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Corticotropin-Releasing Hormone Interacts With
Interleukin-1␤ to Regulate Prostaglandin H Synthase2 Expression in Human Myometrium During
Pregnancy and Labor
Danijela Markovic, Muhammad F. Bari, Buyu Lu, Manu Vatish,* and
Dimitris K. Grammatopoulos*
Divisions of Metabolic and Vascular Health (D.M., M.F.B., B.L., M.V., D.K.G.) and Reproduction (M.F.B.,
M.V., D.K.G.), Warwick Medical School, University of Warwick, Coventry CV4 7AL, United Kingdom;
and University Hospitals Coventry and Warwickshire, Coventry CV2 2DX, United Kingdom

Context: The onset of labor appears to involve the activation of myometrial inflammatory pathways, and transcription factors such as nuclear factor-B (NF-B) control expression of the contraction-associated proteins required to induce a procontractile phenotype. These responses might
involve CRH, which integrates immune and neuroendocrine systems.
Objectives: In human myometrium we investigated cyclooxygenase 2 (PGHS2) expression and
regulation by CRH and the proinflammatory cytokine IL-1␤ before and after labor.
Design: Myometrial tissues obtained from pregnant women at term before (n ⫽ 12) or during labor
(n ⫽ 10) and pathological cases of choriamnionitis-associated term labor (n ⫽ 5) were used to isolate
primary myocytes and investigate in vitro, CRH effects on basal and IL-1␤ regulated p65 activation
and PGHS2 expression.
Results: In nonlaboring myometrial cells, CRH was unable to induce NF-B nuclear translocation;
however, it altered the temporal dynamics of IL-1␤-driven NF-B nuclear entry by initially delaying
entry and subsequently prolonging retention. These CRH-R1-driven effects were associated with
a modest inhibitory action in the early phase (within 2 hours) of IL-1␤ stimulated PGHS2 mRNA
expression, whereas prolonged stimulation for 6 –18 hours augmented the IL-1␤ effects. The earlyphase effect required intact protein kinase A activity and was diminished after the onset of labor.
The presence of chorioamnionitis led to exaggerated PGHS2 mRNA responses to IL-1␤ but diminished effects of CRH.
Conclusions: CRH is involved in the inflammatory regulation of PGHS2 expression before and
during labor; these actions might be important in priming and preparing the myometrium for labor
and cellular adaptive responses to inflammatory mediators. (J Clin Endocrinol Metab 98:
2864 –2875, 2013)

A

t the end of human pregnancy, myometrial cells undergo a series of functional and structural changes
that switch their quiescent phenotype, which is active
throughout pregnancy and prevents inappropriate activation of the uterus, to a procontractile one that allows cells
to respond to hormonal signals and mechanical forces that

initiate active myometrial contractions and labor (1). In
some pregnancies, this transition is inappropriately induced by infection before term, resulting in premature labor, which is associated with high fetal morbidity and
mortality, especially if it occurs before 32 weeks of
gestation.
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It is now evident that labor, either term or preterm,
involves activation of inflammatory responses (1, 2). Even
in the absence of detectable infection, increased levels of
proinflammatory cytokines such as IL-6, TNF␣, and
IL-1␤ are detected in the amnion, choriodecidua, and
myometrium (3), possibly due to increased infiltration of
the myometrium, cervix, and fetal membranes by neutrophils and macrophages (4). These invading immune cells
secrete cytokines and chemokines to induce a sterile inflammatory process (5), activating nuclear factor-B (NFB) and other proinflammatory transcription factors in
the myometrium (6). Myometrial cells also appear to be
involved in the development of the inflammatory phenotype and immunolocalization studies detected IL-1␤ expression in myocytes (7). NF-B auto- or paracrine activation by proinflammatory cytokines increases expression
of a cassette of genes encoding proteins that promote myometrial contractility (contraction associated proteins)
such as the prostaglandin F2 receptor, the oxytocin receptor, and cyclooxygenase-2 (PGHS2) (8 –11).
Several proinflammatory cytokines stimulate PGHS2
expression and downstream prostaglandin synthesis prior
to parturition (12), with IL-1␤ actions most extensively
investigated. The central role of this pathway is highlighted by the numerous mechanisms that control its activity: for example, proquiescent molecules such as progesterone receptor act to suppress it by rapid induction of
inhibitory-B␣, a protein that blocks NF-B transactivation (13). In addition, IL-1␤ activated NF-B can regulate
activity of the cAMP/protein kinase A (PKA) cascade by
repressing myometrial G␣s and up-regulation of cAMPphosphodiesterase-4 (14, 15) and thus switch signaling
balance from myometrial quiescence toward contractility. Interestingly, a positive regulation of myometrial
PGHS2 expression appears to involve cAMP-driven
pathways (16), raising the possibility of additional roles
for cAMP that might support development of myometrial contractility.
During pregnancy one potential target of IL-1␤ might
be CRH. Placental CRH, which is under the control of
IL-1␤, has been implicated in the endocrine control of
labor (17). Through the activation of CRH receptors
(CRH-Rs) (18), placental CRH exerts important biological roles in the fetomaternal unit (19). In the myometrium
(20 –22), CRH, acting primarily via the type 1 CRH receptor (CRH-R1), appears to activate signaling pathways
that promote relaxation, suggesting a role in the prevention of premature uterine activation. The myometrium
also expresses type 2 CRH-R, and during labor its expression is significantly increased in the uterine fundus. Activation of this receptor leads to procontractile signals suggesting that locally produced CRH and urocortins might
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have multifaceted roles in the development of human parturition; before term CRH might act to prevent premature
activation of the myometrium, whereas at term urocortins
might coordinate the transition of the uterus from a state
of relaxation to one of contraction (23–25).
There is increasing evidence suggesting cross talk mechanisms between the CRH/CRH-R system and mediators
of myometrial inflammatory response. For example,
IL-1␤ was identified as a regulator of myometrial
CRH-R1 gene expression and functional activity (26). In
addition, CRH has been shown to attenuate IL-1␤ in vitro
effects on myometrial cell prostaglandin (PG) production
(22). Most importantly the Extremely Low Gestational
Age Newborns study, designed to determine whether placental CRH expression changes in extreme preterm labor,
reported strong association between inflammation and
low placental CRH expression (27). In this study, we investigated potential CRH-driven signaling mechanisms
and transcriptional effects regulating PGHS2 expression
in primary myometrial cell cultures as well as cross talk
with proinflammatory mediators such as IL-1␤. Myocytes
were prepared from biopsies obtained from pregnant
women at term before or during labor as well as myometrium from pathological cases of choriamnionitis-associated term labor.

Materials and Methods
Chemicals
Human/rat CRH was obtained from Bachem (United Kingdom) Ltd (Merseyside, United Kingdom). Mouse monoclonal
vimentin antibody and antimouse IgG-tetramethylrhodamine
isothiocyanate conjugate were obtained from Sigma Chemical
Co (Poole, United Kingdom). Mouse monoclonal muscle-actin
antibody was obtained from DAKO Ltd (Crawley, United Kingdom). Primary antibodies for p65, PGHS2, and ␤-tubulin were
from Santa Cruz Biotechnology Ltd (Wembley, Middlesex,
United Kingdom) and glyceraldehyde-3-phosphatedehydrogenase (GAPDH) was from MorphoSys UK Ltd (Kidlington, Oxford, United Kingdom). IL-1␤ was from Merck Biosciences (Nottingham, United Kingdom). The nuclear extraction kit was from
Active Motif (Carlsbad, California). Secondary antibodies were
from Dako Cytomation (Eye, United Kingdom); Alexa-Fluor
594, Alexa-Fluor 488-phalloidin, and Slow Fade gold antifade
reagent with 4⬘,6⬘-diamidino-2-phenylindole were from Invitrogen (Life Technologies, Paisley, United Kingdom). Vectashield
Hard Set TM mounting medium for fluorescence was from Vector Laboratories (Burlingame, California). Mounting solution
without 4⬘,6⬘-diamidino-2-phenylindole was from Vector Laboratories (Peterborough, United Kingdom). Cell culture media
were from Invitrogen. CellTiter 96 AQueous One Solution cell
proliferation assay [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt],
RNasin, avian myeloblastosis virus, random hexamers, and
oligo-deoxytocopherol transfer protein were from Promega
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(Madison, Wisconsin), and deoxynucleotide triphosphates, Taq
polymerase, and the DNA ladder were purchased from Bioline
(London, United Kingdom). SYBR Green I and the PCR mixture
for quantitative PCR were from BioGene (Kimbolton, United
Kingdom). Primers were purchased from TANG (Gateshead,
United Kingdom). Serine 536-phosphorylated p65 antibody was
from Cell Signaling Technology Inc (Danvers, Massachusetts).
The RNeasy plant total RNA kit for polyadenylated RNA isolation was obtained from QIAGEN Ltd (Crawley, United Kingdom). CRH-R1 small interfering RNA (siRNA), CRH-R antagonists antisauvagine 30, K41498 and NBI 27914, and all other
chemicals were purchased from Sigma Chemical Company Ltd.
The anti-CD68 antibody was from DAKO UK Ltd (Ely, Cambridgeshire, United Kingdom), and the anti-CD45 antibody was
from AbD Serotec (Kidlington, United Kingdom).

Experimental subjects and sample preparations
Myometrial tissues obtained from pregnant women undergoing elective caesarean section for nonmaternal problems (fetal
distress) at term before (n ⫽ 12) or during the onset of labor (n ⫽
10) or pathological cases of choriamnionitis-associated term labor (n ⫽ 5). The presence of infection and chorioamnionitis
during labor was diagnosed on the basis of clinical findings,
namely fever, uterine fundal tenderness, maternal tachycardia
(⬎100 m/min), fetal tachycardia (⬎160 m/min), raised C-reactive protein, and maternal leukocytosis. The biopsy site was standardized to the upper margin of the lower segment of the uterus
in the midline. The relative content of myometrial and fibrous
tissue in these biopsies was identified by immunofluorescent labeling using selective smooth muscle cell and fibroblast markers
(actin and vimentin, respectively). The biopsies were immediately processed for myocyte cell culture. Ethical approval was
obtained from the local ethical committee and written informed
consent to the study was obtained from all patients.

Immunohistochemistry-quantification of
inflammatory cell density
Leukocytes and macrophages were identified using primary
antibodies directed against CD45 (the common leukocyte antigen) and CD68, respectively, in myometrial biopsy obtained before and during labor as previously described (7). Sections were
8 m thick and were fixed in cold acetone. The antibodies (1:20
and 1:10 for CD68 and CD45, respectively) were incubated for
1 hour at room temperature, and the antigen was localized as a
brown end product using the Novolink Polymer detection system
(Leica Microsystems, Milton Keynes, United Kingdom) following the manufacturers’ instructions. Negative controls included
slides incubated without the primary antibody.
Following immunohistochemistry, the inflammatory cells
were identified by histological analysis. The number of cell transects in 10 randomly selected high power fields (⫻400 objective
magnification) was quantified by 2 independent observers for
each specimen blinded as to whether the tissues were from a
laboring or nonlaboring source. Inflammatory cells within the
blood vessels were not included in the counts. The median density of positive cells for each specimen was calculated.

Preparation of myometrial cell cultures and
explants: treatments
Myocytes were prepared by enzymatic dispersion as previously described (25). The cells were kept at 37°C in a humidified

J Clin Endocrinol Metab, July 2013, 98(7):2864 –2875

atmosphere of 95% air and 5% CO2 until confluent (approximately 2 weeks). The purity of myometrial muscle cells was assessed by immunocytochemical staining (25). To minimize fibroblast contamination, the myocyte preparation was repurified
48 hours before the experiments using 0.5% trypsin. Cells were
transferred to media lacking fetal calf serum 18 hours prior to
treatments. The cells were treated with various concentrations of
CRH in the presence or absence of 1 ng/mL IL-1␤ for 2, 6, 12, or
18 hours. In some experiments, cells were preincubated with 1
M PKA inhibitor 14 –22 amide (myristoylated) for 30 minutes
or the CRH-R antagonists, antisauvagine 30, or NBI 27914 (1
M for 1 hour) or K41498 (500 nM for 2 hours). Experiments
on myometrial explants were carried out using previously described protocols (28). Myometrial tissue samples were dissected
into explants of 3 mm3 and placed onto 0.2-m polycarbonate
filters floating on 2 mL of appropriate media in 6-well plates and
cultured overnight at 37°C in 5% CO2, 95% air (5 explants per
well). Explant viability was confirmed by histological examination for necrotic cells and maintenance of smooth muscle specific
marker expression and RNA integrity (data not shown).

RNA extraction and real-time RT-PCR
Total RNA was extracted from myometrial cell cultures by an
RNeasy total RNA kit and reverse transcribed to synthesize
cDNA by using RNase H Reverse Transcriptase (Life Technologies). Quantitative PCR was used to determine the relative expression levels of CRH-R1 mRNA between groups as previously
described (26) on a TaqMan gene expression assay (Applied
Biosystems, Warrington, United Kingdom). The oligonucleotide
primers and TaqMan probe were predesigned from the GenBank
database by mySciences (Applied Biosystems). The primers/
probe combination used amplified a 61-bp sequence overlapping
exons 8 –9 of CRH-R1 mRNA. Real-time RT-PCRs were performed using the ABI PRISM 7000 sequence detection system
(Applied Biosystems) in a total volume of 30 L reaction mixture
following the protocol of the manufacturer, using the SYBR
Green Universal 2 ⫻ PCR master mix (Applied Biosystems) and
0.1 M of each primer using the dissociation protocol for the
amplification of CRH-R1 mRNA. Negative controls containing
water instead of first-strand cDNA were also used. Each sample
was normalized on the basis of its 18S ribosomal RNA content
(housekeeping gene, assay identification number Hs
99999901_s1). The 18S quantification was performed with a
TaqMan rRNA reagent kit (Applied Biosystems) using the protocol of the manufacturer. All samples were run in triplicate, and
results were calculated with reference to the amplification of 18S
rRNA using comparative threshold cycle (CT) method for relative quantitation (ABI Prism 7000 SDS, version 1.1 software;
Applied Biosystems). The results were expressed as mean ⫾
SEM.
Relative gene expression of target mRNA was normalized to
a calibrator that was chosen to be the control or basal condition
(untreated sample). Results were calculated with the ⌬⌬CT
method; they were expressed as the n-fold differences in gene
expression relative to 18S rRNA and calibrator and were determined as follows: n-fold ⫽ 2-(⌬CT sample ⫺ ⌬CT calibrator), where the
parameter CT is defined as the fractional cycle number at which
the PCR reporter signal passes a fixed threshold. The ⌬CT values
of the sample and calibrator were determined by subtracting the
average CT value of the transcript under investigation from the
average CT value of the 18S rRNA gene for each sample.
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For PGHS2 mRNA expression, the Roche Light Cycler system
(Roche Molecular Biochemicals, Mannheim, Germany) was used.
The PCR was performed in a 10-L reaction mixture containing 5
L of PCR 2⫻ master mix with 2 mM MgCl2, 0.5 L of Light
Cycler DNA Master SYBER Green I (Roche, Mannheim, Germany), 1 L of each primer (2 ng/L), and 1 L of cDNA. The PCR
protocol consisted of a denaturation step at 95°C for 15 seconds,
followed by 40 cycles of amplification at 95°C for 5 seconds, 58°C
for 10 seconds, and 72°C for 15 seconds, and finally by a meltingcurve analysis step at 56°C for 15 seconds. For analysis, quantitative
amounts of gene of interest were standardized against the housekeeping gene ␤-actin. The sequence of PGHS2 mRNA primers used
were as follows: forward, 5⬘-TTCAAATGAGATTGTGGGAAAATTGCT-3⬘; and reverse, 5⬘-AGATCATCTCTGCCTGAGT ATCTT-3⬘. The ␤-actin primers were as follows: forward, 5⬘-AAGAGAGGCATCCTCACCCT-3⬘; and reverse, 5⬘-TACATGGCTGGGGTGTTGAA-5⬘. As negative controls, preparations lacking RNA
or reverse transcriptase were used. RNAs from at least 3 independent
biological replicates were assayed in triplicate. The RNA levels were
expressed as a ratio, using the ⌬⌬CT method for comparing relative
expression results between treatments in real-time PCR. In preliminary
validation experiments, the efficiency of the PCR amplification reaction was determined for both target and control (housekeeping) genes,
using a dilution series of cDNA and the average amplification approach as previously described (29, 30).
The CT values were plotted against cDNA input and efficiency calculated from the slope of the linear regression line according to the equation E ⫽ 10(⫺1/slope). The calculated amplification efficiencies were 1.96 ⫾ 0.01 for CRH-R1, 1.98 ⫾ 0.02
for PGHS2, 2.07 ⫾ 0.02 for 18S, and 1.99 ⫾ 0.01 for ␤-actin,
with R2 greater than 0.988 for all PCRs. In parallel experiments
the linearity of the PCR amplification of all targets and control
genes was confirmed by using a series of 5-log dilutions of the
cDNA template (1:5–1:50 000) from both untreated and treated
cells. The analytical specificity of the PCR reactions and ability
to detect the appropriate target sequence rather than nonspecific
targets was determined in house via either in silico specificity
screen by using BLAST nucleic acid database searches from the
National Centre for Biotechnology Information, or agar gel electrophoresis of PCR products that demonstrated the absence of
amplification of additional nonspecific DNA fragments (data
not shown). The identity of amplified DNA was confirmed by
direct sequencing in an automated DNA sequencer, and the sequence data were analyzed using Blast nucleic acid database
searches from the National Centre for Biotechnology
Information.

CRH-R1 gene silencing
Knockdown of CRH-R1 was performed on cells at 60% confluency cultured in 6-well plates, using oligonucleotides probes
according to the manufacturer’s protocols. Three separate 21nucleotide siRNA probes annealing to nucleotide sequences
1428 –1448, 1934 –954, and 1125–1145, respectively (final concentration 0.05 M) were individually mixed with 3 L Lipofectamine 2000 (Invitrogen) and transfected into myocytes. A
negative siRNA with no homology to any known gene sequence
was used as a control. After 4 hours the transfection medium was
replaced by fresh culture medium and cells were incubated for
further 48h and then the efficacy of CRH-R1 knockdown was
assessed by quantitative RT-PCR as described above. Cell toxicity effects were monitored by the CellTiter 96 AQueous One
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Solution cell proliferation assay [3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt; Promega]; in a typical transfection experiment, cell
viability was greater than 80% (data not shown).

Western blot analysis and confocal microscopy
Proteins from cell lysates were separated on a 10% sodium
dodecyl sulfate-polyacrylamide gel and transferred to a polyvinylidene difluoride filter. The filter was then blocked in Trisbuffered saline (TBS) containing 0.1% Tween 20 and 5% milk
(wt/vol), for 1 hour at room temperature. After a brief wash with
TBS-0.1% Tween 20, the polyvinylidene difluoride membranes
were incubated with primary antisera. The primary antibody for
PGHS2 and p65 Ser536 was used at a 1:1000 dilution in TBS0.1% Tween 20 at room temperature for 1 hour. Anti-GAPDH
was used in 1:40 000 dilution in TBS-0.1% Tween 20 at room
temperature for 1 hour. The filters were washed thoroughly for
30 minutes with TBS-0.1% Tween 20 before incubation with the
appropriate secondary antibody-horseradish peroxidase (1:
2000) for 1 hour at room temperature and further washing for
30 minutes with TBS-0.1% Tween 20. Antibody complexes were
visualized using the enhanced chemiluminescence reagent. In
some experiments, nuclear extracts were prepared from myocytes by using the nuclear extract kit and following the manufacturer’s instructions (Active Motif). Expression of p65 and
TATA-binding protein (TBP) was determined by Western blotting using overnight incubation at 4°C with a selective antibody
(1:100 and 1:500, respectively). Potential contamination of the
nuclear extract with cytoplasmic proteins was assessed by Western blotting of ␤-tubulin using overnight incubation at 4°C with
a selective antibody (1:500). For confocal microscopy, myocytes
were grown on polylysine-treated glass coverslips, and p65 immunoreactivity was detected as previously described (26).

Statistical analysis
Data are shown as the means ⫾ SEM of each measurement.
Data were tested for homogeneity, and comparison between
group means was performed by 1- or 2-way ANOVA. P ⬍ .05
was considered significant.

Results
Expression profiling of CRH-R1 and PGHS2 mRNA
in laboring myometrium associated with fetal
membrane infection
In agreement with previous studies (26, 31), real-time
RT-PCR experiments in myometrial term tissue samples
obtained from patients in labor (n ⫽ 10), demonstrated
increased expression of both CRH-R1 and PGHS2 mRNAs compared with myometrium obtained from nonlaboring patients (n ⫽ 12) (Figure 1A). Interestingly, in the
cohort of patients tested, there was a close correlation in
the mRNA expression levels, and patients with the highest
CRH-R1 mRNA exhibited parallel very high PGHS2
mRNA expression levels (Figure 1A, inset). Both leukocyte and macrophages were identified in all laboring biopsies examined, whereas the nonlaboring myometrial bi-
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Figure 1. Myometrial CRH-R1 and PGHS2 mRNA expression and inflammatory cell infiltration levels in relation to progression toward the onset of
labor (A and B) or in infection-associated labor (C). Relative expression was determined in myometrial tissues obtained from pregnant women
undergoing elective cesarean section for nonmaternal problems at term before (n ⫽ 12) or during the onset of labor (n ⫽ 10) or pathological cases
of choriamnionitis-associated term labor (n ⫽ 5). For real-time quantitative RT-PCR (A and C) experiments, Taqman (Applied Biosystems) probes
and specific primers for CRH-R1 and the Roche LightCycler (Roche Molecular Biochemicals) for PGHS2 mRNA determination were used. RNAs from
at least 3 independent biological replicates were assayed in triplicate. The RNA levels were expressed as a ratio, using the ␦-␦ method for
comparing relative expression in real-time PCR. Results are expressed as the group’s mean ⫾ SEM of relative RNA expression normalized against
the relevant reference gene, 18sRNA (for CRH-R1) or ␤-actin (for PGHS2). *, P ⬍ .05 compared with term nonlaboring (A) or laboring without
infection (C). The mean results of nonlaboring term myometrium (A) or laboring term myometrium without infection (C) were arbitrarily assigned
the value 1. TL, term laboring; TL-CHO, term laboring with chorioamnionitis; TNL, term nonlaboring. Inset, Individual CRH-R1 and PGHS2 mRNA
expression levels in TL myometria in relation to the group’s mean. Connecting lines identify results from the same patient. B, Inflammatory
(leukocyte, macrophage) cell density using antibodies against CD45 or CD68 was determined in biopsies before or after the onset of labor. The
background is hematoxylin counterstain. The antigen was localized using 1 mg/mL diaminobenzidene tetrahydrochloride (DAB), which appears as
a brown end product. Sections were then counterstained with Harris hematoxylin (Sigma). After immunohistochemistry, the number of
inflammatory cells were identified by histological analysis and was quantified in 10 randomly selected high power fields (⫻400 objective
magnification). The median density of positive cells for each specimen was calculated. Representative images are shown. The data represent the
mean ⫾ SEM of 3 estimations from 10 patients. *, P ⬍ .05 compared with nonlaboring myometrium. Scale bar, 50 m.

opsies exhibited very little or no staining for the specific
antigens CD45 and CD68 (Figure 1B). Formal comparison of cell numbers in 10 biopsies per group showed that
total leukocyte and macrophage density was substantially
greater in laboring vs nonlaboring biopsies.
The presence of chorioamnionitis during labor, a condition previously known to alter CRH and CRH-R expression in fetal-maternal tissues and myometrial PGHS2
expression (32, 33), was associated with a further increase
in the expression of both mRNAs in the laboring myometrium (Figure 1C).
Effects of CRH on p65 activation and
transcriptional regulation of PGHS2 expression
It has previously been shown that NF-B is a key regulator of myometrial PGHS2 and CRH-R1 mRNA expression, up-regulated in response to proinflammatory
signals such as IL-1␤ (26, 34, 35). Potential direct effects
of CRH on myometrial NF-B activation were next investigated by monitoring p65 (RelA) nuclear localization

with confocal microscopy in primary smooth muscle cells
prepared from term myometrial samples from nonlaboring patients. These experiments showed that in untreated
cells, p65 immunoreactivity was primarily found in the
cytoplasm and nuclear staining was minimal (Figure 2A,
top). Exposure of myometrial cells to CRH (100 nM) for
up to 1 hour failed to stimulate nuclear translocation dynamics of p65. We next investigated whether CRH was
able to modify activated p65 nuclear translocation after
IL-1␤ stimulation. As previously shown (26), IL-1␤ (1 ng/
mL) treatment of primary myocytes for 30 minutes induced a robust increase in p65 translocation to the nucleus. This effect was evident for at least 60 minutes,
although p65 nuclear signal in the confocal images appeared reduced compared with 30 minutes immunostaining signal. Qualitative inspection of cells simultaneously
treated with IL-1␤ and CRH suggested an amplified p65
nuclear retention (Figure 2A, bottom). Immunodetection
of p65 signal in nuclear extracts was also used to provide
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Figure 2. Role of CRH on basal and IL-1␤-induced NF-B activation in term nonlaboring myometrial cells. Primary cells were isolated from
myometrial tissues obtained from pregnant women undergoing elective cesarean section for nonmaternal problems at term before the onset of
labor. Cells were treated with CRH (100 nM) alone or with IL-1␤ (1 ng/mL) for various time intervals (0 –120 minutes). A, p65 (RelA) nuclear
translocation was monitored by indirect immunofluorescence confocal microscopy as described in Materials and Methods. White arrows indicate
examples of increased p65 nuclear signal. In some experiments (panels B–D), p65 was detected by immunoblotting in nuclear cell extracts from
cells treated with IL-1␤ (1 ng/mL) alone or in combination with CRH (100 nM). The TBP protein was used as a loading control. In some experiments
(panel D), cells were treated with different concentrations of CRH (0.5–500 nM) for 0 –120 minutes. Representative images (panels A) or Western
blots (panel B) are shown. The data represent the mean ⫾ SEM of 3 estimations from at least 5 patients. *, P ⬍ .05 compared with basal
(untreated); ⫹, P ⬍ .05 compared with IL-1␤ alone. Scale bar, 20 m.

a quantitative assessment of these effects (Figure 2B); in
untreated cells, nuclear p65 immunoreactivity was almost
undetectable and substantially increased after IL-1␤ treatment. After 60 minutes of stimulation, significantly more
p65 was retained in the nucleus when myocytes were simultaneously treated with IL-1␤ (1 ng/mL) and 100 nM
CRH compared with IL-1␤ alone. A detailed investigation
of the temporal characteristics of the p65 signal in nuclear
extracts from myocytes treated with either IL-1␤ alone or
IL-1␤ with CRH for 10 –120 minutes demonstrated that at
early time points (10 –20 minutes), CRH delayed p65 nuclear translocation, and although it did not alter maximum nuclear localization (achieved at 30 minutes), it significantly prolonged the amount of p65 retained in the
nucleus for up to 2 hours (Figure 2C). Both early inhibitory
and potentiating effects of CRH were dose dependent and
were detectable at concentrations greater than 10 nM and
reached maximum at similar agonist concentrations
around 100 nM (Figure 2D). This concentration range is
significantly higher than circulating CRH levels during
pregnancy; however, CRH is also produced by the human
myometrial cells (36), and therefore, it is possible that the

local CRH concentrations of the myometrial microenvironment are within the concentration range experimentally tested.
Because phosphorylation of p65 at the specific phosphoacceptor residues including serine 536 is an important
modification for subsequent NF-B transcriptional activity (37), we investigated CRH effects on basal and IL-1␤induced phosphorylation of p65. Although CRH had no
effect on p65 S356 phosphorylation (Figure 3A), IL-1␤
treatment of myometrial cells led to a robust phosphorylation of p65 within 15 minutes. IL-1␤-induced phosphop65 was primarily localized in the cytoplasm, although
some immunoreactivity was also detected in the nuclear
fraction. Investigation of the temporal characteristics of
p65 phosphorylation at S536 in whole-cell extracts from
cells treated with IL-1␤ revealed detectable phospho-p65
signal after 2 and 4 hours, although the immunoreactive
signal was reduced by 50%– 60% compared with 15 minutes signal (Figure 3B). The presence of CRH significantly
reduced by 40%–50% IL-1␤ effects on early (15 minutes)
p65 phosphorylation levels and increased by 30% the
amount of phosphorylated p65 present at the 2-hour time
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Figure 3. Role of CRH on IL-1␤-induced p65 phosphorylation at Ser536 in term nonlaboring myometrial cells. Primary cells were isolated from
myometrial tissues obtained from pregnant women undergoing elective cesarean section for nonmaternal problems at term before the onset of
labor. Cells were treated with CRH (100 nM) or IL-1␤ (1 ng/mL) or both for various time intervals (15 or 120 minutes); p65 S536 phosphorylation
was monitored in nuclear or cytosolic fractions (A) or total cell extracts (B) by immunoblotting using specific antibodies as described in Materials
and Methods. Total p65 was detected by immunoblotting. The nuclear protein TBP-protein was used as a loading control, and ␤-tubulin was used
as a marker of cytoplasmic protein contamination. Representative Western blots are shown. The data represent the mean ⫾ SEM of 3 estimations
from at least 5 patients. *, P ⬍ .05 compared with basal (untreated); ⫹, P ⬍ .05 compared with IL-1␤ alone.

point (Figure 3B), suggesting prolonged activation. In contrast, there was no difference in p65 phosphorylation at
S536 after 4 hours of stimulation with either IL-1␤ or
IL-1␤⫹CRH.
The effects of CRH on p65 nuclear localization and
S536 phosphorylation prompted us to investigate the impact on the temporal characteristics of IL-1␤ regulation of
myometrial PGHS2 expression. In agreement with previous studies (26), quantitative RT-PCR and indirect immunofluorescent confocal microscopy confirmed that
treatment of myocytes with IL-1␤ (1 ng/mL) for 18 hours
led to a substantial up-regulation of PGHS2 mRNA and
protein, evident by the substantial increase of PGHS2 intracellular immunofluorescent signal (Figure 4A). PGHS2
immunoreactivity was primarily cytoplasmic, although
IL-1␤ treatment induced strong PGHS2 staining in the
perinuclear region. This pattern of localization has been
previously reported in various types of cells (38) and appears to be important for PG synthesis. Short treatment of
cells with 100 nM of CRH for 1–2 hours attenuated basal
and IL-1␤-stimulated PGHS2 mRNA by 50% (Figure 4B).
Similar inhibitory actions were observed in PGHS2 protein levels, although the CRH effect was modest (25%
reduction) (Figure 4B, right). In contrast, prolonged exposure of cells to 100 nM CRH for 6 –18 hours had no
effect on basal PGHS2 mRNA expression (data not
shown), although simultaneous stimulation of cells with
CRH and IL-1␤ revealed a strong potentiating effect on
IL-1␤-induced PGHS2 expression by 60%–90% (Figure
4C). Moreover, this effect did not require simultaneous
activation of CRH and IL-1␤ signaling pathways because
priming of myocytes by pretreatment with 100 nM CRH
for 20 hours before stimulation with IL-1␤ also led to
enhanced IL-1␤ responses (Figure 4C).

CRH-R subtypes and signaling molecules mediating
CRH effects on transcriptional regulation of PGHS2
expression
To identify the specific CRH-R subtype(s) that mediate
CRH effects, myocytes were pretreated with specific
CRH-R1 nonpeptide antagonist NBI 27914 and the
CRH-R2 antagonists antisauvagine 30 and K41498. Both
CRH-R1 antagonists substantially impaired the earlyphase inhibitory action of CRH (Figure 5A, left) as well as
the potentiating effects on PGHS2 mRNA expression after
prolonged exposure to IL-1␤ (Figure 5A, right). In contrast, neither antisauvagine 30 nor K41498 treatment affected CRH actions, suggesting that CRH-R1 is the primary receptor subtype involved in the regulation of
myometrial PGHS2 mRNA expression. To confirm these
findings, a complementary approach was used to knock
down CRH-R1 expression by overexpression of siRNA
oligonucleotide duplexes into cultured myometrial cells.
In transfected cells there was a 60%– 80% reduction in
CRH-R1 mRNA expression 48 hours after transfection
(data not shown), and CRH effects on IL-1␤-induced
PGHS2 protein expression were substantially impaired
(Figure 5B), confirming involvement of CRH-R1.
Because myometrial CRH-R1s are coupled to the
cAMP/PKA signaling cascade, the role of this pathway on
CRH/IL-1␤ interactions was further investigated. Under
conditions of PKA inhibition (induced by cell treatment
with the selective PKA inhibitor, 14-22 amide myristoylated), CRH was unable to attenuate the early-phase stimulation of PGHS2 mRNA by IL-1␤ (Figure 5C, left). However, PKA inhibition had no effect on the CRH
potentiating effects on PGHS2 mRNA expression during
the prolonged exposure to IL-1␤ (Figure 5C, right).
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Figure 4. Regulation of PGHS2 expression by IL-1␤ and CRH in human term nonlaboring myometrial cells. Primary cells were isolated from
myometrial tissues obtained from pregnant women undergoing elective cesarean section for nonmaternal problems at term before the onset of
labor. Subsequently cells were treated with IL-1␤ (1 ng/mL) for 18 hours (A), and PGHS2 mRNA levels were determined by real-time quantitative
RT-PCR. Relative mRNA expression levels were normalized against ␤-actin mRNA. Data are expressed as mean values ⫾ SEM of 3 estimations from
at least 4 patients. *, P ⬍ 0.05 compared with basal (untreated) values. PGHS2 protein expression was also determined by immunoblotting (inset)
in cell extracts and cellular distribution by indirect confocal microscopy using Alexa-Fluor 594 secondary antibody (red). White arrows indicate
examples of perinuclear staining. GAPDH was used as a protein loading control. Similar results were obtained in 4 independent cell preparations.
Individual groups of cells were identically processed, and the microscope settings were identical throughout. In some experiments (B), cells were
stimulated with 100 nM CRH, IL-1␤ (1 ng/mL), or both for 2 hours, and PGHS2 mRNA and protein were determined by quantitative RT-PCR or
Western blotting. Alternatively, PGHS2 mRNA expression was determined in cells stimulated with IL-1␤ (1 ng/mL), with or without 100 nM CRH,
for 6 –24 hours or in cells pretreated with CRH for 20 hours before stimulation with IL-1␤ (1 ng/mL) for 6 –24 hours (CRH/⬎ IL-1␤) (C). The data
represent the mean ⫾ SEM of 3 estimations from 5 independent primary cell preparations. *, P ⬍ .05 compared with basal (untreated); ⫹, P ⬍
.05 compared with IL-1␤ alone.

CRH-R regulation of PGHS2 expression in laboring
myometrium
The onset of labor alters the CRH-R1 pattern of expression and ability to activate the cAMP/PKA cascade
(23, 26, 39). Therefore, we explored the possibility that in
laboring myocytes, CRH exerts distinct effects on PGHS2
expression. In primary myometrial cultures prepared from
laboring tissue, IL-1␤ was significantly more potent in
stimulating PGHS2 mRNA expression compared with
nonlaboring myocytes (Figure 6A). Investigating CRH/
IL-1␤ interactions in laboring myocytes identified important differences in PGHS2 responses: although potentiating actions on IL-1␤ effects were still present, CRH
exhibited very small nonsignificant inhibitory effects during the early phase of IL-1␤-induced PGHS2 mRNA expression (Figure 6B). Similar results were obtained when
myometrial explants from nonlaboring and laboring myometrium were used (26) and treated with IL-1␤ alone or
with CRH for either 2 or 6 hours (Figure 6C). Interestingly, myometrial explants from pathological cases of

choriamnionitis-associated term labor demonstrated exaggerated PGHS2 mRNA responses to IL-1␤ but diminished effects of CRH (Figure 6D) compared with term
laboring explants.

Discussion
Mediators of sterile inflammatory responses are emerging
as important components of the pathophysiological mechanisms controlling myometrial contractile machinery (1,
2, 5). In agreement with this, we found that laboring myometrium is characterized by increased expression of
PGHS2 and parallel increases in CRH-R1 expression, a
receptor thought to be involved in the regulation of myometrial inflammatory responses. Further increases in expression levels were observed in myometria from infection
(chorioamnionitis)-complicated labor, suggesting responses to peripartum proinflammatory phenomena.
However, the appropriate interpretation of these data is

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 08 January 2014. at 08:08 For personal use only. No other uses without permission. . All rights reserved.

2872

Markovic et al

CRH Regulates Myometrial PGHS2

J Clin Endocrinol Metab, July 2013, 98(7):2864 –2875

Figure 5. CRH-R subtypes and PKA involved in regulation of IL-1␤-induced PGHS2 expression in human term nonlaboring myometrial cells.
Primary cells were isolated from myometrial tissues obtained from pregnant women at term before the onset of labor. Subsequently, cells were
pretreated with specific CRH-R antagonists for 1–2 hours (A), specific CRH-R1 siRNA oligonucleotide probes as described in Materials and Methods
(B), or the specific PKA inhibitor peptide 14-22 amide (myristoylated) (1 M for 1 hour). Subsequently, cells were treated with IL-1␤ (1 ng/mL)
alone or with 100 nM CRH for the indicated time period, and PGHS2 mRNA and protein levels were determined by real-time quantitative RT-PCR
or immunoblotting. Relative mRNA expression levels were normalized against ␤-actin mRNA and GAPDH was used as a protein loading control.
Data are expressed as mean values ⫾ SEM of 3 estimations from at least 4 patients and are presented as a percentage change of maximum CRH
effect on IL-1␤-induced PGHS2 mRNA (inhibitory at 2 hours or potentiating at 18 hours)(A) or a percentage change of maximum IL-1␤ effect on
PGHS2 protein (B) or mRNA (C). *, P ⬍ 0.05 compared with control (no inhibitor) (A) or IL-1␤ alone (B and C) values; ⫹, P ⬍ .05 compared with
IL-1␤ alone.

complicated by the finding that labor is associated with
increased levels of mononuclear inflammatory cells present in myometrium such as leukocytes and macrophages,
cells known to express CRH-R and inflammatory machinery, raising the possibility that the observed differences
could be related to the relative amounts of invading inflammatory cells. We also investigated the potential of
CRH to modulate inflammatory signaling cascades and
downstream expression of inflammation-sensitive contraction-associated proteins in isolated primary myometrial cells. Inflammatory molecules such as IL-1␤ are detected in myocytes and autocrine or paracrine stimulation
by proinflammatory cytokines leads to the up-regulation
of PGHS2 expression and downstream prostaglandin synthesis prior to parturition (12).
The first novel finding is that CRH was unable to directly activate the NF-B cascade. This is in agreement
with previous studies that failed to detect a role for CRH

in the control of proinflammatory cytokine and prostaglandin expression in human pregnant myometrium (22,
40). Despite the inability to induce basal p65 phosphorylation at S536 and nuclear translocation, CRH altered
the temporal characteristics of p65 activation (phosphorylation) and nuclear translocation and retention, exerting
actions that initially delayed IL-1␤ induced early p65 nuclear entry at 10 –20 minutes and enhanced p65 retention
in the nucleus during prolonged IL-1␤ stimulation. In parallel, CRH altered the profile of IL-1␤ induced S536 phosphorylation of p65. Alterations in the temporal dynamics
and patterns of oscillations in the p65 nuclear content are
a key mechanism that controls duration, intensity, and
selectivity of downstream biological responses (41). This
modification appeared to have important functional consequences for NF-B-mediated transcriptional activity of
IL-1␤ and in particular in the regulation of myometrial
PGHS2 expression.
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molecules required for contraction (ie,
oxytocin receptor and connexin 43)
does not change, suggesting that the
early stages of IL-1␤ action promote an
intermediate cellular phenotype between the quiescent and activated states
and a cellular environment favorable for
myometrial cell contraction.
Our results implicate CRH in this
process and suggest important, albeit
indirect, roles that possibly allow
myometrial cells to adapt to increasing
activity of inflammatory cytokines
that induce expression of PGHS2 expression, which represents a major
step toward myometrial prostaglandin formation. In fact, PGHS2 expression is not the only enzyme regulated
by IL-1␤, which appears to target the
myometrial prostaglandin biosynthetic pathways by stimulating the expression of cytosolic phospholipase A2
and cytosolic PGE synthases (cPGES
or PGES-1), enzymes whose expression has been found to increase in human myometrium with the onset of laFigure 6. Effect of CRH on IL-1␤-induced regulation of PGHS2 expression in human term
bor (34). The observed dual acute
nonlaboring and laboring myometrial cells. Primary cells were isolated from myometrial tissues
inhibitory-late enhancing action of
obtained from pregnant women at term before or after the onset of labor (A and B). In some
experiments myometrial explants were prepared as described in Materials and Methods from
CRH on IL-1␤-induced PGHS2 exterm nonlaboring or laboring biopsies with or without chorioamnionitis (C and D). Cells or
pression might allow the controlled inexplants were stimulated with IL-1␤ (1 ng/mL) alone or with 100 nM CRH for the indicated time
crease in PGHS2 expression because
period, and PGHS2 mRNA levels were determined by real-time quantitative RT-PCR. Data are
expressed as mean values ⫾ SEM of 3 estimations from at least 3 patients and are presented as
the uterus is preparing for the onset of
fold increase above basal (A–D). *, P ⬍ 0.05 compared with IL-1␤ alone (B–D) values; ⫹, P ⬍ .05
labor to prevent uncontrolled exprescompared with nonlaboring (A).
sion, especially in the presence of active proinflammatory signals. It
CRH actions on IL-1␤-induced p65 nuclear entry mirshould be noted that the pattern of placental CRH secretion
rored effects on PGHS2 expression by attenuating early acsuggests that because the myometrium is exposed to increastivation of PGHS2 mRNA and protein expression and acting
ing levels of CRH at the end of pregnancy, this is most likely
in a complementary fashion to enhance later IL-1␤ transcripassociated with persistent activation of CRH-R1. Hence, the
tional effects through activation of CRH-R1. At present, the
short term (inhibitory) effects of CRH might represent a
relationship between the temporal control of IL-1␤-induced
nuclear p65 entry and functional consequences for develop- more transient response, possibly relevant only during the
ment of a myometrial acute inflammation gene expression myometrial priming before the onset of labor when the
signature is not well understood. It is conceivable that this cAMP/PKA pathway is still active. Our studies on isolated
switch to a procontractile phenotype is critical for cells ability cells and explants from laboring myometrium suggest that
to respond to hormonal signals and mechanical forces. In during active labor, the inhibitory actions of CRH are abolvitro studies identified at least 198 transcriptional targets of ished, whereas the potentiating effects of CRH are still intact
IL-1␤ in myometrial cells that are rapidly up-regulated and enhance IL-1␤ effects. By up-regulating myometrial
within 1 hour of IL-1␤ exposure (42). These include tran- CRH-R1 expression (26), IL-1␤ can further augment these
scription factors such as NF-B and inflammatory response interactions through development of a positive feedback
genes, up-regulation of chemokines, and synthesis of pros- loop.
These observations identified a crucial role for PKA for
taglandins and extracellular matrix remodeling signaling
molecules. However, during this stage, expression of key guiding signaling direction of CRH toward attenuation of
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early-phase IL-1␤ induction of PGHS2 mRNA and might
involve the association of myometrial p65 (RelA) with
PKAc␣ (as well as IB␣) through an interaction that regulates the phosphorylation of p65 as previously suggested
(43). This association might control the p65 active-inactive state until the cell is exposed to p65-activating stimuli
such as IL-1␤. Interestingly, recent reports suggest a positive regulation of myometrial PGHS2 expression via
cAMP-driven but PKA-independent pathways (16), which
highlights the complexity of the signaling pathways involved in the transcriptional control of PGHS2. We have
previously shown that myometrial CRH-R immunoreactivity is localized in discrete microdomains (26); therefore,
it is likely that the spatial characteristics and local availability of appropriate components of the signaling machinery such as PKA would determine signal propagation
and overall cellular responses. After the onset of labor,
CRH-inhibitory effects are diminished to promote enhanced activity of IL-1␤ on PGHS2 expression, this might
be directly relevant to the reduced particulate type II PKA
expression and activity observed in laboring myometrium
(44), although altered patterns of CRH-R subtype expression and G-proteins activation associated with the onset of
labor (45) might also play a contributing role. Such molecular interactions might contribute in the exaggerated
responses that increase CRH-R1 mRNA expression in
choriamnionitis-associated pathological myometrium.
The presence of infection such as in cases of chorioamnionitis appears to increase CRH-R1 and CRH expression
in other fetomaternal tissues (32). Hence, although clinical
studies such as the Extremely Low Gestational Age Newborns study reported reduced placental CRH expression
in inflammation, increased receptor expression might increase tissue sensitivity and contribute to the development
of the local inflammatory phenomena, especially during
active labor.
In conclusion, although CRH does not exert direct effects on myometrial NF-B activation, it acts via the
CRH-R1 to play complex modulatory roles on IL-1␤-mediated actions by altering the temporal dynamics of p65
phosphorylation, nuclear localization, and transcriptional regulation of downstream targets such as PGHS2.
The physiological significance of these actions is not well
understood; the actions of CRH might be important for
priming and preparing the myometrium for the onset of
labor by regulating cell adaptation to increasing activity of
inflammatory cytokines, and switch to a procontractile
phenotype with increased responsiveness to hormonal signals and mechanical forces.
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