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During	pregnancy,	the	muscular	layer	of	the	uterine	wall	known	as	the	myo-
metrium,	which	is	composed	mainly	of	smooth	muscle	cells,	is	maintained	
in	a	state	of	relative	quiescence.	A	switch	from	myometrial	quiescence	to	
myometrial	activation	is	required	to	establish	uterine	contractions	dur-
ing	labor.	Researchers	have	long	been	perplexed	by	the	fact	that	the	major	
prostaglandin	produced	by	the	uterus	just	prior	to	labor,	prostacyclin,	is	
a	smooth	muscle	relaxant.	In	this	issue	of	the	JCI,	Fetalvero	et	al.	provide	
data	that	they	propose	explains	this	paradox,	at	least	in	part	(see	the	related	
article,	doi:10.1172/JCI33800).	The	authors	examined	uterine	tissue	from	
pregnant	women	near	term	and	found	that	prostacyclin	stimulation,	which	
raises	cAMP	levels	that	were	previously	thought	to	affect	only	myometrial	
quiescence,	can	promote	myometrial	activation	over	time	by	increasing	the	
expression	of	a	select	group	of	proteins	thought	to	be	indicative	of	a	uterine	
contractile	state.

For human childbirth to proceed in an effi-
cient and timely fashion, there has to be at 
least one process whereby the periodicity 
and strength of laboring uterine contrac-
tions are discretely regulated. Although our 
understanding of the minutiae of uterine 
signaling mechanisms remains rather rudi-
mentary, pregnancy is now often described 
as  a  quiescent  state  that  must  therefore 
become activated. This has focused atten-
tion on 2 issues: how myometrial relaxant 
signaling pathways, principally those medi-
ated by adenylyl cyclase/cAMP/PKA signal-
ing (1), might be switched off, and how con-
traction-associated signaling pathways may 
be switched on. Proinflammatory cytokine 
stimulation linked to prostaglandin produc-
tion is often suggested to be a contributor to 
the latter (2, 3). The study by Fetalvero et al. 
reported in this issue of the JCI introduces 
more complexity to these considerations: 
these authors offer the radical notion that 
uterine production of  the prostaglandin 
prostacyclin,  previously  widely  held  as  a 

smooth muscle relaxant, actually increases 
expression  of  procontractile  factors  in  a 
cAMP/PKA-dependent manner (4).

Prostacyclin as a myometrial 
stimulant
In their current study, Fetalvero et al. pur-
sued the possibility that prostacyclin may 
stimulate procontractile transcriptional/
translational  events  in  human  myome-
trium, buoyed by  long-known data sug-
gesting that prostacyclin may be the most 
abundant  myometrial  prostaglandin 
increased  with  pregnancy  and/or  labor 
(ref. 4 and references therein). The authors 
used organ-cultured human uterine  tis-
sue strips obtained from pregnant women 
undergoing  Caesarean  delivery  prior  to 
the onset of natural labor or passaged cells 
cultured from human uterine tissue. Fol-
lowing  incubation  with  or  without  the 
synthetic prostacyclin analog and human 
prostacyclin  receptor  (hIP)  agonist  ilo-
prost, or a hIP antagonist, they measured 
the degree of contractions induced by the 
uterine smooth muscle contractant oxyto-
cin as well as specific myometrial gene and 
protein changes. The authors concluded 
that hIP activation upregulates the expres-
sion of smooth muscle myosin heavy chain 
isoform 2 (SM2-MHC), h-caldesmon, cal-
ponin, and a-SMA as well as the gap junc-
tional protein connexin 43 and that this 
upregulation was indeed controlled by a 

hIP-mediated cAMP/PKA signaling axis. 
Furthermore, they suggest that this regula-
tion results in enhanced myometrial tissue 
responsiveness to the major in vivo uterine 
smooth muscle contractant, oxytocin.

Prostacyclin signaling  
via cAMP and PKA
The findings of the current study and bold 
claims made by the authors (4) will gener-
ate considerable interest and scrutiny, as 
they will likely be viewed by many as con-
tentious. The major conundrum surround-
ing the data reported in this study, with 
respect to the mechanistic implications for 
uterine contraction, regards the authors’ 
proposition that stimulation of a cAMP/
PKA-dependent signaling pathway, almost 
universally regarded as having a prorelax-
ant effect on the myometrium, may actually 
have the countereffect of eventually facili-
tating myometrial contraction. An issue 
key to the current study is how myometrial 
hIP/PKA signaling may effect changes in 
the expression of SM2-MHC, h-caldesmon, 
calponin, a-SMA, and connexin 43. How-
ever, cAMP elevation instigates a wide vari-
ety of transcriptional events in many cells 
and tissue types, including myometrium 
(5). Given the pleiotropic nature of such 
cAMP-mediated regulation, one wonders 
whether  other  receptor-coupled  stimuli 
(e.g., β-adrenergic agonists, prostaglandin 
E2, etc.) or pharmacological agents (e.g., 
forskolin) will elicit the same outcomes as 
outlined here by Fetalvero et al. (4). Simi-
larly,  the expression of a wide variety of 
proteins would be expected to be changed 
by procedures that raise cAMP, not just the 
few focused on in the current study. In this 
regard, it will be crucial in future studies to 
determine any specific impact of prostacy-
clin that is separate from the influence of 
other cAMP stimulants.

Some additional concerns will also have 
to be addressed in future investigations. 
The present study is heavily reliant on the 
use of hIP pharmacological agonists and 
antagonists (4), yet no data are provided 
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regarding  hIP  expression  in  the  uterine 
samples used, and little is known regarding 
hIP expression in uterine tissues in general 
(6). Therefore, there is a need to revisit the 
issues of how, when, and where a rise in 
prostacyclin expression occurs. Given the 
reportedly short half-life of prostacyclin, 
are the major sites of prostacyclin produc-
tion (which include the amnion, decidua, 
and endothelial cells) likely to affect a suf-
ficient number of distant, hIP-expressing 
myometrial cells? This is a question we need 

to consider when discussing any endocrine/
paracrine/autocrine agent suggested to be 
an in vivo myometrial stimulant, including 
the proinflammatory agents suggested by 
many others to be procontractile (2, 3).

Furthermore,  although  the  authors 
report that hIP stimulation with iloprost 
induced an enhanced contractile response 
to oxytocin,  they did not  investigate the 
effect of iloprost on spontaneous contrac-
tility, and the sensitivity to oxytocin was not 
examined (4). It would also be interesting to 

determine in these model systems whether 
hIP  stimulation  alters  the  expression  of 
alternative isoforms of myosin heavy chain, 
actin, and caldesmon that may predomi-
nate in nonmuscle cells. We also must not 
overlook the fact that h-caldesmon and cal-
ponin, referred to by the authors as contrac-
tile proteins, have been previously reported 
to  exert  inhibitory  effects  on  actomyosin 
interaction — the system of actin and myo-
sin filaments responsible for muscle cell 
contraction (7, 8).

Figure 1
Possible pathways of prostacyclin-mediated stimulation of cAMP and myometrial activation. Receptor-coupled Gas stimulation of myometrial 
adenylyl cyclase (AC) activity raises intracellular cAMP levels. Prostacyclin, or hIP agonist iloprost, act via this route. cAMP is traditionally thought 
to set in operation a cascade involving activation of PKA bound to anchoring proteins (e.g., AKAP79), release of PKA catalytic subunits (C) 
from regulatory RIIβ subunits (R), and subsequent phosphorylation of intracellular proteins that effect myometrial relaxation and quiescence. 
An additional longer-term effect of Gas-dependent cAMP elevation is promotion of the expression of genes encoding proteins with relaxant 
influences. Normally, Gas stimulation of cAMP levels would alter gene expression via nuclear PKA (possibly bound to AKAP95) stimulation and 
subsequent activation of cAMP-dependent transcription factors, such as CREB and CREM. The report by Fetalvero et al. in this issue of the 
JCI (4) challenges the latter theory by suggesting that the Gas-coupled receptor hIP actually induces, by raising cAMP levels, the positive tran-
scription of genes encoding several proteins that are more associated with uterine activation prior to labor: SM2-MHC, h-caldesmon, a-SMA, 
calponin, and connexin 43 (Cx43). It remains to be determined whether hIP alteration of myometrial expression of these genes occurs via the 
cAMP-dependent transcription factors CREB and CREM. An alternative possibility may be for hIP (and other stimuli that raise cAMP levels) to 
activate another class of cAMP-responsive transducing molecules known as exchange proteins directly activated by cAMP (EPACs). Their role 
in human myometrium, and myometrial prostacyclin-dependent signaling pathways, remains to be resolved.
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Prostacyclin signaling via cAMP-
dependent transcription factors
In uterine cells, PKA-mediated transcrip-
tional  events  involve  phosphorylation 
and activation of the transcription factors 
cAMP response element–binding protein 
(CREB) and/or cAMP response element–
modulator protein (CREM) that then bind 
to cAMP response elements in particular 
genes (Figure 1 and refs. 5, 9). Receptor-
coupled stimulation of Gas,  the subunit 
coupled to hIP, elicits  this response, yet 
myometrial Gas levels are downregulated 
at term (10). So will hIP stimulation enact 
transcriptional  changes  via  Gas/PKA-
dependent CREB and/or CREM phosphor-
ylation (Figure 1)? If so, how can it be that 
the same control points in this signaling 
pathway exert different outcomes in terms 
of the ability to increase the expression of 
proteins that promote contraction as well 
as  the expression of  those proteins  that 
may effect relaxation?

Clinical relevance of the new data
Based on the data presented in their study, 
Fetalvero et al. (4) speculate that that their 
observations have important implications 
with respect to our understanding of myo-
metrial activation, and hence clinical tri-
als of prostacyclin-based therapeutics in 
pregnancy are warranted because they may 
lead to better strategies to induce labor or 
prevent preterm labor  (PTL). PTL  is  the 
most serious pregnancy complication in 
developed  countries  and  an  important 
precedent of chronic disability. However,  
the  authors’  suggestion  is  premature 
for several reasons. First, PTL rates have 
remained  resistant  to  broadly  effective 
clinical intervention (11). This is evidence 
enough  to  caution  against  new  clinical 
trials when we know insufficient details 
about uterine mechanisms of prostacyclin 
action. Second, the reported outcomes of 
previous trials of tocolysis — the delay or 
inhibition of labor during the birth process 
— with β-adrenergic agonists (agents that 
raise cAMP levels) are pertinent (12). Mul-
tiple studies have shown that β-adrenergic 
agents were efficacious in reducing uterine 
contractions and prolonging gestation for 
48–72 hours, but without improvement in 
newborn outcomes, and these drugs have 
largely been abandoned because of serious, 
potentially fatal maternal and fetal/neona-
tal side effects (13). There was no evidence 
of uterine activation, and women receiv-
ing full therapeutic doses of β-adrenergic 
drugs had no greater chance of early deliv-

ery than did those who received the placebo 
treatment. This suggests that stimulation 
of the adenylyl cyclase/cAMP/PKA signal-
ing system in vivo, at least by β-adrenergic 
stimulation of cAMP, does not cause uter-
ine activation.

Multiple control points  
of myometrial adenylyl  
cyclase/cAMP/PKA signaling
These  issues  aside,  the  theory  that  a 
straightforward  inversion  between  qui-
escent and activating signaling pathways 
controls  the  onset  and  maintenance  of 
uterine laboring contractility is likely to be 
an oversimplification. A generally emerging 
notion is that regulation of spatiotemporal 
signal transduction dynamics is an impor-
tant means of cellular information process-
ing and transfer. Such spatiotemporal phe-
nomena are likely to add functionality to 
cell information processing by enabling sig-
nals to be encoded in frequency, amplitude, 
and space. This can occur rapidly (in milli-
seconds) or slowly (e.g., circadian responses 
over 24 hours) and within a single cell and 
between cellular systems (14–17). Further-
more, spatiotemporal signaling diversity 
can arise at a single-cell or intercellular level 
with a bewildering complexity for cAMP-
based systems (18): the dynamics of cAMP 
production, maintenance, and localization 
can be determined by Gas abundance (10); 
by adenylyl cyclase isoforms (1); by PKA 
regulatory and catalytic binding partners, 
for example, A kinase–anchoring protein 
79 (AKAP79) and AKAP95 (19, 20); and by 
phosphodiesterase isoform expression (21). 
Finally, it is emerging in a number of cel-
lular contexts that another class of cAMP-
interacting  proteins,  exchange  proteins 
activated by cAMP (EPACs), can control 
diverse signaling processes (18, 22). There-
fore, their role in the myometrium needs to 
be elucidated.

We favor the concept that uterine prepa-
ration for labor consists of a plethora of 
signaling pathways, within and between 
cells  and  with  distinct  spatiotemporal 
dynamics, being remodeled in parallel. The 
coordinated uterine contractions will arise 
when — with facilitation from extraneous 
stimuli of the uteroplacental environment 
— enough procontractile pathways enter 
a  spatial and temporal phase with each 
other. It is a notion we describe as modu-
lar  accumulating  physiological  systems 
(MAPS).  This  modularity  may  underlie 
the difficulty one has achieving sufficient 
tocolysis once labor has begun. Processes 

once viewed as system redundancy might, 
in the context of the human uterus, actu-
ally be evidence of the robustness of a fit-
for-purpose system, in this case labor (23). 
It is unclear whether the data reported by 
Fetalvero et al.  (4) supports this  idea or 
merely alludes to it, but there are 2 final 
curiosities to note: first, there are a num-
ber of CREB and/or CREM isoforms with 
different gene transactivation/repressor 
actions in the myometrium that are also 
differentially regulated with pregnancy (9); 
and second, the promoter regions of genes 
encoding  the  archetypal  procontractile 
proteins — connexin 43 and the oxytocin 
receptor  —  contain  cAMP  response  ele-
ments (9). Is it possible that the particular 
spatiotemporal mode of myometrial cAMP 
stimulation will predetermine a range of 
outcomes in the same cell, tissue, or organ? 
Will  hIP/PKA  coupling  to  downstream 
transcription factors be another form of 
MAPS  leading  to  parturition?  The  jury 
remains in deliberation. The work reported  
here by Fetalvero et al.  reminds us  that 
signal transduction control of the uterus 
operates at many more levels of regulation 
and interaction than is often considered.
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Uterine DCs are essential for pregnancy
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Successful	embryo	implantation	requires	complex	interactions	between	
the	uterus	and	embryo,	including	the	establishment	of	maternal	immuno-
logic	tolerance	of	fetal	material.	The	maternal-fetal	interface	is	dynamically	
populated	by	a	wide	variety	of	innate	immune	cells;	however,	the	relevance	
of	uterine	DCs	(uDCs)	within	the	decidua	to	the	success	of	implantation	
has	remained	unclear.	In	this	issue	of	the	JCI,	Plaks	et	al.	show,	in	a	trans-
genic	mouse	model,	that	uDCs	are	essential	for	pregnancy,	as	their	ablation	
results	in	a	failure	of	decidualization,	impaired	implantation,	and	embry-
onic	resorption	(see	the	related	article,	doi:10.1172/JCI36682).	Depletion	of	
uDCs	altered	decidual	angiogenesis,	suggesting	that	uDCs	contribute	to	suc-
cessful	implantation	via	their	effects	on	decidual	tissue	remodeling,	includ-
ing	angiogenesis,	and	independent	of	their	anticipated	role	in	the	establish-
ment	of	maternal-fetal	tolerance.

Nonstandard	abbreviations	used: DT, diphtheria 
toxin; sFLT1, soluble FMS-like tyrosine kinase 1; uDC, 
uterine DC; uNK cell, uterine NK cell.
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Placental viviparity, a mode of reproduc-
tion during which nutrients are supplied 
to the embryo directly from the mother via 
the placenta, poses a number of challenges. 
The first is the requirement for coordinated 
development of maternal and fetal tissue, 
while the second, in mammals, demands 
maternal  immunologic  tolerance  of  the 
fetus, which expresses foreign transplanta-
tion antigens. This latter requirement poses 
a  significant  immunological  challenge, 

because  mechanisms  of  graft  rejection 
need to be suppressed so as to avoid fetal 
loss, while at the same time, an adequate 
defense against pathogens must be main-
tained. Original proposals regarding how 
this balance is achieved suggested that the 
fetus is immunologically inert (1). But this 
contention was soon shown to be incorrect, 
and it is now appreciated that pregnancy 
involves complex immune regulation so as 
to prevent cytotoxic T cells from respond-
ing to fetal antigens, while simultaneously 
maintaining immunity at the maternal-fetal 
interface (1). In fact, early observations that 
the uterine environment is rich in hema-
topoietic growth factors/cytokines (whose 
expression in many cases is regulated by the 
ovarian sex steroid hormones 17β-estradiol 

and progesterone), coupled with the obser-
vation of the dynamic recruitment of diverse 
innate immune cells, led to the proposal 
that these immune cells play an important 
role in decidual and placental development 
(2, 3). Among the earliest growth factors 
expressed in the uterus are GM-CSF and 
CSF-1, which regulate the myeloid system 
(4, 5). Levels of CSF-1 synthesized by the 
uterine epithelium are elevated at the time 
of  implantation  and  continue  to  climb 
dramatically  throughout  the  process  of 
placentation (4). CSF-1 has been found in 
all mammalian species tested (3), and this 
growth factor is the major regulator of the 
mononuclear phagocytic lineage and con-
trols macrophage proliferation, migration, 
viability,  and  function as well  as having 
a significant role in DC development (6). 
Macrophages and DCs both accumulate 
after implantation around the decidua and 
in the uterus throughout pregnancy (7, 8). 
These antigen-presenting cells could be det-
rimental if they were to present fetal anti-
gens to T cells, so the prevailing view is that 
these antigen-presenting cells are trophic 
and/or tolerogenic (9).

Ablation of uterine DCs  
blocks decidualization
The study by Plaks et al. (7) in this issue of 
the JCI reports that uterine DCs (uDCs) are 


