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1. Endogenous nitric oxide has been proposed to play a role in the control of myometrial
contractility in pregnancy. In this study, the expression, localisation and regulation of nitric
oxide synthase (NOS) isoforms have been examined in human pregnant myometrium and
cultured human myometrial smooth muscle cells, by immunoblotting, immunohistochemistry
and reverse transcription-polymerase chain reaction.

2. Immunoblotting of extracts from freshly isolated myometrial tissue, affinity-enriched for
NOS proteins by precipitation with ADP—sepharose, revealed expression of endothelial NOS
(eNOS or NOS3) in tissues from preterm, term non-labour and active labour at term. Inducible
NOS (iNOS or NOS2) and neuronal NOS (nNOS or NOS1) proteins were not detected at any
stage of pregnancy.

3. Immunohistochemical detection showed that expression of eNOS protein was restricted to
the endothelium of the myometrial vasculature, with no staining detected in myometrial
smooth muscle cells.

4. Messenger RNA for all three NOS isoforms was detected, although iNOS and nNOS mRNAs
were detectable only with high cycle number, implying a low copy number.

5. NOS isoforms were not detectable in human myometrial smooth muscle cells cultured from
term non-labour pregnancies. Cytokine stimulation of cultured myometrial cells did not
induce iNOS expression or nitrite accumulation in the culture medium, although both iNOS
protein and nitrite release were detected in the human pulmonary epithelial cell line A549.

6. Levels of eNOS protein and of NOS mRNA expression were not correlated with gestational
stage, suggesting that endogenously produced NO is not likely to be a modulator of
myometrial tone during human pregnancy.

The initiation of labour in pregnant women is poorly
understood. Uterine muscle is responsive both to labour
‘promoting’ and labour ‘inhibitory’ stimuli, and quiescent
factors have been suggested to predominate during gestation.
The mechanisms maintaining myometrial quiescence are
likely to be multifactorial. Exogenous nitric oxide (NO)
promotes uterine relaxation and has prompted interest in
the use of NO donors as tocolytic agents (Lees et al. 1994).
Thus endogenous production of NO may be involved in the
regulation of myometrial tone in pregnancy, and a decline in
NO production at term could play an important role in the
initiation of, or preparation for, parturition (Natuzzi et al.
1993; Sladek et al. 1993; Yallampalli et al. 1994; Bansal et
al. 1997).

NO is a short-lived free radical gas involved in the
regulation of vascular smooth muscle tone, inflammation,
cell-mediated immunity and coagulation (Knowles &
Moncada, 1994). The effects of NO on cell function are
mediated through a variety of interactions, such as binding
to haem-containing enzymes including soluble guanylyl
cyclase (sGC) (Moncada et al. 1991). NO-induced activation
of sGC stimulates synthesis of intracellular guanosine
3’,5’-cyclic monophosphate (¢cGMP), which mediates smooth
muscle relaxation (Palmer et al. 1987). NO is synthesised from
L-arginine via nitric oxide synthases (NOS), of which three
distinct isoforms have been identified (Knowles & Moncada,
1994). The two constitutive isoforms, endothelial NOS
(eNOS) and neuronal NOS (nNOS), are calcium/calmodulin
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dependent, whilst the activity of the calcium/calmodulin-
insensitive inducible isoform (iNOS) is predominantly
regulated at the transcriptional level in response to cytokines
and bacterial lipopolysaccharide (Palmer et al. 1987; Nathan
& Xie, 1994).

Endogenous production of NO by the pregnant myometrium
may play a key role in the maintenance of uterine quiescence
in a number of species. NO synthesis is increased in uterine
tissues of pregnant rats and rabbits, and declines towards
term (Sladek et al. 1993; Natuzzi et al. 1993; Riemer et al.
1997). Consistent with this, expression of iNOS has been
demonstrated in rat myometrial smooth muscle and declines
at term (Riemer et al. 1997). Cultured rat myometrial
smooth muscle cells express eNOS basally and iNOS upon
stimulation with cytokines (Gangula et al. 1997). Moreover,
expression of calcium-dependent NOS isoforms in a number
of tissues appears to be modulated in the guinea-pig by
steroid hormones, which are elevated during pregnancy
(Weiner et al. 1994).

Two groups have claimed to detect NOS proteins in human
myometrial tissue during pregnancy. Using a range of anti-
bodies, Thomson et al. (1997) reported immunohistochemical
staining for all three NOS isoforms in term non-labouring
and labouring tissue, with no differences observed between
the two stages. However, the staining patterns obtained
with different iNOS antibodies were quite different. In a
subsequent study, the same group reported an elevated level
of expression of eNOS and nNOS protein, detected on
immunoblots, in preterm non-labouring samples compared
with term and non-pregnant tissue (Norman et al. 1999).
Bansal et al. (1997) examined the expression of iNOS by
immunohistochemistry and immunoblotting and claimed
that protein is expressed in preterm non-labouring human
myometrium and declines markedly prior to term and in
preterm labour. Taken together these studies support the
hypothesis that endogenously produced NO maintains
human myometrial quiescence early in pregnancy. However,
their biochemical evidence is not consistent with the
findings from in witro studies of human myometrial
function (Morrison et al. 1996; Jones & Poston, 1997), which
demonstrated in muscle strips from preterm and term non-
labouring women that the NOS inhibitor N®-nitro-1-
argininemethyl ester (L-NAME) had no effect on spontaneous
contractility. This is in marked contrast to findings in rat
myometrial strips, in which L-NAME increased tension in a
concentration-dependent manner (Yallampalli et al. 1994),
as would be predicted for a tissue in which NOS activity is
regulating muscle tone.

In the light of these conflicting data, we undertook to
investigate the expression of all three NOS isoforms in
human myometrium. Included in this study were non-
labouring tissue from preterm and term deliveries, tissue
from women in labour at term and human myometrial
smooth muscle cells in culture. Protein expression was
analysed by immunoblotting and immunohistochemistry,

J. Physiol. 521.3

using characterised antibodies. Messenger RNA was
monitored by transcription-polymerase
reaction (RT-PCR). Preliminary accounts of this work have
been presented in abstract form (Bartlett et al. 1998; Campa
et al. 1998).

reverse chain

METHODS

Tissue collection

Myometrial tissue was obtained from biopsies at Caesarean section
from non-labouring women at term (n=30, gestation 384 +
0-7 weeks) or preterm (n= 16, gestation 28-9 + 2-4 weeks). The
indications for elective section were breech delivery or previous
Caesarean section. The non-labouring group had no evidence of
uterine contractions or cervical change. Myometrial tissue from
labouring women was collected at emergency Caesarean section
(n=", gestation 38'4 4+ 0-8 weeks). In this group all patients had
regular painful contractions with associated cervical dilation
greater than 3 cm, and Caesarean section was indicated by fetal
distress. There was no evidence of uterine dysfunction. The study
was approved by the local Ethics Committee of St Thomas’
Hospital, UK, where all tissues were collected, and all patients gave
written, informed consent. Biopsies were obtained from the midline
of the upper edge of the lower uterine segment incision.

Drugs and chemicals

Normal sera, biotinylated secondary antibodies and avidin—
biotin—peroxidase complex (ABC) were from Dako Ltd (High
Wycombe, UK); ADP-sepharose, RNAse inhibitor, enhanced
chemiluminescence reagents (ECL4plus) from Amersham Pharmacia
Biotech; proteinase K, M-MLV reverse transcriptase, MCDB 131
medium, and Dulbecco’s modified Eagle’s medium (DMEM) from
Gibco Life Technologies; Biotaq polymerase from Biotaq Bioline
(London, UK); Nylon transfer membrane from Micron Separations
Inc. (Westborough, MA, USA); lipopolysaccharide (LPS) from
Difco (Surrey, UK); recombinant human interleukin-1 beta (I1L-1/),
interferon gamma (IFN-y), and tumour necrosis factor alpha
(TNF-a) from R & D systems (Abingdon, UK); recombinant human
nNOS was kindly provided by Dr Valentina Riveros Moreno (King’s
College London). All other reagents were obtained from Sigma
Chemical Co.

NOS antibodies. Rabbit polyclonal antibodies directed against the
carboxyl termini of eNOS, iNOS and nNOS were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Monoclonal anti-
bodies raised against eNOS and iNOS were purchased from
Transduction Laboratories (Lexington, NJ, USA). Control normal
rabbit immunoglobulin fractions and purified mouse immuno-
globulin (IgG, and IgG,,) were obtained from Dako.

Isolation and primary culture of human myometrial smooth
muscle cells (HMSMCs)

Biopsies from term non-labouring pregnancies were collected in
sterile culture medium. In order to obtain rapid outgrowth, cells
were initially cultured in MCDB 131 culture medium. Explants
(2 mm?, visibly free of blood vessels) were dissected and placed onto
the surface of 25 cm?® culture flasks for 2 h (37 °C humidified 5%
CO,/95% air atmosphere), before being submerged in MCDB 131
medium containing 10 % fetal calf serum (FCS), 10 mum L-glutamine,
100 U ml™ penicillin, 100 ug ml™ streptomycin, and supplemented
with 2:5 ug ml™ amphotericin B, 50 ug ml™ gentamicin, 10 ng ml™
human recombinant epidermal growth factor (EGF) and 1 gg ml™
hydrocortisone. After 4 days the medium was replaced with
MCDB 131 without added amphotericin B and gentamicin. Primary
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human myometrial smooth muscle cell (HMSMC) cultures were
established within 10 days. After passage 1, cells were cultured in
MCDB 131 without EGF or hydrocortisone. Cells exhibited typical
smooth muscle morphology by phase contrast microscopy, and
cultures stained positively with a monoclonal anti-smooth muscle
a-actin antibody (data not shown). Confluent HMSMCs between
passages 2 and 5 were used in all experiments.

Cytokine stimulation of cultured myometrial smooth muscle
cells

For experiments, cells were seeded into 9 cm diameter culture
dishes. In initial experiments, we discovered that cells cultured in
MCDB 131 medium showed a much weaker induction of cyclo-
oxygenase-2 (COX-2) expression in response to cytokine stimulation
than cells cultured in a less enriched medium such as DMEM (data
not shown; see Bartlett et al. 1999). Therefore, before addition of
agonists, confluent HMSMCs were serum deprived for 16—24 h in
DMEM, supplemented with 0:5% FCS, 4 mm vr-glutamine,
100 Uml™ penicillin and 100 ug mI™ streptomycin. Cells were
stimulated for 24 or 48 h with a combination of 100 ug m1™ LPS
and 10ng ml™ each of IL-18, IFN-y and TNF-a. The human
epithelial carcinoma cell line A549, which is known to express
iNOS (Watkins et al. 1997), was cultured under the same conditions
and treated similarly as a positive control. After cytokine incubation
the medium was removed, and cells washed with ice-cold phosphate-
buffered saline (PBS) and lysed immediately for RNA or protein
extraction.

Affinity extraction of ADP-binding proteins from whole
tissue and cultured myometrial cells

NOS enzymes are labile, and for this reason a wide range of
protease inhibitors were included in the extraction procedure and
samples were heated only for 3 min, and then maintained at 4 °C
before gel electrophoresis. Initial immunblot analysis of whole-tissue
homogenates and cell lysates showed no evidence of expression of
any of the NOS isoforms. In order to detect low amounts of protein
we exploited the high affinity of these enzymes for ADP which is
conferred by the NADPH—cytochrome P450 reductase-like domain
common to all NOS isoforms (Knowles & Moncada, 1994). This was
achieved by extracting ADP-binding proteins from homogenates
and cell lysates with ADP—sepharose beads (Thomsen et al. 1994).
The composition of the homogenising/lysis buffer (buffer A) was as
follows: 0:2% [(3-cholamidopropyl)dimethylammonio]- 1 - propane
sulphonate (CHAPS), 50 mm Hepes (pH 7:5), 2 mm EDTA, 1 mm
dithiothreitol (DTT), 1 mm phenylmethylsulphonyl fluoride (PMSF),
1 pg ml™ pepstatin, 1 ug ml™ leupeptin, 1 ug ml™ aprotinin, 5 ug
ml™ chymostatin, 100 ug ml™ antipain and 100 gg ml™ soybean
trypsin inhibitor. Snap-frozen myometrial tissue samples (1 g wet
weight) were homogenised with 2 x 20 s bursts of an Ultra-Turrax
T50 homogeniser set at 12000 r.p.m. at 4 °C in 5 ml buffer A and
centrifuged (15000 g, 30 min, 4 °C). Cultured myometrial cells
were lysed in buffer A by three cycles of freezing and thawing
(10 min dry ice—hand warming), followed by centrifugation
(13000 g, 5min, 4°C). Supernatants of homogenates and cell
lysates were then adsorbed onto ADP—sepharose beads (45 min,
4 °C), washed three times with buffer A containing 0-5 M NaCl,
followed by three washes in buffer A, and eluted with electrophoresis
sample buffer (625 mm Tris HCI pH 6:8, 2:3% w/v SDS, 5% v/v
glycerol, 5% v/v 2-mercaptoethanol and 0:02% w/v Bromophenol
Blue).

Immunoblotting

ADP eluates were heated at 95°C for 3 min, and centrifuged
(9000 g for 2 min). ADP—sepharose-extracted proteins equivalent
to 400 mg wet weight tissue or 3 x 10° cultured cells were separated
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by SDS-PAGE on 7:5% gels (Laemmli, 1970). Proteins were then
transferred to polyvinylidene difluoride (PVDF) membranes
(Immobilon-P; Millipore), blocked overnight at 4 °C in blocking
solution (3% w/v BSA in PBS and 0:1% v/v Tween 20 (PBS-T)),
and incubated with agitation at room temperature for 1 h with
polyclonal anti-NOS antibodies (each diluted 1:1000 in blocking
solution). Secondary antibody was a horseradish peroxidase (HRP)
conjugated goat anti-rabbit antibody (diluted 1:10000), and anti-
body-bound protein was visualised with ECL+plus. Monoclonal
antibodies raised against eNOS and iNOS were used between 1:750
and 1:1000 dilution in blocking solution, with an HRP-conjugated
rabbit anti-mouse antibody at 1:10000 as the secondary antibody.
Positive controls for immunoblotting were human umbilical vein
endothelial cell (HUVEC) lysates (not shown) and ADP—sepharose-
extracted placental tissue (eNOR), lysates of cytokine-stimulated
cells of the human epithelial carcinoma cell line A549 (iNOS), and
recombinant human nNOS.

Determination of nitrite

Nitrite accumulation in the conditioned medium of cultured cells
was determined colorimetrically by a diazotisation reaction using
the standard Griess reagent (Green et al. 1982), as described
previously (Bogle et al. 1992; Baydoun et al. 1993). Cell cultures
from six uteri obtained at term in the absence of labour were used
in these experiments, and determinations using cell cultures from
individual uteri were performed in quadruplicate.

Immunohistochemistry

Serial cryostat sections (5 ym) were cut and immunohistochemistry
performed using the avidin—biotin—peroxidase method. Non-specific
binding was prevented by incubation with 10% normal serum of the
same species as the biotin-conjugated secondary antibody. Sections
were then incubated for 1 h at room temperature with primary
antibodies diluted at either 1:100 (monoclonal) or 1:200 (polyclonal)
in PBS containing 5% FCS. Negative controls were run in parallel,
with a non-immune rabbit immunoglobulin fraction for the
polyclonals, and purified mouse IgG, and IgG,, for the monoclonal
anti-eNOS and anti-iNOS antibodies, respectively. After washing
in PBS; sections were incubated successively for 30 min each with
biotinylated secondary antibody (rabbit anti-mouse 1:500, or swine
anti-rabbit 1:400) and freshly prepared avidin—biotin—peroxidase
complex. Peroxidase activity was developed with diaminobenzidine.

Reverse transcription-polymerase chain reaction (RT-PCR)

RNA was extracted from snap-frozen myometrial tissue and cultured
cells (Chirgwin et al. 1979), and samples (1 pg) were denatured
(70 °C, 5 min) and cooled to 37 °C. Reverse transcription (RT) was
carried out at 37 °C for 1 h in a final volume of 20 ul, with 0-2 ug
random hexanucleotide primers, 1 x RT buffer, 10 mm DTT, 1 mm
of each dNTP, 40 units M-MLV reverse transcriptase, and 1 unit
RNAse inhibitor. The reaction was terminated by heating at 90 °C
for 5min. Polymerase chain reaction (PCR) amplification was
performed with specifically designed PCR primers for eNOS, iNOS
and nNOS. PCR amplification for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was carried out on the same samples as a
parallel control. The primer sets used were as follows: eNOS, sense
5"-GCACAGGAAATGTTCACCTAC-3’; antisense 5-CACGATGGT-
GACTTTGGCTAG-3" (Nadaud et al. 1994): iNOS, sense 5-GAG-
CTTCTACCTCAAGCTATC-3"; antisense 5-CCTGATGTTGCCA-
TTGTTGGT-3" (Chartrain et al. 1994): nNOS, sense 5-TGTGTG-
GGCAGGATCCAGTG-3’; antisense 5-GGGACAGGCGCTGAAC-
TCCA-3" (Hall et al. 1994): GAPDH, sense 5'-CCACCCATGGCAA-
ATTCCATGGCA-3"; antisense 5-TCTAGACGGCAGGTCAGGT-
CCACC-3" (Tokunaga et al. 1987).
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Figure 1. Immunodetection of NOS isoforms in ADP—sepharose extracts of human pregnant
myometrial tissue (MYO) and human myometrial smooth muscle cells (HMSMCs) cultured from
term non-labouring myometrium

Representative immunoblots for eNOS (4), iNOS (B) and nNOS (C) with rabbit polyclonal antibodies.
D and F are representative blots for eNOS and iNOS obtained with mouse monoclonal antibodies. See
Methods for details. Lanes n, i and e: positive controls for nNOS, iNOS and eNOS, respectively. MYO
(ADP—sepharose extract of ~400 mg wet weight per lane): PT, preterm non-labour; T, term non-labour;
ALT, active labour at term. HMSMC or, for comparison, A549 epithelial cells (ADP—sepharose extract of
~3 x 10° cells per lane): C, control unstimulated cells; 24h, cells stimulated for 24 h with 100 ug m1™ LPS
and 10 ng ml™ each of TL.-18, IFN-y and TNF-a.
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Table 1. NOS primary antibodies

Dilution
Antibody Immunogen Immunoblot Immuno- Presentation Source
histochemistry

eNOS polyclonal a.a. 1183—1202 of human eNOS 1/1000 1/200 Affinity purified ~ Santa Cruz, sc-654
nNOS polyclonal a.a. 1400—1419 of rat nNOS 1/1000 1/200 Affinity purified Santa Cruz, sc-648
iNOS polyclonal a.a. 1135-1153 of human iNOS 1/1000 1/200 Aflinity purified Santa Cruz, sc-649
eNOS monoclonal  a.a. 1030—1209 of human eNOS ~ 1/750—1000 1/100 Purified IgG, Transduction, N30020
iNOS monoclonal a.a. 961-1144 of human iNOS 1/750-1000 1/100 Purified IgG,, Transduction, N32020

a.a., amino acid.

A 1/40 volume of the RT reaction was used for PCR with 15 mm
magnesium chloride, 0:2 mm dNTPs, 125 ng of each primer and
1 unit of Biotaq polymerase in a final volume of 25 ul. Reaction
cycles were two denaturation steps (94 °C, 4 min, 94°C, 30s),
followed by annealing for 30 s at 55 °C (eNOS), 62 °C (iNOS), 68 °C
(nNOS) or 58 °C (GAPDH), and extension at 72 °C for 30 s. Initially
28—40 cycles were carried out, at 2 cycle intervals, in order to
determine the cycle profile of linearity for each primer set. The
number of cycles used for experiments were as indicated (see
Results). Amplification was terminated with a further 5min
extension at 72°C. Aliquots (10 ul) of the PCR product were
separated by horizontal gel electrophoresis on a 1% agarose gel.
Identity was confirmed by sequence-verification of the amplified
products (Sambrook et al. 1989).

Statistics

All values of nitrite levels are given as means +s.EM. of
measurements in six cultures. Statistical analyses were performed
using Student’s unpaired ¢ test.

RESULTS
Detection of NOS isoforms by immunoblotting

Initial immunoblots carried out wusing whole-tissue
homogenates failed to show staining for any of the NOS
isoforms (data not shown). Partial enrichment of NOS
proteins was achieved by extracting ADP-binding proteins
from tissue homogenates and cell lysates with ADP-—
sepharose beads. With this procedure, all three NOS
polyclonal antibodies used in this study (Table 1) were
confirmed to be specific for their respective isoforms.
Immunoblot analysis of known sources (positive controls) of
human eNOS (human umbilical vein endothelial cells and
human placental tissue), iNOS (cytokine/LPS-stimulated
Ab49 cells), and of recombinant human nNOS protein
showed single protein bands of the correct molecular masses,
with no cross-reaction with other NOS isoforms (Fig. 1).
When applied to the same samples, the anti-iNOS and anti-
eNOS monoclonal antibodies (Table 1) did not stain bands
at the appropriate molecular masses in any samples, or in
positive controls. They did, however, stain bands at
approximately 47 kDa in extracts of myometrial tissue and
in all positive controls (Fig. 1.D and E).

14-C
representative examples of immunoblots obtained. ADP—
sepharose extracts of approximately 400 mg myometrial
tissue showed staining of an eNOS protein band (140 kDa;
Fig.14), present in myometrial tissue from preterm (PT),
term non-labour (T) and active labour at term (ALT). No
protein bands for iNOS or nNOS were detected at any stage
of pregnancy in any of the samples analysed (Fig. 1 B and C).

The myometrial tissue samples in Fig. show

None of the NOS isoforms were detected in ADP—sepharose
extracts of non-stimulated cultured myometrial smooth
muscle cells (Fig. 1 A-C). There was also no evidence of iNOS
protein after stimulation of HMSMCs for 24 h (Fig. 1 B) and
48 h (data not shown) with a cytokine mix of 100 gg ml™

*
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Figure 2. Effect of lipopolysaccharide and cytokines on
nitrite accumulation in HMSMCs and A549 epithelial
cells

HMSMCs and A549 cells were stimulated with 100 gg ml™
LPS and 10 ng mI™ each of IL-14, IFN-y and TNF-«.
Nitrite accumulation in the culture medium was determined
over 24 and 48 h (HMSMCs) and 24 h (A549). +, stimulated
cells; —, control unstimulated cells. Determinations on cell
cultures from individual uteri were performed in
quadruplicate, and values are the means + s.E.m. of cell
cultures from 6 uteri obtained at term in the absence of
labour. * P < 0001 compared with unstimulated HMSMCs
and A549 cells.
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LPS and 10 ng ml™" each of IL-18, IFN-y and TNF-a.
A549 epithelial cells, cultured under the same conditions
and stimulated concurrently, showed detectable protein
expression after stimulation for 24 h, which was accompanied
by an accumulation of nitrite (an index of NO synthesis) in
the culture medium of these cells (Fig. 2), as described
previously by Watkins et al. (1997). No accumulation of
nitrite was detected in six HMSMC cultures tested. Similar
results were obtained from HMSMC cultures that were

established without supplementation with hydrocortisone
and EGF (data not shown).

Localisation of NOS isoforms within human
myometrium

Immunostaining of myometrial tissue sections with the
polyclonal anti-eNOS antibody (Santa Cruz Biotechnology)
revealed immunoreactivity localised to the endothelial cells

Pre-Term
(non-labour)

eNOS

INOS

nNOS

Term
(non-labour)

J. Physiol. 521.3

of the small vessels within the myometrium, but not to
myocytes (Fig. 3, top row). The same staining pattern was
seen in preterm, term non-labour and term active labour
samples. Immunoreactivity for iNOS and nNOS with the
Santa Cruz polyclonal antibodies (Fig. 3, rows 2 and 3) was
not above background levels obtained with non-immune
serum in any of the sections (Fig. 3, row 4).

We also examined the immunoreactivity of the two
monoclonal antibodies (Transduction Laboratories) used in
previous studies (Thomson et al. 1997; Norman et al. 1999)
against myometrial tissue sections. In contrast to the staining
pattern seen with the polyclonal antibodies, the monoclonal
anti-eNOS and iNOS antibodies (both of which failed to
detect NOS proteins in immunoblots of positive controls)
produced widespread immunoreactivity throughout sections
of term non-labouring tissue (Fig. 4).

Active Labour
Term

Figure 3. Immunohistochemical staining of sections of human pregnant myometrial tissue with
polyclonal anti-NOS antibodies

Representative sections are shown from preterm and term non-labouring myometrium and from tissue of
women in active labour at term. Cryostat sections 5 ym thick were incubated with polyclonal antibodies
raised against eNOS, iNOS and nNOS. Negative controls were incubated with non-immune serum. Staining

was by avidin—biotin—peroxidase.
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Reverse transcription-polymerase chain reaction
analysis of human myometrial NOS isoform
expression

In a previous study, we demonstrated the expression of NOS
mRNA in myometrial tissue throughout gestation (Dennes et
al. 1999). In the present study we re-examined NOS mRNA
expression by RT-PCR and confirmed that all three NOS
isoforms were detected in myometrial tissue from preterm,
term non-labour and term active labour (Fig. 54). Detection
of each isoform was achieved within the linear range of
amplification cycles. However, iNOS and nNOS were only
detectable after 40 cycles, suggesting a low copy number. In
HMSMCs, eNOS, nNOS and iNOS mRNAs were not detected
(Fig.5B).

DISCUSSION

This study has examined in detail the expression,
localisation and regulation of all three NOS isoforms in
human pregnant myometrium. Previous reports that NO

eNOS

INOS

-ve Control

Term (non-labour)
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release from myometrial cells suppresses myometrial
contraction during pregnancy have suggested expression of
NOS in amounts that would easily be detectable by the
techniques employed here. We have demonstrated with anti-
bodies of proven specificity that eNOS, iNOS and nNOS
proteins are not expressed at detectable levels in myocytes
of human myometrium at any stage of pregnancy.

To date, investigation into NOS activity and expression in
human pregnant myometrium has been inconclusive.
Metabolism of radiolabelled L-arginine to L-citrulline has
been observed in homogenates of human myometrium
(Ramsay et al. 1996; Thomson et al. 1997). This may
indicate the presence of NOS enzymes but the contribution
of NOS from vascular tissue could not be excluded in these
studies. Firm evidence requires the observation of increased
contractility of myometrial muscle strips in response to
inhibitors of NOS activity and the detection of NOS enzymes
in myometrial tissue. Relaxation of murine and human
myometrial strips in response to high concentrations of

Figure 4. Immunohistochemical staining of sections of human pregnant myometrial tissue with

monoclonal anti-NOS antibodies

Representative sections are shown of term non-labouring tissue. Cryostat sections 5 um thick were
incubated with monoclonal antibodies raised against eNOS and iNOS. Negative controls were incubated
with non-immune mouse IgG. Staining was by avidin—biotin—peroxidase.
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L-arginine has been observed (Izumi et al. 1993). However,
at physiological plasma levels, L-arginine is not rate limiting
for eNOS or iNOS activity, and it is possible that changes in
tone were due to the cationic charge of wL-arginine.
Subsequent studies have not confirmed L-arginine-induced
relaxation of preterm or term non-labouring human
myometrial strips and, most significantly, neither have they
observed increased contraction upon treatment with
inhibitors of NOS activity, as would be predicted if the
tissue was expressing functionally active NOS enzymes
(Morrison et al. 1996; Jones & Poston, 1997). Claims of NO

A

MYO

eNOS

iNOS

nNOS
40 cycles

GAPDH
32 cycles

598 bp =

PT T ALT

35 cycles
654 bp = ~= 654 bp
40 cycles
313 bpe
-=- 313 bp
- 509 bp
509 bp=
- - -
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production, detected with an NO electrode, by human
cultured pregnant myometrial smooth muscle cells stimulated
with LPS, IL-1a and IL-18, suggest that iNOS can be
induced in this cell type (Nakaya et al. 1996; Yamamoto et
al. 1997). However, the presence of NOS protein or mRNA,
and inhibition of NOS activity by NOS inhibitors was not
confirmed in those studies.

Two groups have examined the expression of NOS proteins
in human myometrium during pregnancy. Thomson et al.
(1997) reported immunoreactivity for all three isoforms,

B
MYO HMSMC

Figure 5. RT-PCR for NOS isoforms from human pregnant myometrial tissue (MYO) (4) and

HMSMCs (B)

Sequences of eNOS, iNOS and nNOS were amplified from ¢DNAs derived from preterm non-labour (PT),
term non-labour (T) and active labour at term (ALT) myometrial tissue, and from HMSMCs, at the cycle
numbers indicated. In B the left-hand lane (MYO) represents pooled ¢cDNAs from myometrial tissue as a
positive control. Amplification of a sequence from the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was carried out as a parallel control.
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with no detected changes associated with labour, but the
staining presented was not consistent between different
anti-iNOS antibodies used, and included staining with the
same monoclonal antibody which we have shown in the
present study to be non-specific. In a subsequent study
(Norman et al. 1999), these authors reported increased
expression of eNOS and nNOS protein by immunoblotting
and immunohistochemistry in human preterm myometrium
in comparison with term and non-pregnant tissue. The
expression of iNOS was not reported. Bansal et al. (1997)
presented immunoblotting
evidence suggesting expression of iNOS in preterm, but not
term, non-labouring myometrium. Taken together, these
observations do not support a role for a decline in NO
generation promoting parturition, but favour a model in
which NO, generated by NOS isoforms within the uterine
smooth muscle, promote uterine quiescence in the early
stages of pregnancy. Nevertheless, such a conclusion is not
consistent with functional studies (Morrison et al. 1996;
Jones & Poston, 1997), which found no effect of NOS
inhibitors on contractility of myometrial muscle strips at
any stage of pregnancy. In view of the proposal for the use
of NO donors in clinical practice, it is important that these
apparent paradoxes are clarified.

immunohistochemical and

We sought first to demonstrate the presence of NOS
isoforms by immunoblotting. NOS enzymes are susceptible
to proteolytic cleavage during extraction for electrophoresis
(Lowe et al. 1996). This can reduce or eliminate the signal at
the expected molecular mass on an immunoblot and also
result in staining of lower molecular mass fragments, which
would be difficult to distinguish from non-specific bands.
Great care was therefore taken to ensure the preservation of
full length NOS polypeptides during extraction and ADP—
sepharose purification, and we were able unambiguously to
detect all three NOS isoforms in positive controls with the
polyclonal antibodies (Santa Cruz) on immunoblots, in the
absence of any non-specific bands. We also attempted
immunoblots with two monoclonal antibodies directed
against eNOS and iNOS, respectively (Transduction
Laboratories; see Table 1). When used to analyse the same
samples, neither of these antibodies stained bands at the
appropriate NOS molecular masses in positive controls or
ADP—sepharose-extracted tissue, but did detect bands at
approximately 47 kDa (Fig.1D and FE). We therefore
conclude that the widespread staining seen with these anti-
bodies on the myometrial sections (Fig. 4) is unreliable and
likely to be non-specific.

The data on eNOS expression obtained with the polyclonal
antibody, in immunoblots and tissue sections, suggested the
presence of this isoform in the vascular endothelium (Figs 1
and 3). This was supported by the failure to detect eNOS
mRNA or protein in extracts of cultured myometrial smooth
muscle cells. Quantification of the eNOS signal between
samples was not attempted, as variable sampling of vascular
tissue would influence the levels of the protein detected.
However, no gestationally related trends in protein
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expression were obvious. Based on these findings, we
conclude that eNOS is unlikely to play any role in the
regulation of myometrial tone during pregnancy. It could,
however, be argued that diffusion of NO generated within
the endothelium of the myometrial vasculature might
mediate uterine relaxation, although the low levels of eNOS
detected (after ADP—sepharose purification) argue against
this. Moreover, if this were the case, NOS inhibitors should
increase myometrial tone and contraction, which has not
been found (Morrison et al. 1996; Jones & Poston, 1997).

We did not detect iNOS protein expression in tissues from
any gestational stage, which is at odds with the previously
reported detection, using the same antibody, of iNOS in
preterm samples in the absence of labour (Bansal et al.
1997). In the authors’ published blot the putative iNOS band
at 130 kDa is indicated for the positive control cell lysate.
However, the authors make no comment about the very
much stronger staining of bands at lower molecular weights
in all samples (including the positive control). It is thus
difficult to reconcile the putative iNOS band in the preterm
sample (which is at a different molecular weight from the
band indicated in the positive control) with iNOS
expression. It is also likely that the prolonged boiling in the
homogenisation procedure that was used would have
resulted in hydrolytic cleavage of any NOS proteins present.
We therefore suggest that our study and that of Bansal et al.
(1997) both fail to demonstrate the expression of iNOS in
human myometrium throughout pregnancy.

Immunohistochemistry using the polyclonal antibody for
iNOS confirmed the lack of iNOS expression in myometrium
at all gestational stages. We were unable to detect iNOS
staining in preterm sections as reported by Bansal et al.
(1997), although this may reflect differences in the fixation
procedure. RT-PCR did detect transcripts of iNOS after 40
cycles of amplification, which implies expression of iNOS
mRNA at low copy number. A more extensive study of
iNOS mRNA expression in human myometrial tissue has
been presented elsewhere and confirms the absence of
gestationally related changes as described here (Dennes et al.
1999). Expression of iNOS in inflammatory cell types within
uterine tissues, including myometrium, has been reported
during human pregnancy (Bansal et al. 1997; Eis et al. 1997
Myatt et al. 1997), and the PCR signal we identified is likely
to have arisen from leukocytes and macrophages within the
tissue. This is supported by the lack of expression of iNOS
mRNA in cultured human myometrial smooth muscle cells.
We also failed to detect the expression of nNOS protein in
tissue homogenates and sections. The apparently low copy
number of nNOS mRNA we detected may represent
expression within the myocytes or in nerve cells supplying
the myometrium.

Our data from the cultured cells were consistent with that
from whole tissue. It is intriguing that near-micromolar
concentrations of NO have apparently been detected after
24 h in the supernatant of cultured pregnant myometrial cells
stimulated by cytokines (Nakaya et al. 1996; Yamamoto et
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al. 1997). Although this is within the concentration range
detectable by the Griess reaction employed in the current
study, we could not detect nitrites released from cytokine-
stimulated myometrial myocytes, nor could we detect iNOS
protein or mRNA in these cells. We have also measured
c¢GMP within HMSMCs, as a more sensitive index of NO
production, and found no accumulation in response to
cytokine stimulation (data not shown). Other cell types,
derived from tissues capable of expressing iNOS, can
maintain this capacity in culture (Nussler et al. 1995; Saura
et al. 1996; Watkins et al. 1997). If this capacity were
reproduced in HMSMCs, a positive finding would provide
supporting evidence for a role of iNOS in the function of
this tissue. The lack of response we found may be due to a
loss of responsiveness under the culture conditions. However,
Ab49 cells exposed to the same conditions express iNOS,
and HMSMCs stimulated with the same cytokine mix or
with IL-18 alone show a dramatic induction of COX-2
expression and activity (Bartlett et al. 1998, 1999). When
taken together with the observations in fresh tissue, we
propose that the lack of iNOS expression in cultured cells
indicates that this cell type does not have the potential to
generate NO in significant quantities via iNOS.

A potential limitation of our study is that tissue samples
were obtained from the lower uterine segment which, it is
suggested, may be more cervical in character, and less
contractile than the fundus (Fuchs et al. 1984; Smith et al.
1998). However, all other published studies that have
suggested that NOS is functionally expressed in the human
myometrium in pregnancy have used tissue from the same
anatomical region (Izumi et al. 1993; Bansal et al. 1997,
Thomson et al. 1997; Norman et al. 1999). Moreover, no
differences are seen in the sensitivity of human pregnant
myometrium from the fundus versus lower segment to
oxytocin or potassium chloride (Word et al. 1993), suggesting
that at the cellular level, there may be little difference
between these two regions.

Low sensitivities of rat and primate myometrium to
relaxation by ¢cGMP analogues and NO donors have recently
been reported (Hennan & Diamond, 1998; Kuenzli et al.
1998; Word & Cornwell, 1998), and cGMP-dependent protein
kinase expression is reduced in the myometrium from
pregnant rats (Word & Cornwell, 1998). Similar observations
in human pregnant myometrium support these findings
(Jones & Poston, 1996; Norman et al. 1997) and are in
keeping with the data we present here, suggesting that the
human myometrium during pregnancy is not a source of NO
production. Published evidence on the expression of NOS
isoforms in human myometrium implicating endogenous NO
in the regulation of tone early in pregnancy contradicts
the data from functional studies. Under the rigorous
experimental conditions described in this study, we have
been unable to detect protein expression of NOS isoforms in
human myometrial smooth muscle during pregnancy. The
mRNA we detected for all three NOS isoforms may reflect
expression by smooth muscle and/or contributions from
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other cell types. The presence of mRNA does not confirm
translation into protein, but there may be translation into
functional NOS proteins at levels below the sensitivity of
immunoblotting and immunohistochemical techniques.
Such a situation exists in human and rabbit gastrointestinal
smooth muscle cells, where eNOS has been identified
functionally, and expression of its mRNA detected by RT-
PCR and Northern blot in the absence of detectable eNOS
protein (Murthy & Makhlouf, 1994; Teng et al. 1998).
Similarly, expression of nNOS has also been reported in
gastrointestinal smooth muscle cells (Chadker et al. 1998).
The levels of NO required to relax smooth muscle are not
known, so it is not certain whether such low expression in
myometrium would be sufficient to regulate tone. Therefore
a role for endogenous NO production by the myometrium
cannot be ruled out completely. However, human myometrial
contractility is insensitive to L-NAME (Morrison et al. 1996;
Jones & Poston, 1997), demonstrating an absence of NOS
function, consistent with the lack of detectable NOS protein
in the present study. Furthermore, no gestationally related
changes in NOS mRNA expression were apparent. We
therefore conclude that the weight of experimental evidence
indicates that NO produced by the myometrium plays an
insignificant role in the regulation of uterine smooth muscle
tone during human pregnancy.
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