pregnant and non-pregnant rat
myometrium in the absence and presence of phosphoramidon (PPAD). NKA (100 nM) was applied to day 18 pregnant (a,b) and
non-pregnant (c,d) rat myometrium in the absence (a,c) or presence (b,d) of 1 mM PPAD. PPAD was applied 10 min before and
during the application of NKA. The developed tension was expressed as a percentage, assigning the values in normal (5.9 mM K+)
and 40 mM K+ PSS to be 0 and 100%, respectively. The traces shown are representative of six similar independent experiments.

Figure 2 Concentration-response relationships of NKA-induced rat
myometrial contraction. Various concentrations of NKA (0.3 nM ±
10 mM) were applied to the day 18 pregnant and non-pregnant rat
myometrium in the presence or absence of PPAD and the peak level
of each tension development was plotted. Each tension experiment
was performed under conditions similar to those shown in Figure 1.
Each symbol shows the mean value of the NKA-induced developed
tension from six di�erent rats. Vertical bars represent the s.e.mean.
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myometrium, the subsequent studies on the mechanism of
contraction were performed using the myometrial strips from
pregnant rat on day 18 of gestation. Figure 3a shows the

representative recordings of the changes in [Ca2+]i and tension
induced by 100 nM NKA in normal PSS in the presence of
1 mM PPAD. The application of NKA induced rapid rises in
both [Ca2+]i and tension, which reached a peak level within

1 min, followed by a gradual decline with superimposed
oscillations. The initial peak levels of [Ca2+]i and tension were
120.5+5.4 and 129.2+3.4%, respectively (n=8). In a Ca2+-

free PSS containing 0.1 mM EGTA, NKA induced a small
[Ca2+]i transient accompanied by a small transient contraction
(Figure 3b). A summary of the six similar experiments is shown

in Figure 3d, which demonstrated that NKA induced
signi®cant increases in [Ca2+]i and tension in the Ca2+-free
PSS. Since the NKA-induced transient increase in [Ca2+]i in
the EGTA-containing Ca2+-free PSS was unexpectedly small

probably due to the Ca2+-chelating e�ect by EGTA, we tried
to detect the intracellular Ca2+ release in normal PSS in the
presence of 3 mM Ni2+. As shown in Figure 3c,d, NKA

induced a signi®cant increase in [Ca2+]i in the presence of
Ni2+. As a result, the increase in [Ca2+]i in PSS containing
Ni2+ was much bigger than that in a Ca2+-free PSS containing

EGTA.
In an attempt to clarify the Ca2+ in¯ux pathway, the

various concentrations of diltiazem (an L-type Ca2+ channel

blocker) or SK-F 96365 (a non-selective Ca2+ channel blocker
or receptor-operated Ca2+ channel blocker (Merritt et al.,
1990)) were applied during the activation by 100 nM NKA. As
shown in Figure 4a, the pre-treatment with 10 mM diltiazem

signi®cantly inhibited the NKA-induced increases in [Ca2+]i
and tension. Figure 4b demonstrates that the pre-treatment by
10 mM SK-F 96365 also signi®cantly inhibited the NKA-

induced increases in [Ca2+]i and tension. Figure 4c summarizes
the results obtained from the experiments performed in a
manner similar to those shown in Figure 4a,b (n=6).

Diltiazem induced the maximum e�ect to the NKA-induced
increase in [Ca2+]i and tension at 10 mM. Even if the
concentration of diltiazem was raised to 30 mM, there was no

Table 1 Comparison of the EC50 values and maximal
responses of neurokinin A-induced tension development of
the myometrium between the non-pregnant and pregnant
rats.

log EC50 Max. Cont. (%) n

Non-Pregnant 77.13+0.05 116.6+3.7 6
PPAD(7)

Non-Pregnant 77.32+0.08 120.3+3.6 6
PPAD(+)

Pregnant (Day 18) 77.15+0.08 101.5+2.5 6
PPAD(7)

Pregnant (Day 18) 77.85+0.08* 136.3+2.9* 6
PPAD(+)

*P50.05 vs all other groups in an analysis of variance
followed by Sche�e's test. All data are expressed as the
mean+s.e.mean obtained from six di�erent animals.

Figure 3 NKA-induced intracellular Ca2+ release. (a ± c) Representative recordings showing the e�ect of NKA (100 nM) on the
[Ca2+]i (upper trace) and tension (lower trace) of the pregnant rat myometrium in normal PSS (a), in Ca2+-free PSS containing
0.1 mM EGTA (b) and in normal PSS containing 3 mM Ni2+ (c). PPAD and Ni2+ was added 10 min before and during NKA
application. (b) Ca2+-free PSS with 0.1 mM EGTA was applied 1 min before and during the addition of NKA. (d) Summary of the
inhibitory e�ect of Ca2+-free PSS with 0.1 mM EGTA and Ni2+ on the NKA-induced increases in [Ca2+]i and tension. The bottom
and top of each column indicate the levels of [Ca2+]i and tension just before the NKA application and at the peak elevation induced
by NKA, respectively, under the indicated conditions. All data are expressed as the mean+s.e.mean. (The vertical bars) obtained
from experiments similar to those shown in a ± c using 4 ± 6 di�erent animals. *P50.05, **P50.01.
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additional e�ect. On the other hand, the application of 10, 30
and 100 mM SK-F 96365 inhibited the NKA-induced increases
in [Ca2+]i and tension in a dose-dependent manner. However,

the application of 10 mM diltiazem plus 10 mM SK-F 96365
more e�ectively inhibited the NKA-induced increase in [Ca2+]i
compared with the e�ects by 10 mM diltiazem or 10 mM SK-F
96365 alone. This combined use of diltiazem and SK-F 96365

more e�ectively inhibited the NKA-induced increase in [Ca2+]i
compared with 30 mM diltiazem alone, which is 1.5 times
higher than the former in terms of the molar concentration.

Although no statistical signi®cance could be obtained, the
inhibitory e�ect by 10 mM diltiazem plus 10 mM SK-F 96365
tends to be greater than that by 30 mM SK-F 96365 alone,

which is also 1.5 times higher than the former in terms of the
molar concentration. In addition, the treatment with diltiazem
or SK-F 96365 completely inhibited the occurrence of the

oscillations in [Ca2+]i and tension (n=6). In contrast, when the
Ca2+ concentration of the normal PSS was raised to 2.5 mM,
NKA-induced oscillations could be observed even in the strips
which did not cause oscillations in the normal PSS containing

1.25 mM Ca2+ (n=5, data not shown).
To examine the e�ect of NKA on the Ca2+-tension

relationship, changes in [Ca2+]i and tension were monitored

with a stepwise increment of the extracellular Ca2+ concentra-
tion ([Ca2+]o), during the depolarization with 40 mM K+

solution. Figure 5 shows the representative time courses of the

changes in [Ca2+]i and tension induces by the cumulative
application of CaCl2 during depolarization with 40 mM K+

solution in the absence (Figure 5a) or presence (Figure 5b) of

100 nM NKA plus 1 mM PPAD. When the bathing solution
was changed from normal PSS to Ca2+-free PSS containing
0.1 mM EGTA, [Ca2+]i decreased to reach new steady levels

even though the tension remained at the resting levels. The
application of NKA induced only a transient elevation of
[Ca2+]i and tension. In both cases (Figure 5a,b), the stepwise
increase in [Ca2+]o (0.0125 ± 5 mM) induced stepwise increases

in [Ca2+]i and tension in a concentration-dependent manner.
Figure 5c shows the [Ca2+]i-tension relationships plotted using
the data points obtained from independent experiments done

in a manner similar to those shown in Figure 5a,b. The
presence of 100 nM NKA induced a leftward shift of the
[Ca2+]i-tension curve (P50.01 by an analysis of covariance,

n=6), and moreover the curve was sifted leftward to the same
extent in the presence of 1 mM NKA (data not shown).

To elucidate the e�ect of NKA on the Ca2+ sensitivity of the

contractile apparatus in the pregnant rat myometrium, we
measured the tension development induced byNKAusing the a-
toxin permeabilized pregnant rat myometrium. As shown in
Figure 6a, an application of 100 nM NKA, after a steady state

contraction had been obtained by a mixture of 0.5 mM Ca2+,
1 mM GTP, and 1 mM PPAD, caused an additional force
development at a constant [Ca2+]i. Subsequent application of

10 mM GTPgS, a non-hydrolyzable GTP analogue, induced
further Ca2+ sensitization. Treatment with 1 mM GDPbS, a
nonhydrolyzable GDP analogue for 10 min before and during

theapplicationof100 nMNKAalmostabolishedboththeNKA-
induced and GTPgS-induced additional force development
(Figure 6b).

Figure 4 E�ects of diltiazem and SK-F 96365 on the NKA-induced changes in [Ca2+]i and tension in the pregnant rat
myometrium. (a and b) Representative recordings showing the e�ect of 10 mM diltiazem (a) and 10 mM SK-F 96365 (b) on the NKA-
induced increases in [Ca2+]i (upper trace) and tension (lower trace) of the pregnant rat myometrium in normal PSS. Diltiazem or
SK-F 96365 was applied 10 min before and during NKA application in conjunction with 1 mM PPAD. (c) Summary of the
inhibitory e�ect of diltiazem and SK-F 96365 on the NKA-induced increases in [Ca2+]i and tension. The data were obtained from
5 ± 7 independent experiments done in a manner similar to those shown in a and b. Various concentrations of diltiazem (10 ± 30 mM)
and/or SK-F 96365 (10 ± 100 mM) were applied as illustrated under each column. *P50.01, **P50.001, NS.; not signi®cant.
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Discussion

In the present study, we attempted to address the following

two questions: (1) Is there any change in the responsiveness of
the pregnant rat myometrium to NKA during pregnancy? (2)
What mechanisms are involved in the NKA-induced contrac-

tion of the rat myometrium? Concerning the ®rst question, we
found that the responsiveness to NKA was increased during
pregnancy, however, the increased endopeptidase activity of
the pregnant myometrium masked this increased responsive-

ness. As for the second question, our results indicated that
NKA induces contraction of the myometrium not only by
increasing [Ca2+]i but also by increasing the Ca2+ sensitivity of

the contractile apparatus. The NKA-induced increase in the
[Ca2+]i was mainly due to the Ca2+ in¯ux from the
extracellular space and partly due to the intracellular Ca2+

release. The Ca2+ in¯ux was thought to be through both the
voltage dependent calcium channels and non-speci®c cation
channels. Moreover, NKA induced the G protein-dependent

additional tension development in the a-toxin permeabilized
pregnant rat myometrium.

The change in the responsiveness of the pregnant
myometrium to NKA was assessed in the experiments shown

in Figures 1, 2 and Table 1. As shown in Figures 1a,c and 2, the
NKA-induced contractions of the pregnant and non-pregnant
myometrium were substantially the same. However, the

treatment by PPAD, which inhibits the endopeptidase and

prevents the degradation of NKA, revealed that the NKA-
induced contraction of the pregnant myometrium was much
greater than that of the non-pregnant myometrium (Figure

1b,d). As shown in Figure 2 and Table 1, the EC50 value of the
concentration-response curve for NKA in the pregnant
myometrium was signi®cantly lower than that in the non-

pregnant myometrium in the presence of PPAD. In contrast,
the maximal response of the pregnant myometrium was
signi®cantly greater than that of the non-pregnant myome-
trium in the presence of PPAD. Thus, the quantitative analysis

shown in Figure 2 and Table 1 clearly supported the
conclusion that the NKA-induced contraction of the pregnant
myometrium was much greater than that of the non-pregnant

myometrium, when the endopeptidase activity was inhibited
by PPAD.

The increased responsiveness of the pregnant rat myome-

trium in the presence of PPAD could be explained by the
increase in the NKA receptors in this tissue. Although the direct
evidence for this in terms of the binding study or mRNA

expression study is apparently still not available, it has been
reported thatNK-2 receptor, which is preferentially activated by
NKA, may be the major tachykinin receptor subtype expressed
in the oestrogen-primed rat uterus (Fisher & Pennefather, 1998;

1999; Fisher et al., 1993; Magraner et al., 1998; Pennefather et
al., 1993). It is thus possible to speculate that theNK-2 receptors
in the pregnant rat myometriummight also increase. The reason

why the increased responsiveness of the pregnant myometrium

Figure 5 The e�ects of 100 nM NKA on the changes in [Ca2+]i and tension induced by the cumulative application of external
Ca2+ to Ca2+-free 40K+ solution in the pregnant rat myometrium. (a and b) Representative recordings of changes in [Ca2+]i and
tension induced by the cumulative application of external Ca2+ in Ca2+-free 40 mM K+ solution in the absence (a) or presence (b)
of NKA in the pregnant rat myometrium. External Ca2+ (0.0125 ± 5 mM) were applied cumulatively to Ca2+-free, 40 mM K+

solution in the absence (a : control) or presence (b) of 100 nM NKA. (b) NKA was applied 2 min before and during the cumulative
application of extracellular Ca2+, and PPAD was applied 10 min before and during the application of NKA. The numbers with
arrow heads on the traces represent the ®nal extracellular Ca2+ concentrations. (c) [Ca2+]i-tension relationship in the presence or
absence of 100 nM NKA. The data points were obtained from the measurements using the protocol shown in a and b. The data are
expressed as the mean+s.e.mean. (n=6).
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was not visible in the absence of PPAD,may be explained by the
increased endopeptidase activity of the pregnant myometrium.

For example, the previous studies indicated that inhibition of
endopeptidase markedly enhanced the e�ects of NKA on the
oestrogen-primed rat uterus (Fisher&Pennefather, 1997; Fisher

et al., 1993; Magraner et al., 1998; Pennefather et al., 1993).
Furthermore, Ottlecz and colleagues (1991) reported that the
endopeptidase activity increases and reaches a peak level at late

pregnancy and thereafter slowly decreases until term-preg-
nancy. These authors indicated that the uterine endopeptidase
may play an important role in regulating uterine smooth muscle

contraction during the later stages of pregnancy through its
action on oxytocin and perhaps other biologically active
peptides (Ottlecz et al., 1991). Among the several peptide
hormones involved in parturition, oxytocin has been proposed

to be a key regulator of parturition (Solo� et al., 1979), because
uterine sensitivity to oxytocin increases markedly at term. It was
thus speculated that NKA might also contribute to the onset

and/or maintenance of labour at term, because the responsive-
ness of the pregnant myometrium to NKA also increased.

In the present study, we found this contraction to be

accompanied by an increase in [Ca2+]i (Figure 3a). These
NKA-induced increases in [Ca2+]i were thought to be mainly
due to the Ca2+ in¯ux from the extracellular space and partly

due to the intracellular Ca2+ release, because NKA induced a
small transient increase in [Ca2+]i in the absence of
extracellular Ca2+ or in the presence of Ni2+ in normal PSS
(Figure 3b,c,d). These observations were consistent with the

idea that NKAmay activate the receptors which are coupled to
a phospholipase C (PLC) mediated by a G protein, because
oxytocin, one of the typical PLC-coupled receptor agonists,

causes a similar response (Wray, 1993).

Since the major pathway for increasing [Ca2+]i during
activation by NKA was thought to be due to the Ca2+ in¯ux

from the extracellular space, we further characterized this
pathway using two di�erent types of Ca2+ channel blockers,
diltiazem or SK-F 96365. The Ca2+ in¯ux pathway during

activation by NKA was thought to be through both the L-type
Ca2+ channels and the non-selective Ca2+ channels, because
the combined use of 10 mM diltiazem plus 10 mM SK-F 96365

more e�ectively inhibited the NKA-induced increase in [Ca2+]i
compared with the e�ects by 10 mM diltiazem alone, 30 mM
diltiazem alone, 10 mM SK-F 96365 alone or 30 mM SK-F

96365 alone (Figure 4a ± c). These observations could not be
explained by the involvement of a single type of calcium
channel in the NKA-induced Ca2+ in¯ux. In addition, the
NKA-induced oscillations in [Ca2+]i and tension were thought

to involve, at least in part, the Ca2+ in¯ux from the
extracellular space, because the NKA-induced oscillations
could not be observed in the presence of EGTA, Ni2+,

diltiazem or SK-F 96365 (Figures 3 and 4). This conclusion
was further supported by the observation that NKA-induced
oscillations could be observed when the Ca2+ concentration of

the normal PSS was raised to 2.5 mM even in the strips which
did not cause oscillations in the normal PSS containing
1.25 mM Ca2+ (n=5, data not shown).

As mentioned above, the present results indicated that
NKA may be a PLC-coupled receptor agonist. We next
investigated the e�ect of NKA on the Ca2+ sensitivity of the
contractile apparatus, because recent research on smooth

muscle contraction have shown the increase in Ca2+ sensitivity
to be one of the mechanisms for smooth muscle contraction
(Nishimura et al., 1988; Somlyo & Somlyo, 1994). In the rat

myometrium, the Ca2+-sensitizing mechanism has also been

Figure 6 E�ect of NKA on the Ca2+-induced contraction of the a-toxin permeabilized pregnant rat myometrium. After the
permeabilization with 5000 units ml71 a-toxin, the pregnant rat myometrial strip was contracted by 0.5 mM Ca2+ in the presence of
either 1 mM GTP (a) or 1 mM GDPbS (b). When the tension reached the steady state, 100 nM NKA was applied. After the
application of NKA, GTPgS (10 mM) was added. Maximal tension was induced by 10 mM Ca2+. The developed tension was
expressed as a percentage, assigning the values in the relaxing solution ([Ca2+]i51078

M) and in the activating solution
([Ca2+]i=1075

M) to be 0 and 100% respectively.
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reported to be involved in the contraction induced by such
contractile agents as oxytocin, carbachol, prostaglandin F2a,
prostaglandin E2 (Izumi et al., 1995, 1996) and galanin (Niiro

et al., 1998). As shown in Figure 5, NKA induced a signi®cant
leftward shift of the Ca2+-tension relationship obtained by the
cumulative application of CaCl2 during depolarization with
40 mM K+ solution in the absence or presence of NKA plus

PPAD. The NKA-induced Ca2+-sensitization was further
con®rmed using the permeabilized preparations. As shown in
Figure 6, NKA induced an enhancement of tension develop-

ment caused by Ca2+ in the a-toxin permeabilized myometrial
strips in the presence of GTP and this NKA-induced Ca2+-
sensitization could be blocked by GDPbS (Figure 6b). These

results clearly indicated that NKA activates G-proteins and
consequently induces an increase in the Ca2+ sensitivity of the
contractile apparatus. This ®nding is consistent with previous

reports which showed that NKA induced Ca2+ sensitization of
the contractile element of canine colonic smooth muscle (Sato
et al., 1994). It is thus concluded that NKA induces the
contraction of the rat myometrium not only by increasing

[Ca2+]i but also by increasing the Ca2+ sensitivity of the
contractile apparatus.

In conclusion, our present study indicated that NKA

induced the contraction of the pregnant rat myometrium by
increasing both [Ca2+]i and the Ca2+ sensitivity of the

myo®lament. The NKA-induced increase in the [Ca2+]i was
mainly due to the Ca2+ in¯ux from the extracellular space and
was also partly due to the intracellular Ca2+ release. The Ca2+

in¯ux was thought to be through both voltage dependent Ca2+

channels and non-speci®c cation channels. The increase in the
Ca2+-sensitivity is mediated by G-protein. Furthermore, the
responsiveness of the rat myometrium to NKA was increased

during pregnancy, although the increased endopeptidase
activity of the pregnant myometrium masked this increased
responsiveness. We therefore are tempted to speculate that

NKA might contribute to the onset and/or maintenance of
labour at term, since the activity of the endopeptidase has been
reported to decrease at term (Ottlecz et al., 1991), however,

further studies are called for before any de®nitive conclusions
can be made.
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