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1 Studies were undertaken to determine the nature of the receptors mediating contractile effects of
tachykinins in the uteri of nonpregnant women, and to analyse the expression of preprotachykinins
(PPT), tachykinin receptors and the cell-surface peptidase, neprilysin (NEP), in the myometrium from
pregnant and nonpregnant women.

2 The neurokinin B (NKB) precursor PPT-B was expressed in higher levels in the myometrium from
nonpregnant than from pregnant women. Faint expression of PPT-A mRNA was detectable in the
myometrium from nonpregnant but not pregnant women. PPT-C, the gene encoding the novel
tachykinin peptide hemokinin-1 (HK-1), was present in trace amounts in the uteri from both pregnant
and nonpregnant women.

3 Tachykinin NK2 receptors were more strongly expressed in tissues from nonpregnant than from
pregnant women. NK1 receptor mRNA was present in low levels in tissues from both pregnant and
nonpregnant women. A low abundance transcript corresponding to the NK3 receptor was present only
in tissues from nonpregnant women.

4 The mRNA expression of the tachykinin-degrading enzyme NEP was lower in tissues from
nonpregnant than from pregnant women.

5 Substance P (SP), neurokinin A (NKA) and NKB, in the presence of the peptidase inhibitors
thiorphan, captopril and bestatin, produced contractions of myometrium from nonpregnant women.
The order of potency was NKAbSPXNKB. The potency of NKA was unchanged in the absence of
peptidase inhibitors.

6 The tachykinin NK2 receptor-selective agonist [Lys
5MeLeu9Nle10]NKA(4 – l0) was approximately

equipotent with NKA, but the tachykinin NK1 and NK3 receptor-selective agonists [Sar
9Met(O2)

11]SP
and [MePhe7]NKB were ineffective in the myometrium from nonpregnant women.

7 The uterotonic effects of [Lys5MeLeu9Nle10]NKA(4 – 10) were antagonized by the tachykinin NK2

receptor-selective antagonist SR48968. Neither atropine, nor phentolamine nor tetrodotoxin affected
responses to [Lys5MeLeu9Nle10]NKA(4 – 10).

8 These data are consistent with a role of tachykinins in the regulation of human uterine function,
and reinforce the importance of NK2 receptors in the regulation of myometrial contraction.
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Introduction

Tachykinins are members of a family of neuropeptides that

includes substance P (SP), neurokinin A (NKA) and neuro-

kinin B (NKB). Their biological actions are mediated through

three receptors belonging to the family of G protein-coupled

receptors (GPCR), denoted NK1, NK2 and NK3, that have

highest affinity for SP, NKA and NKB, respectively (Henry,

1986; Regoli et al., 1994a, b; Lecci et al., 2000).

SP and NKA, but not NKB, are present within capsaicin-

sensitive sensory nerves in the periphery and are locally

released by a number of physical and chemical stimuli (Holzer,

1988; Maggi & Meli, 1988). SP and a new member of the

tachykinin family, hemokinin-1 (HK-1), that has recently been

cloned in the mouse (Zhang et al., 2000), rat and human

(Kurtz et al., 2002) are also produced in non-neuronal cells

(Joos & Pauwels, 2000; Zhang et al., 2000). This distribution

suggests an important role for tachykinins in intercellular

communication.
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Previous studies from other laboratories and from ours

indicate a role of tachykinins in the regulation of uterine

function. Early immunohistochemical studies showed the

presence of tachykinin-immunoreactive nerves supplying the

uteri of several species including the mouse, rat, guinea-pig

and human (Alm et al., 1978; Huang et al., 1984; Traurig

et al., 1984; Papka et al., 1985; Samuelson et al., 1985;

Heinrich et al., 1986; Alm & Lundberg, 1988; Reinecke et al.,

1989; Traurig et al., 1991; Papka & Shew, 1994). The

association of these nerves with smooth muscle indicates

that tachykinins released from their peripheral terminals

may influence uterine contractility. Preprotachykinin-A

(PPT-A), the precursor of SP and NKA, is also expressed

in non-neuronal cells such as monocytes and macrophages

(Ho et al., 1997); these can be associated with the mammalian

uterus (Cocchiara et al., 1997). SP has also recently been

reported to participate in stress-induced abortion in the

mouse and possibly in the human (Arck et al., 1995;

Markert et al., 1997; Marx et al., 1999; Joachim et al.,

2001). NKB has recently been reported to be expressed in

the human placenta (Page et al., 2000) and the gene that

encodes it, preprotachykinin-B, is expressed in the uterus of

the rat and the human (Pinto et al., 2001; 2002). NKB has

been implicated in the symptoms associated with pre-

eclampsia (Page et al., 2000). The major tachykinin-degrading

enzyme neprilysin (NEP) (Matsas et al., 1983; 1984; Hooper

et al., 1985; Hooper & Turner, 1985) is also present in the

uterus (Ottlecz et al., 1991; Head et al., 1993; Riley et al.,

1995). This intrauterine distribution supports the view that

tachykinins may be important intercellular signalling mole-

cules within the female reproductive tract (Pinto et al., 2001;

2002).

To date, the majority of molecular (Pinto et al., 1999;

Candenas et al., 2001), immunohistochemical (Traurig et al.,

1984; 1991; Papka et al., 1985) and functional (Fisher et al.,

1993; Pennefather et al., 1993b; Fisher & Pennefather, 1997;

Magraner et al., 1998; Patak et al., 2000a) studies of the uterine

distribution of tachykinins, tachykinin receptors and/or

degradation of tachykinins have been conducted using the

rat. It is now emerging, however, that there are species (Patak

et al., 2000a, b; 2002a) as well as hormonal- and pregnancy-

related differences in tachykinin expression and actions in the

mammalian myometrium (Pinto et al., 1999; 2001; 2002;

Candenas et al., 2001).

We have previously described the uterotonic effects of

tachykinins on myometrium of late-pregnant women (Patak

et al., 2000b). However, no systematic molecular studies of the

expression of tachykinin precursor genes, neither of tachykinin

receptors nor of NEP in either pregnant or nonpregnant

human uterus, have been undertaken to date. Moreover,

despite early reports that SP and eledoisin elicit contractions of

the nonpregnant human uterus (Molina & Zappia, 1976;

Ottesen et al., 1983), there have been no systematic functional

studies of the actions of tachykinin peptides on myometrium

from nonpregnant women.

For these reasons, the aim of the present study was to

examine further the tachykinins, their receptors and NEP on

the human myometrium. We have therefore performed

molecular studies using myometrium from both nonpregnant

and pregnant women, and functional studies to characterize

the effects of tachykinins on uterine contraction of tissue from

nonpregnant women.

A preliminary account of some of the results of this study

has been presented previously (Patak et al., 2002b; Pinto et al.,

2002).

Methods

Molecular studies

This component of the study was approved by the Ethics

Committees of the Hospital Virgen del Rocı́o (Sevilla, Spain)

and the Hospital Ntra. Sra. de Candelaria (Tenerife, Spain)

and all patients gave informed consent.

Tissue preparation Nonpregnant human uteri were ob-

tained from five premenopausal patients (44 – 48 years old)

who had undergone hysterectomy for benign uterine disease.

Human pregnant uteri were obtained from five women (29 – 38

years old) undergoing elective lower uterine segment caesarean

section (LUSCS) at 36 – 40 weeks gestation. Hysterectomies

were performed under general anaesthetic induced by sevor-

ane. LUSCSs were performed under epidural anaesthesia

induced by bupivacaine. Uterine tissue obtained during

LUSCS was excised from the upper edge of the incision.

Hysterectomy tissues were obtained from approximately the

same location as specimens obtained at LUSCS. The

myometrium was carefully removed, in the case of nonpreg-

nant women from macroscopically normal uterine regions, and

the outer layer dissected free from the adjoining inner layer,

endometrium and connective tissue. Samples were immediately

put on ice and stored at �801C with a maximal delay of 2 h

after excision (RT – PCR studies).

RNA extraction and reverse transcription Total RNA of

approximately 30mg of human myometrium was isolated by

the method of Chomczynski & Sacchi (1987). Residual

genomic DNA was removed by incubating the RNA samples

with RNase-free, fast protein liquid chromatography pure

DNase I (Amersham Biosciences, Essex, U.K.) and RNasin

(Promega Corp., Madison, U.S.A.). The quantity of total

RNA was determined by spectrophotometric measurement at

260 nM. DNase-treated total RNA (5 mg) was reverse tran-

scribed using a first-strand cDNA synthesis kit (Amersham

Biosciences).

PCR primers Specific oligonucleotide primers for human

preprotachykinins (PPTs), tachykinin receptors, NEP and b-
actin were designed with the analysis software Primer 3 (Rozen

& Skaletsky, 2000) and used for both end-point and real-time

PCR. Amplification of the b-actin gene transcript was used as

an internal control of RT – PCR reactions among the samples.

The sequences of the primers, the size of the expected PCR

fragments and appropriate references are shown in Table 1. All

primers were synthesized and purified by Sigma Genosys

(Cambridge, U.K.).

End-point PCR An end-point PCR assay was used to detect

the mRNAs of PPTs, tachykinin receptors and NEP and to

establish the identity of the amplified products. An aliquot of

the resulting cDNA (corresponding to 100 ng of total RNA)

was used as a template for PCR amplification using a DNA

thermal cycler (MJ Research, Watertown, U.S.A.). The 25ml
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volume PCR mixes also contained 0.2 mM primers, 1.5U of

Taq polymerase (Amersham Biosciences), the buffer supplied,

2.5mM MgCl2 and 200 mM dNTPs. After a hot start (2min at

941C), the profile for each cycle was 941C for 10 s; 601C for 20 s

and 721C for 30 s. Cycle numbers were 36 for tachykinins and

tachykinin receptors, 33 for NEP and 24 for b-actin. Serial half
dilutions of cDNA were amplified at the indicated number of

cycles for each target gene and b-actin to ensure analysis of

products in the linear range of amplification. The PCR

products were separated by agarose gel electrophoresis, stained

with ethidium bromide and visualized and photographed

under a UV transilluminator (Spectronics Corp., NY,

U.S.A.). mRNA expression for all target genes and b-actin
was analysed on each tissue. Amplicon sizes were verified by

comparison with a DNA mass ladder and the identity of each

PCR product was established by DNA sequence analysis, as

previously described (Pinto et al., 1999). No PCR product was

detectable when the samples were amplified without the RT

step, suggesting that genomic DNA contamination was

eliminated by DNase treatment. Similarly, no products were

detected when the RT – PCR steps were carried out with no

added RNA, indicating that all reagents were free of target

sequence contamination.

Real-time PCR A real-time PCR was used to quantify the

expression of the genes encoding NKB, the tachykinin NK1

and NK2 receptors and NEP, using the iCycler iQ real-time

detection system from Bio-Rad laboratories (CA, U.S.A.) and

SYBR green (Molecular Probes, Leiden, The Netherlands).

The PCR reaction mixture was identical to that used in the

end-point PCR assay, adding SYBR green I (1 : 75,000 dilution

of the 10,000� stock solution). The PCR buffer also

contained fluorescein (1 : 100,000 dilution) used as a reference

dye for normalization of the reactions. Any fluctuation in the

fluorescein signal is used to correct the sample signal. The

reactions were performed in 96-well thin-wall PCR plates

covered with a sheet of optical-quality sealing film. Thermal

cycling conditions were the same as those described for end-

point assays. Fluorescence measurements were recorded

during each extension step. At the end of each PCR run, the

data were automatically analysed by the system and an

amplification plot was generated for each DNA sample. The

real-time PCR data were plotted as the PCR baseline-

subtracted relative fluorescence units (DRFU) versus the cycle

number. The DRFU was calculated as the difference between

the fluorescence signal of the product at any given time and the

fluorescence signal of the baseline emission during cycles 2 –

18. From each of these plots, the iCycler software calculates

the threshold cycle (CT), defined as the fractional cycle number

at which the fluorescence reaches 10� the standard deviation

of the baseline. The fold change in expression of the target

gene relative to b-actin was then calculated by the formula

fold change ¼ 2�DðDCTÞ

where DCT¼CT target gene�CT b-actin and D(DCT)¼DCT test

sample�DCT control. Real-time PCR data from one of the samples

were arbitrarily chosen as control and this sample was included

in all PCR experiments to correct for possible interassay

variations. Three serial dilutions of cDNA template were

prepared from each tissue and each dilution was amplified in

triplicate. The experimental approach was further validated by

the observation that the differences between the CT for the

target gene and b-actin remained essentially constant for each

starting DNA amount.

Statistical analysis Values are expressed as means7s.e.m.

Differences between estimates in samples from pregnant and

nonpregnant women were assessed by Student’s unpaired t-test

(GRAPHPAD PRISM 3.0, CA, U.S.A.). Statistical significance

was accepted when Po0.05.

Functional studies with myometrium from nonpregnant
women

Ethical approval was obtained from the Ethics Committee of

the Royal Women’s Hospital (Victoria, Australia). All patients

gave informed consent.

Tissue preparation Myometrium was obtained from 30

nonpregnant women (31 – 65 years old) who had undergone a

hysterectomy for benign uterine disease. Hysterectomies were

performed under general anaesthetic induced by propofol or

thiopentane and maintained with isoflurane, sevoflurane or

nitrous oxide either alone or in combination. Tissue obtained

was from an area corresponding to that taken previously at

LUSCS (Patak et al., 2000b).

The methods used to examine myometrial contractility have

been described previously (Pennefather et al., 1993a; Patak

et al., 2000b). Briefly, four preparations, 3� 3� 10mm (mean

weight 104.573.6mg; n¼ 98) preparations from 30 women,

were obtained from the outer layer and mounted in 5ml organ

baths containing a modified Krebs – Henseleit solution of the

following composition (in mM): NaCl 118.0; KC1 4.7;

MgSO4 � 7H2O 1.1; KH2PO4 1.18; NaHCO3 25.0; glucose

Table 1 Sequences of forward (F) and reverse (R) primers of indicated target genes and the size expected for each PCR-amplified
product. Primers for b-actin, used as an internal control, are also shown

Gene Forward primer Reverse primer Amplicon
size (bp)

Reference

PPT-A 50-TGTGTCAGCTACTGCGGAAA-30 50-CAATGAAATGAAGACATTAGAATCACA-30 193 Harmar et al. (1986)
PPT-B 50-CCCCCGAGAGCAGAATAGGT-30 50-CCAGGGTCAGGTAGAAAAAGATGG-30 171 Page et al. (2000)
PPT-C 50-CCTYGCCCTGYTTCTCCT-30 50-YCCACYCGCTTCCCCATC-30 204 Zhang et al. (2000)
NK1R 50-GCTGCCCTTCCACATCTTCTT-30 50-GTCCTCTGGCTCCTCCTCGT-30 331 Takeda et al. (1991)
NK2R 50-GCCCTACCACCTCTACTTCATCC-30 50-AGCAAACCATACCCAAACCA-30 375 Gerard et al. (1990)
NK3R 50-TTGCGGTGGACAGGTATATGG -30 50-GGCCATTGCACAAAGCAGAG -30 178 Takahashi et al. (1992)
NEP 50 -AGCCTCTCGGTCCTTGTCCT-30 50-GGAGCTGGTCTCGGGAATG-30 219 Shipp et al. (1988)
b-actin 50-TCCCTGGAGAAGAGCTACGA-30 50-ATCTGCTGGAAGGTGGACAG-30 362 Nakajima-Iijima et al.

(1985)

NEP, neprilysin.
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11.66; CaCl2 � 2H2O 1.9, maintained at 371C and bubbled with

carbogen (5% CO2 in O2; pH¼ 7.4). Preparations were set up

under an initial resting force of approximately 15 g (Story et al.,

1988) and isometric force produced by the longitudinally

oriented smooth muscle measured using a Grass FT03 force

transducer connected to a MACLAB data acquisition system.

Agonist log concentration – response curves After 60min

equilibration, discrete log concentration – response curves

(increasing in 0.5 log increments) were constructed for SP,

NKA, NKB, [Sar9Met(O2)
11]SP, [Lys5MeLeu9Nle10]NKA(4 –

10) and [MePhe7]NKB. Each concentration of an agonist was

washed out after 5min contact, and a higher concentration

added 15min later. Only one concentration – response curve

was constructed on each preparation. The peptidase inhibitors

thiorphan (3 mM), captopril (10 mM) and bestatin (10mM) were
added 20min before the first addition of SP, NKA and NKB

and replaced after each wash. At the end of the experiment,

tissues were exposed to a modified Kreb’s solution (KPSS) in

which 40mM KCl replaced 40mM NaCl.

The effects of the tachykinin NK2 receptor-selective

antagonist SR48968 (1, 3 and 10 nM), or of atropine

(0.3 mM), phentolamine (1 mM) or tetrodotoxin (1 mM) on the

response to [Lys5MeLeu9Nle10]NKA(4 – 10) and of peptidase

inhibitors on the response to NKA were also examined.

SR48968, atropine, phentolamine and tetrodotoxin were

added at the beginning of the equilibration period and

replaced after each wash.

Data analysis Responses to agonists were measured as area

under the force – time curve (g s), for the 5min period that the

agonist was in contact with the tissue and expressed as a

percentage of the corresponding response to KPSS. Results are

presented as mean7s.e.m.; n values refer to the number of

patients.

Mean log concentration – response curves were constructed

by pooling data from individual log concentration – response

curves. When mean log concentration curves reached a clear

maximum, pD2 values were determined using nonlinear

regression analysis in the GRAPHPAD PRISM (version 3.0)

program. When log concentration – response curves did not

reach a plateau, these estimates could not be made; but agonist

potency ratios were determined as described previously (Patak

et al., 2000b). Briefly, when there was significant regression of

response with agonist concentration, least-squares regression

lines were fitted to the linear portions (typically 15 – 85% of

the maximum response to the reference agonists) of the log

concentration – response curves. Analysis of variance (ANO-

VA) was undertaken to determine deviation from parallelism

and coincidence as outlined in Geigy Scientific Tables

(Lentner, 1982). Other statistical procedures used included

one- and two-way analyses of variance followed by Student

Newman Keuls’ pairwise test for multiple comparisons and

Student’s unpaired t-tests to compare the means of two

groups. Statistical significance was accepted when Po0.05.

Drugs and solutions The drugs used were: atropine sulphate

(Sigma); bestatin HCl (N-[(2S,3R)-3-amino-2-hydroxy-4-phe-

nylbutyryl]-L-leucine hydrochloride) (Sigma); captopril (D-3-

mercapto-2-methyl propanoyl-L-proline) (Sigma); [Lys5Me-

Leu9Nle10]NKA(4 – 10) (RBI, lot ZIU-797A); NKA (AUSPEP,

batch J20852 & J20647); NKB (AUSPEP, batch I20382); [N-

MePhe7]NKB (AUSPEP, batch 120429); phentolamine HCl

(Ciba-Geigy); [Sar9Met(O2)
11]SP (AUSPEP, batch H40846);

SR48968 ((S)-N-methyl-N[4-acetylamino-4-phenylpiperidino)-

2-(3,4-dichlorophenyl)butyl]benzamide) (a generous gift from

Sanofi Recherche); SP (AUSPEP, batch H10029 & J31170); DL-

thiorphan (Sigma); tetrodotoxin (Sigma). The purity of all the

peptides used in this study was confirmed by mass spectral

analysis. Atropine, captopril, phentolamine and thiorphan

were dissolved in distilled water. NKB and [MePhe7]NKB

were dissolved in 0.1M ammonia. SR48968 was dissolved in

absolute ethanol. Tetrodotoxin was dissolved in citrate buffer.

All remaining compounds were dissolved in dilute hydro-

chloric acid (0.01M). Stock solutions of bestatin (10mM),

captopril (10mM) and SR48968 (1mM) were stored at 41C.

Standard solutions (1mM) of all peptides, thiorphan and

tetrodotoxin were aliquoted into Eppendorf tubes and stored

at �201C.

Results

Molecular studies

RT – PCR studies Figure 1 illustrates an example of an

agarose gel showing RT – PCR products obtained by ampli-

fication of similar amounts of human uterine cDNA, as

determined from the previous amplification of the b-actin
sequence. By using end-point RT – PCR, we detected the

presence of mRNA transcripts corresponding to the sizes

expected for the tachykinin NK1R (331 bp) and the tachykinin

NK2R (375 bp). These transcripts appeared in all the uteri

assayed, both from pregnant (n¼ 5) and from nonpregnant

(n¼ 5) women. The mRNA transcript expected for the

tachykinin NK3 receptor (178 bp) appeared in uterine cDNA

from nonpregnant women, but was undetectable in the uteri

from pregnant women near term. The human myometrium

from pregnant and nonpregnant women expressed significant

amounts of preprotachykinin-B (PPT-B) mRNA (171 bp), the

gene that encodes NKB. The expression of mRNA for PPT-A

(193 bp), the gene that encodes SP and NKA, was clearly

detectable only in the uteri from nonpregnant women

(Figure 1). Preprotachykinin-C (PPT-C), the gene that encodes

HK-1, was present in trace amounts that were detectable only

after amplification of higher amounts of uterine cDNA from

both pregnant and nonpregnant women. The 219 bp fragment

expected for mRNA of NEP was detected in all the uteri

assayed (Figure 1).

Real-time quantitative PCR was used to compare the

relative abundance of tachykinin NK1R and NK2R, NKB

and NEP mRNAs among pregnant and nonpregnant human

uteri. It was, however, not possible to quantify the expression

levels of the tachykinin NK3 receptor and PPT-A because of

the disappearance of the specific transcripts in uterine cDNA

from pregnant women.

Tachykinin NK1R mRNA levels were similar in the uteri

from pregnant and nonpregnant women (Figure 2a). In

contrast, the levels of NK2R and NKB mRNA were 95- and

30-fold higher, respectively, in nonpregnant human uteri

(Po0.05, Figure 2b,c). By using real-time quantitative PCR,

we observed that, among the genes assayed, the expression of

NEP showed the highest interindividual variations among the

different uterine samples. As a whole, NEP expression in the
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uteri from nonpregnant women was low except in one of the

tissues assayed (n¼ 1, not shown). If the expression value in

this nonpregnant uterus is excluded, NEP mRNA levels were

14-fold higher in the uteri from pregnant women (Po0.05,

n¼ 5), compared with those from nonpregnant women (n¼ 4,

Figure 2d).

Functional studies with myometrium from nonpregnant
women

Agonist studies Only tissues that contracted in response to

KPSS, indicating their viability, were included in this study.

The mean response to KPSS was 1613+110.6 g s (n¼ 98

preparations). No significant differences in the mean responses

to high potassium-containing modified physiological saline

solution (KPSS) were observed in experiments in which the

potencies of agonists were compared (one-way ANOVA,

P40.05). Figure 3 shows that SP, NKA, NKB and

[Lys5MeLeu9Nle10]NKA(4 – 10) were able to induce contrac-

tions of the isolated myometrium obtained from nonpregnant

women, while [Sar9Met(O2)
11]SP and [MePhe7]NKB were

without effect.

Figure 4a shows log concentration – response curves to SP,

NKA and NKB in the myometrium from nonpregnant

women. In the presence of the peptidase inhibitors thiorphan

(3 mM), captopril (10 mM) and bestatin (10 mM), NKA was the

most potent mammalian tachykinin (two-way ANOVA,

Po0.05) with a mean pD2 value of 8.3970.12 (n¼ 6). It was

82- and 94-fold more potent than SP (95% confidence limits

(CL)¼ 35, 218; degrees of freedom (d.f.¼ 57) and NKB (95%

CL¼ 36, 293; d.f.¼ 56), respectively. Of the receptor-selective

agonists, only the NK2 receptor-selective [Lys5MeLeu9

Nle10]NKA(4 – 10) acted as an agonist with a mean pD2 value

of 8.1570.12 (n¼ 6). In contrast, the NK1 and NK3 receptor-

selective agonists [Sar9Met(O2)
11]SP and [MePhe7]NKB, re-

spectively, elicited no response as shown in Figure 4b.

Antagonist studies The effect of the NK2 receptor-selective

antagonist SR48968 (Emonds-Alt et al., 1992) on the response

to [Lys5MeLeu9Nle10]NKA(4 – 10) was examined. Figure 5

shows that SR48968 produced significant concentration-

related rightward shifts in the position of the log concentra-

tion – response curve to [Lys5MeLeu9Nle10]NKA(4 – 10) at

1 nM (90-fold, 95% CL¼ 9, 1965; d.f.¼ 26), 3 nM (154-fold,

95% CL¼ 20, 1873; d.f.¼ 27) and 10 nM (641-fold, 95%

CL¼ 92, 14706; d.f.¼ 30). Analysis by one-way ANOVA

indicated no significant difference in the maximum response to

[Lys5MeLeu9Nle10]NKA(4 – 10) in either the absence or

presence of an antagonist; however, inspection of the curves

indicates a trend towards depression of the maximum response

as the antagonist concentration was increased.

Effect of peptidase inhibitors on the response to
NKA The effects of the peptidase inhibitors thiorphan

(3 mM) and bestatin (10 mM) on the response to NKA in the

nonpregnant uterus were investigated. Figure 6 shows that

Figure 1 Agarose gel showing products of reverse-transcriptase – polymerase chain reaction (RT – PCR) assay for cDNA from
uterine samples from (a) a nonpregnant premenopausal woman and (b) a pregnant woman. Single transcripts corresponding to the
sizes predicted for the NK1 receptor (NK1R), the NK2 receptor (NK2R), PPT-B and NEP were detected in all the tissues. The
specific bands corresponding to the tachykinin NK3 receptor (NK3R) and PPT-A were only detectable in nonpregnant human uteri.
The mRNA of PPT-C was not detected after amplification of the usual amount of uterine cDNA. b-actin was used as housekeeping
gene. M, molecular size standards. Data are typical of results in five pregnant and five nonpregnant women.

Figure 2 Relative gene expression, obtained by real-time quantita-
tive PCR, of (a) NK1R; (b) NK2R; (c) NKB and (d) NEP in cDNA
from the uteri of pregnant and nonpregnant women. Values for
NK1R, NK2R, NKB and NEP mRNA are shown in arbitrary units,
relative to b-actin mRNA expression. Each bar represents the
mean7s.e.m. of at least 18 uterine cDNA samples from each of four
to five nonpregnant and four to five pregnant women. *Po0.05,
significant difference versus mRNA levels in nonpregnant uteri,
Student’s t-test for unpaired data.
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neither thiorphan (potency ratio¼ 1.1, 95% CL¼ 0.3, 4.1;

d.f.¼ 36), nor bestatin (potency ratio¼ 1.1, 95% CL¼ 0.3, 4.3;

d.f.¼ 36) nor thiorphan in combination with bestatin (potency

ratio¼ 1.0, 95% CL¼ 0.3, 3.6; d.f.¼ 36) potentiated the

response to NKA.

Effect of atropine, phentolamine and tetrodotoxin on the
response to [Lys5MeLeu9Nle10]NKA(4 – 10) Figure 7

shows that responses to [Lys5MeLeu9Nle10]NKA(4 – 10) in the

nonpregnant uterus were not affected by atropine (0.3 mM;

Figure 3 Representative traces showing contractile activity elicited
by the tachykinins (a) SP, (b) NKA, (c) NKB, (d) [Sar9Met(O2)

11]SP,
(e) [Lys5MeLeu9Nle10]NKA(4 – 10) and (f) [MePhe7]NKB, together
with their corresponding response to KPSS on myometrial prepara-
tions obtained from two nonpregnant women. Responses shown in
(a) – (c) were on tissue obtained from a 41-year old woman.
Responses shown in (d) – (f) were on tissue obtained from a 38-
year old woman. Responses to SP, NKA and NKB are in the
presence of peptidase inhibitors thiorphan (3 mM), captopril (10 mM)
and bestatin (10 mM).

Figure 4 Log concentration – response curves to tachykinin pep-
tides on myometrial preparations from nonpregnant women. Data
points are mean responses7s.e.m. and are expressed as a percentage
of the response to KPSS. (a) Mean responses to SP, NKA and NKB
in the presence of the peptidase inhibitors thiorphan (3 mM),
captopril (10 mM) and bestatin (10mM) (n¼ 6). (b) Mean responses
to [Sar9Met(O2)

11]SP, [Lys5MeLeu9Nle10]NKA(4 – 10) and [Me-
Phe7]NKB (n¼ 5 – 6).
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potency ratio¼ 2.4, 95% CL¼ 1.1, 6.1; d.f.¼ 38), phentola-

mine (1 mM; potency ratio¼ 3.0, 95% CL¼ 1.4, 7.7; d.f.¼ 34)

nor tetrodotoxin (1 mM; potency ratio¼ 1.0, 95% CL¼ 0.5,

2.0; d.f.¼ 35).

Discussion

The present results demonstrate that tachykinins can induce

contraction of uteri from nonpregnant women by stimulating

smooth muscle NK2 receptors. PPT-A, PPT-B, and the three

tachykinin receptors are expressed in the human uterus and

their levels of expression show differential and high variation

in tissue from pregnant and nonpregnant women. NKB is the

predominant tachykinin expressed in the myometrium, with

mRNA levels significantly higher in myometrium from

nonpregnant than from pregnant women. These data are

consistent with a role of tachykinins, and, in particular, NKB

and the tachykinin NK2 receptor in the regulation of human

uterine function.

Capsaicin-sensitive primary afferent neurones supplying the

female urogenital tract (Traurig & Papka, 1993) are generally

regarded as an important source of SP and NKA. Consistent

with our molecular findings of the relatively sparse expression

of PPT-A, a number of studies (Samuelson et al., 1985;

Heinrich et al., 1986; Fried et al., 1990; Buttler-Manuel et al.,

2002) indicate only a modest level of SP-like immunoreactivity

in sensory neurones innervating uterus in the human.

However, it should be noted that, in sensory neurones, the

tachykinin precursor PPT-A is processed into SP/NKA in the

cell soma; SP/NKA are then transported along the axon to

sites of release in the nerve terminals (Maggi, 1997). This

distribution of precursor PPT-A may also explain why in the

nonpregnant myometrium the mRNA levels of the tachykinin

precursor PPT-A we observed were low, since peripheral axons

but not cell bodies are present.

The absence of PPT-A from myometrium from late-

pregnant women may also reflect fetus-dependent sensory

neurodegeneration or hormonal regulation of SP/NKA

Figure 5 Log concentration – response curves to [Lys5MeLeu9

Nle10]NKA(4 – 10) in the absence and presence of 1, 3 and 10 nM
SR48968 on myometrial preparations from nonpregnant women.
Data points are mean responses7s.e.m. and are expressed as a
percentage of the response to KPSS (n¼ 5 – 7).

Figure 6 Log concentration – response curves to NKA in the
absence and presence of thiorphan (3 mM), bestatin (10 mM) and
thiorphan (3 mM) in combination with bestatin (10 mM) on myome-
trial preparations from nonpregnant women. Data points are mean
responses7s.e.m. and are expressed as a percentage of the response
to KPSS (n¼ 5).

Figure 7 Log concentration – response curves to [Lys5MeLeu9

Nle10]NKA(4 – 10) in the absence and presence of atropine
(0.3 mM), phentolamine (1 mM) and tetrodoxin (1 mM) on myometrial
preparations from nonpregnant women. Data points are mean
responses7s.e.m. and are expressed as a percentage of the response
to KPSS (n¼ 5 – 6).
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expression within uterine neurones or other cells. In the

mammalian uterus, including that of the human, the uterine

noradrenergic innervation degenerates as pregnancy pro-

gresses (Thorbert et al., 1979; Owman, 1981; Wikland et al.,

1984). Alm & Lundberg (1988) also reported the absence of SP

and NKA-like immunoreactivity in the late pregnant guinea-

pig uterus. No clear data are yet available for the human

uterus. However, there are species differences, since no

comparable degeneration of the afferent innervation occurs

in the rat uterus during pregnancy (Traurig et al., 1984).

Indeed, Amira et al. (1995) have reported hypertrophy of the

afferent innervation in the rat uterus during pregnancy.

The present molecular data show that PPT-B, the gene that

encodes NKB, is expressed in the human uterus and indicate

that NKB is the predominant tachykinin associated with the

human uterus. However, PPT-B levels are about 30-fold higher

in the myometrium from nonpregnant women, compared to

that from pregnant women. These findings are reminiscent of

those previously obtained in the rat uterus showing that PPT-B

expression is regulated by ovarian steroids (Pinto et al., 2001).

Since there are few, if any, examples of NKB expression in

sensory nerve terminals (Maggi, 1997), it is highly probable

that NKB may be synthesized and released from uterine non-

neuronal cells.

The present molecular investigations strongly reinforce the

idea that the tachykinin NK2 receptor is the predominant

tachykinin receptor expressed in the human uterus. Our

previous (Patak et al., 2000b) and present functional data

strongly suggest that tachykinins, including NKB, most

probably act at an NK2 receptor to cause contraction of the

human uterus. The order of potency of the mammalian

tachykinins (NKA4SPXNKB); the actions of receptor-

selective agonists; and the potent antagonistic effect of the

tachykinin NK2 receptor-selective antagonist, SR48968

(Emonds-Alt et al., 1992), all pointed towards the notion that

the NK2 receptor mediates the uterotonic effects of tachyki-

nins. These findings are similar to those in rat uterus (Fisher

et al., 1993; Pennefather et al., 1993b; Fisher & Pennefather,

1997; Magraner et al., 1998), but are in contrast to the

nonpregnant mouse in which NK1 receptors are important in

mediating uterine contraction (Patak et al., 2002a).

The levels of the expression of the NK2 receptor are higher

in the uterus of nonpregnant women compared to pregnant

women. Consistent with this, the two most effective tachyki-

nins, NKA and [Lys5MeLeu9Nle10]NKA(4 – 10), were each

more potent in tissues from nonpregnant as compared to

pregnant women (present data; Patak et al., 2000b). This

suggests that changes in the steady-state mRNA levels were

accompanied by changes in the amount of functional receptor

protein. Our findings that the uterotonic action of [Lys5Me-

Leu9Nle10]NKA(4 – 10) was not blocked by tetrodotoxin,

atropine or phentolamine strongly support the probability

that the receptors are located on uterine smooth muscle rather

than on autonomic nerves. The tachykinin NK1 and NK3

receptors are also expressed in human myometrium, but do not

appear to be involved in mediating uterine contractility. This is

particularly evident in the case of the tachykinin NK3 receptor,

which virtually disappeared in the uteri obtained from

pregnant women at term. This tachykinin NK3 receptor is

mainly found in the central nervous system and is absent or

present only in small amounts in peripheral tissues (Tsuchida

et al., 1990). In good agreement with previous findings in the

rat (Pinto et al., 1999; Candenas et al., 2001), the uterus

represents one of the few human peripheral tissues that express

the tachykinin NK3 receptor. The precise physiological role

played by the tachykinin NK1 and NK3 receptors in the human

uterus remains unknown. We have previously shown that the

contractile effects induced by mammalian tachykinins in the

uteri from pregnant women are enhanced by the inhibition of

NEP by thiorphan (Patak et al., 2000b). Our present molecular

data show that NEP mRNA levels were generally lower in

nonpregnant myometrium than in the myometrium from

pregnant women. Low expression of NEP could explain the

inability of thiorphan to potentiate the contractile effects of

NKA on tissues from nonpregnant women. The high inter-

individual variation in the levels of NEP mRNA in non-

pregnant women that we observed is consistent with reports

that NEP protein varied among different uterine diseases being

very low or negative in women with cellular leiomyomas

(McCluggage et al., 2001).

We suggested previously that an excitatory effect of

tachykinins on the near-term gravid uterus could indicate a

role for these peptides in the initiation of parturition, where the

release of tachykinins could contribute to the cascade of events

leading to labour (Patak et al., 2000b). The finding by Page

et al. (2000) that the placenta also provides a source of NKB in

late pregnancy seems consistent with this possibility. However,

it is possible that the pregnancy-associated decreases in the

level of uterine NKB precursor gene and of the NK2 receptor

we have now observed may comprise, to the contrary, a

regulatory effect that could contribute to uterine quiescence

during normal pregnancy. The relatively high expression of the

tachykinin degrading enzyme NEP in the uterus during late

pregnancy could also contribute to this relative quiescence. It

may, however, be that tachykinins may enhance contractility

in the nonpregnant human uterus. Indeed, taken together, the

high expression of PPT-B, and of tachykinin NK2 receptors,

and the generally low expression of NEP in uterus from

nonpregnant women raises the possibility that tachykinins

including neurokinin B may be candidates for a pathophysio-

logical role in painful inflammatory menstrual and menopau-

sal uterine disorders. Whether any such actions might also be

mediated by NK1 or NK3 receptors merit further investigation.
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