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Background

The progression of pregnancy to term (> 37 weeks’) to allow optimal fetal development is
underpinned by a myriad of complex interconnected maternal and fetal processes. The spontaneous
initiation of labor, at any gestation, still remains incompletely understood. This area of research is
highly contentious due to the multitude of factors involved and although several theories have been
put forward to clarify the intricate molecular and cellular events that lead to the initiation of labor,
a single, conclusive pathway has yet to be determined.

Preterm birth (PTB) and it’s resulting lifelong complications remain a significant cause of neonatal
morbidity and mortality globally in children below the age of 5, with a consistent rise in cases
annually [1-3]. Although a definitive cause is identified in some women, specifically in instances
of infection [4], it is widely recognized that preterm labor (PTL) is considered to be a complex
‘syndrome’, which is influenced by several pathophysiological processes involving fetal, maternal,
and placental factors [5]. Tocolysis, a treatment to suppress uterine contractions, is only effective
in a small subset of cases [6]. In PTL, these drugs are utilized predominately to delay delivery in
order to facilitate the in-utero transfer of mothers to specialist tertiary centers or to allow for the
administration of magnesium sulphate and corticosteroids for fetal neuroprotection and accelerated
lung maturation [7-10]. Currently, there are no Food and Drug Administration approved tocolytic
drugs. Various unlicensed medications are used globally which target specific intracellular signaling
mechanisms involved in the regulation of myometrial contractility. Betamimetics, f-adrenorecept
or agonists, were widely used as tocolytic drugs following their study and research in the 1960s [11]
and continue to be administered worldwide, particularly in low- and middle-income countries due
to their cost effectiveness [12,13].

The human myometrium expresses 3 sub-types of the f-adrenergic receptor, §1-3, which are part
of the membrane-bound G protein-coupled receptor (GPCR) family [14]. Upon f-adrenoreceptor
agonist stimulation, subsequent downstream intracellular signaling events initiate cyclic AMP
(cAMP)-mediated protein kinase A (PKA) activation, which is a key pathway involved in myometrial
relaxation [15]. The catalytic subunit of PKA has been identified to phosphorylate crucial contractile
proteins, including myosin light chain kinase (MLCK), which prevents the subsequent fundamental
cross-bridging interaction of actin and myosin responsible for smooth muscle shortening, thus
hindering contractility [16-18]. Additionally, activated PKA inhibits the function of phospholipase C
(PLC), a key regulator in the mobilization of calcium, impeding the initiation of muscle contractions
[19]. The PKA-mediated phosphorylation of large-conductance Ca** activated potassium channels
(BK_), and ATP-sensitive channels (K, ) also promotes myometrial relaxation [20,21].
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Subcellular compartmentalization of cAMP into receptor-specific
cAMP nanodomains [22] explains how different hormones, which
act via cAMP, can induce specific cellular responses [23]. These
nanodomains have been characterized to be spatially distinct regions
within the cell, each independently regulated, ensuring precise
hormonal signaling events [24,25]. The significant advancements in
the use of Fluorescence Resonance Energy Transfer (FRET) imaging
and development of sophisticated biosensors have facilitated the
detailed investigation of cAMP concentrations in living cells, in
addition to the real-time kinetics and activity of individual molecules
involved in cAMP signaling [26-29]. Several FRET biosensors have
been produced to monitor cAMP signals or specifically analyze the
activity of the cAMP effectors, PKA and exchange factor activated by
cAMP (EPAC). The basic design of a FRET reporter encompasses a
cAMP sensor, with either a single protein domain or two interacting
protein domains which undergo conformational change upon
cAMP binding, and two fluorescent proteins (FPs) fused to the
probe, usually the cyan (donor fluorophore) and yellow (acceptor
fluorophore) emitting variants of the green fluorescent protein
(GFP) [30,31]. FRET efficiency relies strictly on the orientation
and distance between the fluorophores, which are altered by
changes in the conformation of the sensing domain upon cAMP
binding [30]. This sensitive technique is unmatched in its spatial
and temporal resolution, detecting discrete cAMP pools to be
nanometers apart [32]. The localized pools of cAMP activate PKA
embedded in macromolecular protein complexes or ‘signalosomes’
that are spatially confined at distinct subcellular sites, enabling
selective phosphorylation of local PKA targets [32]. The targeted
localization of these diverse, but highly integrated cAMP signaling
units is facilitated by the multi-scaffolding functionality of A-kinase
anchoring proteins (AKAPs) [33]. AKAPs mediate the direct
interactions between upstream signal transduction proteins, effectors,
downstream targets and also the regulatory enzymes associated
with each unit [34]. These tightly coupled compartmentalized
‘signalosomes’ have a unique function determined by the specific
combination of proteins they incorporate, such as GPCRs, adenylyl
cyclases (ACs), phosphatases, and protein kinases and are regulated
by a distinct subset of phosphodiesterases (PDEs), the enzyme that
degrade cAMP to AMP, switching off the signal [32].
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The generation of cAMP biosensors that localize to a specific
location via fusion with targeting domains has facilitated enhanced
mapping of the cellular organization of compartmentalized cAMP
networks, including the control mechanisms governing individual
cAMP signalosomes, and the physiological relevance of these
localized cAMP pools [32]. Recently, evidence has suggested that
disruption in the structural organization or location of these unique
cAMP-dependent signalosomes, or genetic variants of key cAMP
signaling components, are strongly associated with the development
of several pathological conditions such as cardiac arrhythmias,
cardiac failure, cancer, and certain neurological diseases [35-40].

New Insights into cAMP Compartmentalization in
Human Myometrial Cells

Critical alterations in the expression levels of key cAMP signaling
components and the cAMP effector system have been identified in
the human myometrium, specifically in the final common pathway
involved in the initiation of labor at term (as illustrated in Figure
1 below), which may be key to the regulation of uterine function

[41-43].

Similar changes have also been observed in PTL samples with
different phenotypes [43]. In particular in twin pregnancies
(T-PTL) and those complicated by chorioamnionitis (CA-PTL), a
decrease in PKAR, was observed, whilst an increase in PDE4B and
a reduction in AKAP79 protein levels were seen in CA-PTL [43].
Finally, an increase in EPAC1 protein occurred across all forms of
PTL [43]. The potential switch in cAMP effector predominance
observed in both early term and preterm twin labor with a reduction
in PKAR, and increase in EPAC1 was considered to be driving
the observed increased OTR expression promoting the onset of
labor [41,43]. These changes in the cAMP system in early term
labor and PTL, occurring as a result of stretch or inflammation,
provide potential therapeutic targets which could be modulated by
uterine selective drugs in the management of labor onset in these
clinical circumstances [43]. Moreover, these findings imply that
cAMP signaling may be compartmentalized in myometrial SMCs,
suggesting that therapeutic interventions could potentially be
targeted to individual domains, thus reducing unwanted side effects.
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Figure 1. A schematic depicting key changes in the cAMP signaling components and proposed mechanistic theory for cAAMP’s action during
pregnancy and at the onset of term labor. A potential switch in the cAMP effector system has been characterized whereby during pregnancy cAMP
acts via a PKA-dependent pathway promoting myometrial relaxation, whilst with the onset of labor it functions via EPACT driving oxytocin receptor

(OTR) expression and triggering a contractile response [41,43].
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A recent study used FRET imaging and genetically encoded
targeted ¢cAMP reporters in human primary myometrial cells
(HPMC:) to directly investigate the existence of spatially distinct
cAMP domains [44]. Uncovering the physiological mechanisms that
govern normal pregnancy is crucial in progressing to understand the
changes that occur in labor, both at term and, more importantly,
preterm. This study therefore focused specifically on myometrium
obtained from women who were not in labor at term. Prior to
this, there was no reliable technique to determine whether cAMP
signaling is in fact compartmentalized in the human myometrium.

The use of primary cells presents certain experimental challenges,
including limited cell availability and cell survival in culture [44]. In
view of this, a readily available A TERT myometrial cell line (WTERT-
HM) was investigated in addition to HPMCs [45]. Extensive
optimization studies were conducted initially using primary cells to
maximize the isolation of cells from each myometrial tissue biopsy.
Additionally, FRET imaging experiments confirmed phenotypic
changes in sub-cultured cells, validating the use of primary cells at

passage 0 only [46].

The FRET reporters were delivered to the cells using an adenoviral-
mediated infection process [47] and after confirming successful
expression and localization of the sensors in both cell types, a direct
comparison of the individual cell responses upon agonist stimulation
was conducted at two specific cellular compartments, the bulk
cytosol and the sub-plasmalemma domain [44]. Isoproterenol (ISO)
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and prostaglandin E2 (PGE2), which regulate myometrial relaxation
during pregnancy [48,49], were used as stimuli for cAMP elevation.

This study uncovered significant differences in the cAMP
signaling and PDE regulation between HPMCs and hTERT-HM
cells. Detection of cAMP elevation in the presence of a non-selective
PDE inhibitor, IBMX, clearly revealed distinct PDE-dependent
regulation of cAMP levels at the two subcellular compartments in
the hTERT-HM cells (Figure 2A) [44]. The cAMP pools generated
in the PGE2-stimulated hTERT-HM cells were found to be spatially
controlled by PDE-dependent degradation, specifically at the
plasmalemma [44]. This regulatory effect was less evident for the
cAMP signals triggered by B-AR stimulation [44]. In the HMPCs
however, the cAMP hydrolytic activity at the two subcellular sites
was found to be overall comparable for each agonist (Figure 2B)

[44].

A limitation of the " TERT-HM cell line used in this study is that
it was derived from myometrial tissue obtained from the anterior
wall of the uterine fundus of a non-pregnant woman, classified
as an upper segment sample [50]. The activity of PDEs during
pregnancy has been shown to be reduced compared to non-pregnant
myometrium, possibly due to higher levels of progesterone [51,52].
PDEs are crucial in the precise regulation of local cAAMP gradients
generated as they can be part of specific signalosomes, which are
localized to different subcellular sites via AKAPs and incorporate a
unique set of other signaling proteins [32]. Distinct PDE isoforms

IBMX (HPMCs)

Cytosol

Plasmalemma

Figure 2. Comparison of the cAMP response to IBMX in the hTERT-HM cells and HPMCs in the cytoplasm and plasmalemma following
agonist application. FRET-responses to IBMX (100 uM) applied following ISO or PGE2 treatment of hTERT-HM cells (A) or HPMCs (B) expressing the
Epac-SH'® sensor (blue) or AKAP79-CUTie sensor (pink). Values were calculated as the FRET change on application of IBMX relative to maximal FRET
change at saturation and are presented as mean + SEM. For hTERT-HM, each data point (circles) represents one cell (measurements from at least three
independent cultures). For HPMCs, each data point (squares) indicates average measurements from individual donors.

Experimental set up & FRET data analysis: Isolated HPMCs and hTERT-HM cells were seeded separately onto sterilized 15 mm borosilicate glass
coverslips. 4.5 x 107 virus particles of EPAC-S""®” or 3.8 x 107 virus particles of AKAP79-CUTie sensor were added to the culture medium of each
coverslip. The cells were used at 18-24 h for the EPAC-S""%7 sensor or 48 h for the AKAP79-CUTie sensor at approximately 40% confluency to facilitate
imaging of multiple cells per experiment, whilst ensuring for a region devoid of cells for background correction. Cells expressing the sensors were
excited at a wavelength of 436 nm * 10 nm and sensitized emission intensities were measured at 470 and 535 nm, respectively for YFP and CFP
emission. Emission signals were monitored in real-time. Ratio and FRET-changes were calculated on background corrected emission intensities.
These ratio or FRET-change values correlate to changes in intracellular cAMP concentration. Normalization to the maximal response generated by
forskolin (25 pM) allowed for comparison of the two FRET reporters.

Statistical analysis: Data distribution was determined using the Shapiro-Wilk test followed by a Mann-Whitney test. Statistical significance was set
at P < 0.05. Significance symbols: * = <0.05<p<0.01, ** = 0.01<p<0.001, *** = 0.001 < p < 0.0001, **** = p < 0.0001. Adapted from Varley et al,, 2023,
cells [44,46].
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have been found to preferentially modulate certain GPCRs,
dependent on the cellular stimulus, thereby spatially restricting local
cAMP concentrations [53]. For example, in neonatal rat ventricular
myocytes, PDE3 and PDE4 are localized to different regions within
the cell, with PDE4 specifically hydrolyzing cAMP pools induced by
B-adrenergic receptor activation [53].

In addition to the distinct PDE-mediated regulation of the cAMP
pools between the two cell types, the study also revealed striking
differences in the agonist-induced responses with considerably
different concentrations of agonist required to elicit a near to
half-maximal FRET response [44]. Specifically, substantial cAMP
responses were generated to PGE2 in the HPMCs in comparison
to the hTERT-HM cells, which were found to be more sensitive
to f-AR stimulation [44]. These findings suggest that the extent of
cAMP synthesis may differ between the two cell types, potentially as
a consequence of variations in EP receptor or f2-AR density.

Previous analyses of the gene expression profiles attained by a
cDNA microarray of three immortalized cell lines derived from term
pregnant human myometrium and their corresponding primary cells
found that several genes associated with prostaglandin synthesis were
downregulated in the cell lines [54]. Alterations in the expression
of key components of the prostaglandin pathway may influence EP
receptor responsiveness or certain EP receptor isoforms may have
a different aflinity for PGE2. This, in turn, could account for the
reduced PGE2-responses observed in the hTERT-HM cell line
used in this study. Of the four EP subtypes, EP1 and 3 induce the
IP3/calcium pathway through activation of PLC and inhibit AC,
whereas EP2 and 4 stimulate AC through coupling with GaS
promoting cAMP synthesis [55]. EP2 receptor expression has been
observed to be higher in pregnant myometrial tissue obtained from
the lower segment of the uterus with EP2 receptor specific agonists
generating a greater response compared to upper segment non-
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pregnant tissue where EP1 and EP3 are found to be predominantly
expressed [56,57]. Conversely, $2-AR expression was increased in
non-pregnant myometrial tissue with salbutamol more effectively
inhibiting contractions compared to pregnant samples in functional
studies [48,58]. Notable differences between the two cell types
emerged from the FRET imaging experiments which likely extend
beyond their physiological states (pregnant vs. non-pregnant) and
anatomical origin, and as such, should be acknowledged when using
myometrial cell lines as a model system.

Evidence for compartmentalization of cAMP in HPMCs was also
uncovered when optimized doses of each agonist were employed
[44]. Specifically, the two agonists were found to differentially affect
cach subcellular compartment, and the cAMP responses were shown
to be independent of each other [44]. Interestingly, significant inter-
patient variability in the cAMP response generated specifically to
isoproterenol was also observed [44]. This finding is in line with
contractility studies using different $2-AR stimulants on pregnant
myometrial tissue strips which elicited a wide range of responses
[59,60]. Potential explanations for this observation included
differences in receptor density expression across the tissues or altered
coupling with G-proteins or reduced AC activity, however this was
not investigated further [60].

As illustrated in Figure 3, striking differences were observed in
the kinetic profiles of the cAMP responses to each agonist in the
cytosol and at the sub-plasmalemma compartments, which further
confirmed the existence of compartmentalized cAMP handling in
HPMC:s [44]. In contrast to the sub-plasmalemma, where sustained
responses to each agonist were observed (data not shown), in the
bulk cytosol spontaneous oscillatory changes were seen, specifically
for PGE2-treated cells (see Figure 3B). These findings may be
attributed to a strong regulation of the cAMP pools generated within
this compartment by PDEs [44].

HPMCs

+ PGE2 30nM

FRET-change

0 20 &0 750 100 120 1500
time {sec)

Figure 3. Kinetics of cAMP changes measured in the cytosol of HPMCs in response to ISO or PGE2 application. Kinetics of FRET- change over
time, expressed as percent increase over basal values recorded in individual HPMCs expressing the cytosolic FRET sensor Epac-SH187 and stimulated
with (A) 1 UM ISO (n=26 cells, 7 patients) or (B) 30 nM PGE2 (n=28 cells, 6 patients). Same color lines indicate cells from the same patient. Prior to the
addition of each agonist, an initial stable baseline is established. Each pre-diluted agonist is applied evenly to the cell bathing solution. Adapted from

Varley et al., 2023, cells [44].
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Isoforms PDE4B2 and PDE4D are found to be most abundant
in the human myometrium with higher levels detected in term
pregnancy [61-63]. Both in non-pregnant and pregnant myometrial
cells, an upregulation in PDE4 expression and activity has been
observed with PGE2 treatment in a dose-dependent manner [64,65]
consistent with the findings of a strong coupling of PGE2 and PDEs
in the bulk cytosol of human myometrial cells, supported by these
FRET imaging experiments [44].

Implications and Future Research Opportunities

The compartmentalization of cAMP signaling in the human
myometrium has significant implications for our understanding of
uterine physiology during pregnancy and labor. Currently, there are
no effective medications capable of halting established labor once it
has commenced, regardless of gestational age. Therefore, uncovering
and defining the subcellular processes that regulate the onset of labor
is essential for developing novel therapeutic strategies in order to
facilitate the control of labor when medically required.

The pathophysiology of PTL is complex, consisting of a multi-
factorial syndrome characterized by premature myometrial activation
[5]. Infection is the only identifiable causal factor, but considerable
evidence has been presented for an upregulation of pro-inflammatory
pathways, hormonal shifts and mechanical stretch in augmenting
cervical ripening and driving labor onset with uterine contractility
[66,67]. The observed molecular switch in cAMP effector
predominance in both term labor and PTL complicated by twin
pregnancy may be a key process which determines the subsequent
pro-labor cellular phenotype, via an upregulation in OTR, and thus
contributes to the final common pathway of labor [41,43]. Further
detailed investigation into the protein composition of the cAMP
effector system within the specific, local subcellular environment, how
it is regulated and the changes which occur in their binding partners
with the onset of term labor is key to understanding the function of
cAMP in the human myometrium. Once this is clearly defined, it is
then possible to investigate the critical mechanistic changes which
occur when cAMP compartmentalization is disrupted secondary to
inflammation, infection, and/or hormonal dysregulation which are
key contributors in premature uterine activation resulting in PTL.

The utilization of cell-region specific FRET reporters has revealed
the presence of agonist-dependent compartmentalized cAMP pools
in both primary cells and an hTERT-HM cell line [44], providing an
opportunity for targeted therapeutic intervention. While so far only
two subcellular sites have been investigated, the bulk cytosol and
sub-plasmalemma regions, various alternative FRET cAMP sensors
have been developed which localize to other key subcellular domains,
including the nucleus, sarcoplasmic reticulum, and mitochondria
[68-70]. A-kinase activity (AKAR) reporters provide a direct
readout for cellular PKA activity and sophisticated constructs can
localize to distinct membrane domains, such as lipid rafts, allowing
interrogation of their regulation and interaction with PKA [71,72].
Exploring cAMP dynamics and PKA activity across multiple spatial
locations would refine our understanding of the complex network of
cAMP nanodomains underpinning myometrial physiology and their
role in the transition from uterine quiescence to contractility.

Additionally, alternative labor-associated signaling pathways
can be examined at distinct subcellular compartments using other
GPCR agonists to assess their effects on local cAMP pools and
how these change with the onset of labor. Further study is needed
to understand agonist-specific cAMP production and identify the

specific PDE isoforms that shape cAMP gradients in myometrial
cells. Recent advancements in cell-permeable peptide disruptors have
enabled the mapping of individual PDE-protein interactions within
cAMP signalosomes, allowing selective modulation of specific PDE
isoforms [73]. Characterizing the spatial and functional interactions
between PDE isoforms, cAMP effectors, AKAPs and key signaling
molecules is essential to determine how compartmentalized cAMP
signaling promotes uterine quiescence. Investigating how disruptions
in these interactions affect local cAMP signaling is also crucial
for understanding their role in driving a contractile phenotype,
particularly within the context of PTL.

Understanding the complexities of subcellular cAMP signaling
in the human myometrium could pave the way for highly targeted
therapeutic treatments. By achieving subcellular precision, this
therapeutic strategy will limit the disruption to systemic cAMP
function, minimizing side effects, improving drug efficacy and
safety, and effectively managing PTL.

References

1. Perin J, Mulick A, Yeung D, Villavicencio F, Lopez G, Strong KL, et
al. Global, regional, and national causes of under-5 mortality in
2000-19: an updated systematic analysis with implications for the
Sustainable Development Goals. Lancet Child Adolesc Health. 2022
Feb;6(2):106-15.

2. Walani SR. Global burden of preterm birth. Int J Gynaecol Obstet.
2020 Jul;150(1):31-3.

3. LiuL, Oza S, Hogan D, Chu Y, Perin J, Zhu J, et al. Global, regional,
and national causes of under-5 mortality in 2000-15: an updated
systematic analysis with implications for the Sustainable
Development Goals. Lancet. 2016 Dec 17;388(10063):3027-35.

4. Romero R, Gémez R, Chaiworapongsa T, Conoscenti G, Kim JC, Kim
YM. The role of infection in preterm labour and delivery. Paediatr
Perinat Epidemiol. 2001 Jul;15 Suppl 2:41-56.

5. Romero R, Dey SK, Fisher SJ. Preterm labor: one syndrome, many
causes. Science. 2014 Aug 15;345(6198):760-5.

6. Arrowsmith S, Kendrick A, Wray S. Drugs acting on the pregnant
uterus. Obstet Gynaecol Reprod Med. 2010 Aug;20(8):241-7.

7. Di Renzo GC, Al Saleh E, Mattei A, Koutras I, Clerici G. Use of
tocolytics: what is the benefit of gaining 48 hours for the fetus?
BJOG. 2006 Dec;113 Suppl 3:72-7.

8. Roberts D, Dalziel S. Antenatal corticosteroids for accelerating
fetal lung maturation for women at risk of preterm birth. Cochrane
Database Syst Rev. 2006 Jul 19;(3):CD004454.

9. Costantine MM, Weiner SJ; Eunice Kennedy Shriver National Institute
of Child Health and Human Development (NICHD) Maternal-Fetal
Medicine Units Network (MFMU). Effects of antenatal exposure to
magnesium sulfate on neuroprotection and mortality in preterm
infants: a meta-analysis. Obstet Gynecol. 2009 Aug;114(2 Pt 1):354-
64.

10. Labour P. Birth. NICE Guideline, No. 25. National Institute for Health
and Care Excellence, London. 2015.

11. Keirse MJ.The history of tocolysis. BJOG. 2003 Apr;110 Suppl 20:94-
7.

12. Vogel JP, Souza JP, Gllmezoglu AM, Mori R, Lumbiganon P, Qureshi
Z, et al. Use of antenatal corticosteroids and tocolytic drugs in
preterm births in 29 countries: an analysis of the WHO Multicountry
Survey on Maternal and Newborn Health. Lancet. 2014 Nov
22;384(9957):1869-77.

Cell Signal. 2026;4(1):98-104.

102



Citation: Varley A, Koschinski A, Johnson MR, Zaccolo M. Uncovering the existence of compartmentalized cAMP signals in the human myometrium.
Cell Signal. 2026;4(1):98-104.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

. Sebastian E, Bykersma C, Eggleston A, Eddy KE, Chim ST, Zahroh RI,

et al. Cost-effectiveness of antenatal corticosteroids and tocolytic
agents in the management of preterm birth: A systematic review.
EClinicalMedicine. 2022 Jun 3;49:101496.

. Pierce KL, Premont RT, Lefkowitz RJ. Seven-transmembrane

receptors. Nat Rev Mol Cell Biol. 2002 Sep;3(9):639-50.

. Bilbring E, Tomita T. Catecholamine action on smooth muscle.

Pharmacol Rev. 1987 Mar;39(1):49-96.

. Aguilar HN, Mitchell BF. Physiological pathways and molecular

mechanisms regulating uterine contractility. Hum Reprod Update.
2010 Nov-Dec;16(6):725-44.

. Stull JT, Tansey MG, Tang DC, Word RA, Kamm KE. Phosphorylation

of myosin light chain kinase: a cellular mechanism for Ca2+
desensitization. Mol Cell Biochem. 1993 Nov;127-128:229-37.

. Word RA, Stull JT, Casey ML, Kamm KE. Contractile elements and

myosin light chain phosphorylation in myometrial tissue from
nonpregnant and pregnant women. J Clin Invest. 1993 Jul;92(1):29-
37.

. Sanborn BM, Yue C, Wang W, Dodge KL. G protein signalling

pathways in myometrium: affecting the balance between
contraction and relaxation. Rev Reprod. 1998 Sep;3(3):196-205.

Pérez G, Toro L. Differential modulation of large-conductance KCa
channels by PKA in pregnant and nonpregnant myometrium. Am J
Physiol. 1994 May;266(5 Pt 1):C1459-63.

Meera P, Anwer K, Monga M, Oberti C, Stefani E, Toro L, et al. Relaxin
stimulates myometrial calcium-activated potassium channel
activity via protein kinase A. Am J Physiol. 1995 Aug;269(2 Pt
1):C312-7.

Brunton LL, Hayes JS, Mayer SE. Functional compartmentation of
cyclic AMP and protein kinase in heart. Adv Cyclic Nucleotide Res.
1981;14:391-7.

Demby A, Zaccolo M. Investigating G-protein coupled receptor
signalling with light-emitting biosensors. Front Physiol. 2024 Jan
8;14:1310197.

ZaccoloM, PozzanT. Discrete microdomains with high concentration
of cAMP in stimulated rat neonatal cardiac myocytes. Science. 2002
Mar 1;295(5560):1711-5.

Houslay MD. Underpinning compartmentalised cAMP signalling
through targeted cAMP breakdown. Trends Biochem Sci. 2010
Feb;35(2):91-100.

Adams SR, Harootunian AT, Buechler YJ, Taylor SS, Tsien RY.
Fluorescence ratio imaging of cyclic AMP in single cells. Nature.
1991 Feb 21;349(6311):694-7.

Zaccolo M, De Giorgi F, Cho CY, Feng L, Knapp T, Negulescu PA, et al.
A genetically encoded, fluorescent indicator for cyclic AMP in living
cells. Nat Cell Biol. 2000 Jan;2(1):25-9.

Calebiro D, Maiellaro I. cAMP signaling microdomains and their
observation by optical methods. Front Cell Neurosci. 2014 Oct
28;8:350.

Zaccolo M, Cesetti T, Di Benedetto G, Mongillo M, Lissandron V,
Terrin A, et al. Imaging the cCAMP-dependent signal transduction
pathway. Biochem Soc Trans. 2005 Dec;33(Pt 6):1323-6.

Gesellchen F, Stangherlin A, Surdo N, Terrin A, Zoccarato A, Zaccolo
M. Measuring spatiotemporal dynamics of cyclic AMP signaling
in real-time using FRET-based biosensors. Methods Mol Biol.
2011,746:297-316.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Koschinski A, Zaccolo M. Quantification and Comparison of Signals
Generated by Different FRET-Based cAMP Reporters. Methods Mol
Biol. 2019;1947:217-37.

Zaccolo M, Zerio A, Lobo MJ. Subcellular Organization of the cAMP
Signaling Pathway. Pharmacol Rev. 2021 Jan;73(1):278-309.

Greenwald EC, Saucerman JJ. Bigger, better, faster: principles
and models of AKAP anchoring protein signaling. J Cardiovasc
Pharmacol. 2011 Nov;58(5):462-9.

Torres-Quesada O, Mayrhofer JE, Stefan E. The many faces of
compartmentalized PKA signalosomes. Cell Signal. 2017 Sep;37:1-
11.

Zaccolo M. Spatial control of cAMP signalling in health and disease.
Curr Opin Pharmacol. 2011 Dec;11(6):649-55.

Suryavanshi SV, Jadhav SM, McConnell BK. Polymorphisms/
Mutations in A-Kinase Anchoring Proteins (AKAPs): Role in the
Cardiovascular System. J Cardiovasc Dev Dis. 2018 Jan 25;5(1):7.

Chen L, Marquardt ML, Tester DJ, Sampson KJ, Ackerman MJ, Kass
RS. Mutation of an A-kinase-anchoring protein causes long-QT
syndrome. Proc Natl Acad Sci U S A. 2007 Dec 26;104(52):20990-5.

Kammerer S, Burns-Hamuro LL, Ma Y, Hamon SC, Canaves JM, Shi
MM, et al. Amino acid variant in the kinase binding domain of
dual-specific A kinase-anchoring protein 2: a disease susceptibility
polymorphism. Proc Natl Acad Sci U S A. 2003 Apr 1;100(7):4066-71.

Wirtenberger M, Schmutzhard J, Hemminki K, Meindl A, Sutter
C, Schmutzler RK, et al. The functional genetic variant lle646Val
located in the kinase binding domain of the A-kinase anchoring
protein 10 is associated with familial breast cancer. Carcinogenesis.
2007 Feb;28(2):423-6.

Millar JK, Pickard BS, Mackie S, James R, Christie S, Buchanan
SR, et al. DISC1 and PDE4B are interacting genetic factors in
schizophrenia that regulate cAMP signaling. Science. 2005 Nov
18;310(5751):1187-91.

Yulia A, Singh N, Lei K, Sooranna SR, Johnson MR. Cyclic AMP
Effectors Regulate Myometrial Oxytocin Receptor Expression.
Endocrinology. 2016 Nov;157(11):4411-22.

MacDougall MW, Europe-Finner GN, Robson SC. Human myometrial
quiescence and activation during gestation and parturition involve
dramatic changes in expression and activity of particulate type Il
(RIl alpha) protein kinase A holoenzyme. J Clin Endocrinol Metab.
2003 May;88(5):2194-205.

Yulia A, Varley AJ, Singh N, Lei K, Tribe R, Johnson MR. Changes
in cAMP effector predominance are associated with increased
oxytocin receptor expression in twin but not infection-associated or
idiopathic preterm labour. PLoS One. 2020 Nov 30;15(11):e0240325.

Varley A, Koschinski A, Johnson MR, Zaccolo M. cAMP
Compartmentalisation in Human Myometrial Cells. Cells. 2023 Feb
24;12(5):718.

Nadeem L, Shynlova O, Matysiak-Zablocki E, Mesiano S, Dong X,
Lye S. Molecular evidence of functional progesterone withdrawal
in human myometrium. Nat Commun. 2016 May 25;7:11565.

Varley A. Myometrial cyclic AMP function. Doctoral dissertation,
Imperial College London; 2022.

Zaccolo M, editor. cAMP Signaling: Methods and Protocols. Totowa,
NJ: Humana Press; 2015.

Rouget C, Bardou M, Breuiller-Fouché M, Loustalot C, Qi H, Naline
E, et al. Beta3-adrenoceptor is the predominant beta-adrenoceptor
subtype in human myometrium and its expression is up-regulated
in pregnancy. J Clin Endocrinol Metab. 2005 Mar;90(3):1644-50.

Cell Signal. 2026;4(1):98-104.

103



Citation: Varley A, Koschinski A, Johnson MR, Zaccolo M. Uncovering the existence of compartmentalized cAMP signals in the human myometrium.
Cell Signal. 2026;4(1):98-104.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

Slater DM, Astle S, Woodcock N, Chivers JE, de Wit NC, Thornton S, et
al. Anti-inflammatory and relaxatory effects of prostaglandin E2 in
myometrial smooth muscle. Mol Hum Reprod. 2006 Feb;12(2):89-
97.

Condon J, Yin S, Mayhew B, Word RA, Wright WE, Shay JW, et al.
Telomerase immortalization of human myometrial cells. Biol
Reprod. 2002 Aug;67(2):506-14.

Kofinas AD, Rose JC, Meis PJ. Changes in cyclic adenosine
monophosphate-phosphodiesterase activity in nonpregnant
and pregnant human myometrium. Am J Obstet Gynecol. 1987
Sep;157(3):733-8.

Kofinas AD, Rose JC, Koritnik DR, Meis PJ. Progesterone and
estradiol concentrations in nonpregnant and pregnant human
myometrium. Effect of progesterone and estradiol on cyclic
adenosine monophosphate-phosphodiesterase activity. J Reprod
Med. 1990 Nov;35(11):1045-50.

Mongillo M, McSorley T, Evellin S, Sood A, Lissandron V, Terrin A, et
al. Fluorescence resonance energy transfer-based analysis of CAMP
dynamics in live neonatal rat cardiac myocytes reveals distinct
functions of compartmentalized phosphodiesterases. Circ Res.
2004 Jul 9;95(1):67-75.

Soloff MS, Jeng YJ, llies M, Soloff SL, Izban MG, Wood TG, et al.
Immortalization and characterization of human myometrial cells
from term-pregnant patients using a telomerase expression vector.
Mol Hum Reprod. 2004 Sep;10(9):685-95.

Asbéth G, Phaneuf S, Lopez Bernal AL. Prostaglandin E receptors in
myometrial cells. Acta Physiol Hung. 1997-1998;85(1):39-50.

Duckworth N, Marshall K, Clayton JK. An investigation of the effect
of the prostaglandin EP2 receptor agonist, butaprost, on the human
isolated myometrium from pregnant and non-pregnant women. J
Endocrinol. 2002 Feb;172(2):263-9.

Astle S, Thornton S, Slater DM. ldentification and localization
of prostaglandin E2 receptors in upper and lower segment
human myometrium during pregnancy. Mol Hum Reprod. 2005
Apr;11(4):279-87.

Chanrachakul B, Matharoo-Ball B, Turner A, Robinson G,
Broughton-Pipkin F, Arulkumaran S, et al. Reduced expression
of immunoreactive beta2-adrenergic receptor protein in
human myometrium with labor. J Clin Endocrinol Metab. 2003
Oct;88(10):4997-5001.

Sakakibara T, Inoue Y, Uzue S, Tsukamoto T, Kobayashi M, Kojima
M, et al. Diversity of inhibitory responses to beta2-stimulants
shown by term-pregnant human myometria in vitro is partly due
to differences in receptor density. Am J Obstet Gynecol. 2002
May;186(5):997-1004.

Story ME, Hall S, Ziccone SP, Paull JD. Effects of adrenaline,
isoprenaline and forskolin on pregnant human myometrial
preparations. Clin Exp Pharmacol Physiol. 1988 Sep;15(9):703-13.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Méhats C, Tanguy G, Paris B, Robert B, Pernin N, Ferré F, et al.
Pregnancy induces a modulation of the cAMP phosphodiesterase
4-conformers ratio in human myometrium: consequences for the
utero-relaxant effect of PDE4-selective inhibitors. J Pharmacol Exp
Ther. 2000 Feb;292(2):817-23.

Leroy MJ, Lugnier C, Merezak J, Tanguy G, Olivier S, Le Bec A, et
al. Isolation and characterization of the rolipram-sensitive cyclic
AMP-specific phosphodiesterase (type IV PDE) in human term
myometrium. Cell Signal. 1994 May;6(4):405-12.

Leroy MJ, Méhats C, Duc-Goiran P, Tanguy G, Robert B, Dallot E, et
al. Effect of pregnancy on PDE4 cAMP-specific phosphodiesterase
messenger ribonucleic acid expression in human myometrium. Cell
Signal. 1999 Jan;11(1):31-7.

Oger S, Méhats C, Dallot E, Ferré F, Leroy MJ. Interleukin-
1beta induces phosphodiesterase 4B2 expression in human
myometrial cells through a prostaglandin E2- and cyclic adenosine
3,5-monophosphate-dependent pathway. J Clin Endocrinol
Metab. 2002 Dec;87(12):5524-31.

Méhats C, Tanguy G, Dallot E, Cabrol D, Ferré F, Leroy MJ. Is up-
regulation of phosphodiesterase 4 activity by PGE2 involved in
the desensitization of beta-mimetics in late pregnancy human
myometrium? J Clin Endocrinol Metab. 2001 Nov;86(11):5358-65.

Norman JE, Bollapragada S, Yuan M, Nelson SM. Inflammatory
pathways in the mechanism of parturition. BMC Pregnancy
Childbirth. 2007 Jun 1;7 Suppl 1(Suppl 1):57.

Adams Waldorf KM, Singh N, Mohan AR, Young RC, Ngo L, Das A,
et al. Uterine overdistention induces preterm labor mediated by
inflammation: observations in pregnant women and nonhuman
primates. Am J Obstet Gynecol. 2015 Dec;213(6):830.e1-19.

Surdo NC, Berrera M, Koschinski A, Brescia M, Machado MR, Carr C,
etal. FRET biosensor uncovers cAMP nano-domains at 3-adrenergic
targets that dictate precise tuning of cardiac contractility. Nat
Commun. 2017 Apr 20;8:15031.

Bock A, Annibale P, Konrad C, Hannawacker A, Anton SE, Maiellaro
|, et al. Optical mapping of CAMP signaling at the nanometer scale.
Cell. 2020 Sep 17;182(6):1519-30.

Bers DM, Xiang YK, Zaccolo M. Whole-Cell cAMP and PKA Activity
are Epiphenomena, Nanodomain Signaling Matters. Physiology
(Bethesda). 2019 Jul 1;34(4):240-9.

Zhang J, Ma Y, Taylor SS, Tsien RY. Genetically encoded reporters of
protein kinase A activity reveal impact of substrate tethering. Proc
Natl Acad Sci U S A. 2001 Dec 18;98(26):14997-5002.

Depry C, Allen MD, Zhang J. Visualization of PKA activity in plasma
membrane microdomains. Mol Biosyst. 2011 Jan;7(1):52-8.

Blair CM, Baillie GS. Reshaping cAMP nanodomains through
targeted disruption of compartmentalised phosphodiesterase
signalosomes. Biochem Soc Trans. 2019 Oct 31;47(5):1405-14.

Cell Signal. 2026;4(1):98-104.

104



