
Hormonal signaling and signal pathway crosstalk in the control of
myometrial calcium dynamics

Barbara M. Sanborn, Ph.D.
Department of Biomedical Sciences, Colorado State University, Fort Collins, CO, 80523, USA

Abstract
Understanding the basis for the control of myometrial contractant and relaxant signaling pathways
is important to understanding how to manage myometrial contractions. Signaling pathways are
influenced by the level of expression of the signals and signal pathway components, the location of
these components in the appropriate subcellular environment, and covalent modification. Crosstalk
between these pathways regulates the effectiveness of signal transduction and represents an important
way by which hormones can regulate phenotype. This review deals primarily with signaling pathways
that control Ca2+ entry and intracellular release, as well as the interplay between these pathways.
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1. Introduction
Interest in understanding hormonal signaling in myometrium stems from a need to control
uterine contractile activity in pregnancy. Signaling pathways are influenced by the level of
expression of the signals and the respective signaling components, the location of these
signaling components in the appropriate subcellular environment, and covalent modification
(previously reviewed in [1–5]). Hormonal influences can alter one or more of these parameters.
Furthermore, more than one signaling pathway may be used to achieve the desired result, thus
providing redundancy that may be essential for propagation of the species but complicating
the assessment of the importance of any one pathway. This review summarizes what is currently
known about the signaling pathways that control myometrial Ca2+ entry and intracellular
release, as well as the interplay between these pathways.

2. Contractant and relaxant signaling pathways
2.1 Multiple pathways lead to effects on calcium homeostasis

Figure 1 depicts components involved in regulating Ca2+ homeostasis in the myometrium.
Intracellular Ca2+ concentrations [Ca2+]i increase as a result of Ca2+ entry through plasma
membrane cation channels and release from intracellular stores, primarily endoplasmic
reticulum (ER). Many uterine contractants stimulate plasma membrane G-protein-coupled
receptors (GPCRs) (see Table 1, López Bernal, 2007, this issue). These GPCRs, in turn,
stimulate trimeric GTP-binding proteins (G-proteins), such as GαqGβγ, that activate multiple
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pathways to generate intracellular signals. Some of these signaling molecules impact Ca2+

homeostasis directly, whereas others stimulate feedback loops or initiate crosstalk between
pathways that can be either positive or negative in nature and impact Ca2+ homeostasis
indirectly.

In a pathway used by a number of contractants, Gαq activates phospholipase Cβ (PLCβ)
isoforms, resulting in the hydrolysis of plasma membrane phosphatidylinositide (PI)
bisphosphate (PIP2) to produce inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG).
IP3 binds to endoplasmic reticulum (ER) IP3 receptors, stimulating an increase in release of
ER Ca2+ and a rise in [Ca2+]i. Other hormones signal through receptor tyrosine kinases, directly
activating PLCγ and generating the same downstream intracellular intermediates. Ca2+ is the
primary charge carrier in the myometrium and is responsible for stimulating the contractile
apparatus (see Taggart, 2007, this issue). Contractant hormones may indirectly stimulate a
change in membrane potential, thus triggering Ca2+ entry through voltage-operated ion
channels (VOC). In addition, the signals generated by PLC activation, i.e., IP3 and DAG,
stimulate other types of channels and contribute to capacitative/store-operated or receptor-
operated Ca2+ entry [6,7]. This type of Ca2+ entry will be broadly referred to here as signal-
regulated Ca2+ entry (SRCE); it is dependent on hormone-generated signals and is potentially
related to hormonal effects on contractile activity. The presence of this pathway in myometrium
has been documented [8–10], but its physiological importance is only now being investigated.

[Ca2+]i concentrations decrease as a result of the actions of the plasma membrane (PMCA)
and endoplasmic reticulum (SERCA) Ca2+-ATPases and Na/Ca2+ exchangers (NCX).
[Ca2+]i is also affected indirectly by mechanisms such as the activation of K+ channels that
hyperpolarize the cell and decrease VOC-mediated Ca2+ entry. These pathways are regulated
by [Ca2+]i itself, but also by components of relaxant and contractant signaling pathways.

2.2 Contractant and relaxant signaling pathways stimulate multiple downstream actions
Myometrial contractant signaling pathways that result from stimulation of specific receptors
are complex and bifurcate to influence many downstream pathways, as illustrated by the
following examples.

Oxytocin—The oxytocin GPCR (OTXR) couples to several G proteins (reviewed in [2,5]).
In rat myometrial cells and membranes, almost all oxytocin-stimulated increases in [Ca2+

i],
membrane GTPase and PLC activity were inhibited by anti-Gαq antibodies, suggesting that
this was the predominant signaling pathway. Nonetheless, OTXR can also activate Gαi and
can couple to Gαh to stimulate PLCδ. The relative importance of different G-protein pathways
in oxytocin signaling may vary between species and cell type. The DAG and IP3 produced in
response to OTXR activation each stimulate components of the SRCE mechanism. Oxytocin
also stimulates the TNFα-enhanced cyclic ADP-ribose (cADPR) pathway, leading to
intracellular Ca2+ release via RyR receptors [11,12].

Oxytocin stimulates additional downstream signaling pathways in myometrium, including
ERK1/2 phosphorylation [2,5]. This pathway is independent of effects on [Ca2+]i. The
sensitivity to pertussis toxin of oxytocin-mediated ERK stimulation in rat myometrium
suggests GαiGβγ-mediated activation. However, this inhibition by pertussis toxin is reversed
in human myometrial cells by a PKA inhibitor. This is inconsistent with covalent modification
of Gαi, and supports involvement of Gβγ derived from Gαq activation itself, which is known
to be inhibited by PKA [13]. This pathway requires the participation of the EGF receptor and
Ca2+. Truncation of the C-terminus of rat OTXR resulted in loss of the ability to stimulate ERK
phosphorylation but not pertussis toxin-sensitive increases in [Ca2+]i, suggesting that Gαi
coupling may activate a Ca2+ release/entry pathway independent of Gαq [14]. Recently, OTXR
signaling through GαiGβγ, resulting in enhanced production of cAMP, has been reported in

Sanborn Page 2

Semin Cell Dev Biol. Author manuscript; available in PMC 2008 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rat pregnant myometrium [15]. Other OTR-Gαi-linked pathways resulting in ERK activation
involve Src/EGR receptor and/or PLC/Src/PI3-kinase [16]. ERK activation plays a role in the
regulation on contractile activity (see Taggart, 2007, this issue).

ERK activation by oxytocin has also been linked to the stimulation of cyclooxygenase-2, PGF
synthase, cfos and RGS2 gene expression in myometrial cells [2,17–19]. Oxytocin also
increases total protein synthesis, as well as eukaryotic elongation factor 2 dephosphorylation,
in myometrial cells [20].

Prostaglandin F2α (PGF2α)—The uterus produces several prostaglandins and expresses
a number of prostaglandin receptors (reviewed in [4]). PGF2α binds to FP and TP receptors;
some differences in reported responses may be due to use of different signaling pathways by
these two receptor types. Prostaglandin receptors can be located on both plasma and nuclear
membranes and their location can change during gestation. PGF2α increases [Ca2+]i by
stimulating entry and release mechanisms in human myometrium [21,22], with a significant
dependence on extracellular Ca2+ [23]. PGF2α activates ERK through the SHC/SOS/Ras
pathway in rat myometrial cells via a Gβγ mediated mechanism [24].

EGF—The EGF receptor possesses tyrosine kinase activity and directly stimulates PLCγ by
tyrosine phosphorylation. In myometrium, this results in IP3 generation and an increase in
[Ca2+]i, consistent with intracellular Ca2+ release [25]. Activation of the EGF receptor has
been implicated in myometrial [Ca2+]i oscillations and also in OTXR signaling [13,26]. EGF
also activates the PI-3 kinase/Akt pathway in other tissues, synergizing with PLCγ activity in
mediating EGF effects [27]. EGF activation of ERK in myometrium is PKC-independent and
involves the conventional Ras pathway [28]. EGF has also been implicated in myometrial cell
proliferation in a pathway involving PKC and eicosanoids [29].

Relaxant signaling pathways—Myometrial relaxants such as β-adrenergic agents, CGRP
and relaxin stimulate GPCR-coupled pathways that activate Gαs which activates adenylyl
cyclase, generating cAMP and activating PKA. PKA is localized in various parts of the cell as
a result of interaction with A-Kinase-Anchoring Proteins (AKAPs). PKA-mediated
phosphorylations affect a number of the components regulating [Ca2+

i], as discussed in more
detail by López Bernal (2007, this issue). Another relaxant signaling pathway in the
myometrium is the nitric oxide (NO) guanylyl cyclase/cGMP/protein kinase G (PKG) pathway
also discussed in depth by López Bernal (2007, this issue).

Other signaling pathways—Another potentially important signaling pathway in
myometrium involves sphingosine kinase-1, which produces sphingosine-1-P. Endothelin-1
affects Rho-/Rho kinase-dependent pathways via activation of this pathway [30].

Ca2+ itself is an intracellular signal that influences the activity of a number of ion channels
and, through its effect on the Ca2+ binding protein calmodulin, can activate not only the
contractile apparatus through myosin light chain kinase activation (Taggart, 2007, this issue),
but also CaM kinases, calcineurin (protein phosphatase PP2B) and transcription factors such
as NFAT. Many of these potential Ca2+-dependent mechanisms have yet to be studied in detail
in the myometrium.

3. Proteins responsible for membrane calcium entry and exit pathways
3.1 Nifedipine-sensitive voltage-dependent channels

Entry of extracellular Ca2+ through L-type voltage-dependent Ca2+ channels is clearly
important for sustaining myometrial contractions (reviewed in [2,5,31]). The alpha1 subunit
(Cav1.1–1.4) contains the channel pore, voltage sensor and drug binding sites; beta, alpha2–
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delta and gamma subunits modulate channel activity [32]. The concentration of myometrial
Cav1.2 alpha and beta subunit mRNAs are expressed differentially in gestation and labor and
in longitudinal versus circular muscle [33–36]. Two Cav1.2 isoforms are generated by post-
translational processing; the longer form, reported to generate lower inward currents but to
contain the regulatory PKA phosphorylation site, predominates in late pregnant rat
myometrium [37]. The link between differential expression of L-type voltage-dependent
Ca2+ channel isoforms and myometrial function remains to be determined.

The role of L-type Ca2+ entry in myometrium has been assessed using agonists and channel
blockers. BAY K 8644, an L-type channel agonist, markedly increased the frequency but not
the amplitude of human pregnant myometrial contractions [38]. L-type channel blockers
reduced both spontaneous and stimulus-induced myometrial contractions [39,40]. Nifedipine
(5 nM) inhibited the amplitude of oxytocin-stimulated contractions with less effect on
frequency [41] and at μM concentrations completely eliminated contractile activity [42]. The
effect of nifedipine on human myometrial strips was more marked in term not-in-labor than in
term-labor specimens [43]. A significant proportion of oxytocin and PGF2α-induced
contractions and increases in [Ca2+]i in late pregnant guinea pig myometrium was attributed
to Ca2+entry inhibited by L-type Ca blockers [44], as was the response in pregnant rat
myometrial cell [45]. In contrast, no effect of nifedipine on oxytocin- stimulated increases in
[Ca2+]i was observed in nonpregnant human myometrial cells [46], and L-type blockers had
no effect on oxytocin-stimulated PI turnover [2,47].

Effects of contractants on myometrial membrane potential in relation to Ca2+entry are complex.
Oxytocin caused a slight depolarization in myometrial cells [48], suggestive of Ca2+entry, but
the mechanism was not established. In contrast, L- type current was inhibited by oxytocin in
pregnant rat myometrial cells [49]. In other smooth muscles, L-type channels can be stimulated
by GPCR pathways involving Gβγ, PI-3K and PKC [50]. Oxytocin has been implicated in the
opening of other cation channels (consistent with SRCE) and of Ca2+-activated Cl− channels
in myometrium, leading indirectly to depolarization and opening of voltage-dependent Ca2+

channels [51].

In pregnant guinea pig myometrium, PGF2α stimulated sustained depolarization and biphasic
increases in [Ca2+]i at mid to late-pregnancy; nifedipine inhibited most of the former but only
some of the latter [52]. Verapamil, an L-type channel inhibitor, significantly reduced PGF2α-
stimulated PI turnover in late pregnant human myometrium [2,47]. In apparent contrast to a
stimulation of Ca2+ entry, PGF2α has been reported to induce hyperpolarization in pregnant
human myometrium, which may involve effects on the Na/K ATPase [53].

3.2 T-type cation channels
Low voltage-activated T-type Ca2+ channels have been implicated in Ca2+ oscillations,
pacemaker activity and contractility in smooth muscle. Rat myometrium expresses T-type
channels Cav3.1 and 3.2 mRNA (multiple splice variants) in patterns that differ between
longitudinal and circular muscle and with stage of pregnancy [36,54].

T-type currents have been observed in human myometrial cells (reviewed in [55]). The
relatively specific T-type channel inhibitor mibefadril exhibited effects different from those of
nifedipine on human myometrial contractile activity [41] and on spontaneous and OT-
stimulated mid-pregnant goat myometrial contractions [56]. In contrast, mibefradil affected
rat myometrial cell contractile responses in a complex manner, suggesting effects on both
Ca2+ entry and intracellular release [57].
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3.3 Signal-regulated (capacitative) channels and other cation channels
Cells have additional mechanisms to allow Ca2+ entry. While, in the past, the focus was on the
properties of the currents or stimuli resulting in changes in [Ca2+]i (i.e., capacitative, receptor-
or store-operated, ICRAC, or non-selective cation currents, collectively termed SRCE here),
as more of the proteins have been cloned, the focus has shifted to the properties of particular
protein channel complexes. The TRP (transient receptor potential) channel superfamily is
comprised of the TRPM, TRPC, TRPV, TRPA, TRPP, TRPML, and TRPN subfamilies. A
number of the proteins in this family have been shown, in many different cell types, to
contribute to nonselective cation and Ca2+ entry in response to one or more signals [6,7,58].
To date, TRPC, TRPM and TRPV proteins have been implicated in smooth muscle Ca2+ entry
and responses to conditions such as hypoxia and stretch. TRPC channels are reported to
influence cell migration, growth and differentiation, depolarization and modulation of
membrane potential, slow wave activity and tone. The seven TRPC proteins (TRPC1-7) form
separate subgroups that assemble into homo- and heterotetramers; the properties of individual
channels are influenced by the nature of the subunits forming these tetramers. TRPC channels
respond to a variety of stimuli, including GPCR activation, IP3 receptor activation, DAG and
intracellular Ca2+ store depletion resulting from exposure to SERCA inhibitors.

Interest in the role of TRPs in myometrium stems largely from the fact that hormonal signals
play a role in stimulating this type of Ca2+ entry, thus raising the possibility that TRP channels
may have roles in mediating hormonal effects on uterine contractile activity. From Fig. 1, one
can see that several signals resulting from activation of GPCRs linked to PLC (e.g., IP3 and
DAG) could trigger SRCE in myometrium. IP3- and thapsigargin (SERCA inhibitor)-mediated
ER Ca2+ release in the absence of extracellular Ca2+ has been demonstrated in primary and
immortalized human myometrial cells [9,10] (Fig. 2A). Upon addition of extracellular Ca2+,
these treatments evoke Ca2+ entry of a magnitude not seen in the absence of either stimulus.
This entry is inhibited by SKF96365 and gadolinium, in concentrations relatively specific for
SRCE, but not by nifedipine. The diacylglycerol oleyl-acetyl-glycerol (OAG) also evokes
calcium entry in myometrial cells independent of the actions of PKC [59]. Therefore, all of the
major stimulants of SRCE attributed to TRPC channels have been observed in myometrium.
In addition, overexpression of TRPC3 in myometrial cells elicits enhanced Ca2+ entry in
response to oxytocin, thapsigargin and OAG [10]. In less direct studies, a verapamil-resistant
[Ca2+]i elevation consistent with oxytocin-induced SRCE was noted in human myometrial
cells [22]. Oxytocin also elicited a long-lasting nonselective cation current consistent with
SRCE in late pregnant rat myometrium [60]. Furthermore, the sustained phase of [Ca2+]i
elevation after PGF2α-induced contractions in pregnant guinea pig myometrium was not
affected by nifedipine [52], consistent with SRCE.

TRPC mRNA and protein have been detected in rat and human myometrium [9,61–63]. In
human myometrium and myometrial cells, the relative abundance of TRPC mRNAs is
TRPC1=TRPC4>TRPC6≫TRPC3>TRPC5>TRPC7 [63] (Fig. 2B). TRPC2 is a pseudogene
in humans. Interestingly, rat myometrium expresses predominantly hTRPC4 mRNA, although
all the other TrpCs except TrpC3 were also detected [62].

Expression of TRPC proteins may be regulated in ways that affect myometrial responsiveness.
One study reports no significant differences in TRPC1, TRPC3, TRPC4, TRPC6 or TRPC7
mRNAs between human not-in-labor and in-labor samples but significant increases in TRPC3,
TRPC4 and TRPC6 protein concentrations after the onset of labor [64]. In another study, fundal
myometrium TRPC4 mRNA decreased between not-in-labor and in-labor samples, with no
changes in the other TRPC mRNAs and no change in TRPC1, TRPC3, TRPC4, or TRPC6
membrane protein [63]. Only TRPC4 and TRPC5 mRNA and protein changed during gestation
in rat myometrium, decreasing after d13 [62]; no changes in TRPC mRNAs were seen with

Sanborn Page 5

Semin Cell Dev Biol. Author manuscript; available in PMC 2008 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



labor. Clearly, complex relationships exist between TRPC mRNA and protein expression in
myometrium that are yet to be fully understood.

To date, understanding of the functional role of TRPs in Ca2+ homeostasis and contraction has
come largely from other smooth muscle systems. Endothelial-dependent regulation of vascular
tone is altered in TrpC4−/− mice, whereas TrpC6 −/− mice exhibit increased vascular muscle
contractility attributable to upregulation of TrpC3 channels in these animals [65,66]. TRPCs
have been implicated as mechanosensors linked to PP2B/NFAT signaling pathways
responsible for gene activation [67]. In human myometrium, interleukin 1-β increased
exclusively TRPC3 protein, suggesting a possible role for this protein in labor [64]. Recently,
mechanical stretch of late pregnant human myometrial cells in culture has been found to
enhance basal and store-operated Ca2+ entry and inward currents, accompanied by increases
in TRPC3 and TRPC4 mRNA and TRPC3 protein [68]. This study provides additional evidence
that labor-associated events could alter the expression of TRPCs and enhance SRCE in labor.

Other mechanisms have been proposed for store-operated Ca2+ entry. One involves the Stim1
protein, which acts as an ER Ca2+ sensor and interacts with Orai1, a plasma membrane protein
implicated in Ca2+ entry [69,70]. Stim1 is reported to bind to TRPC1, TRPC2 and TRPC4 and
to stimulate TRPC1 channel activation [70]. Orai1 interacts with TRPC3 and TRPC6; low
concentrations of Orai1 enhance store-operated Ca2+ entry in cells overexpressing these
TRPCs, whereas high concentrations inhibit inward current Ca2+ entry, suggesting that Orai1
may act as a regulatory subunit of TRP channels [71]. Stim1 and Orai1 are expressed in human
myometrium (Fig. 2C), but their function there remains to be elucidated. An alternative store-
operated mechanism involves production of a Ca2+ influx factor, Ca-dependent phospholipase
A2 activation, and generation of lysophospholipids that activate store-operated channels [72];
this has not been studied in myometrium.

It is also very likely that, in addition to the channels discussed here, other types of cation entry
channels exist in myometrium. Clearly, this is an important area for future investigation.

3.4 Calcium pumps, exchangers and intracellular release channels
PMCAs, SERCAs and NCXs—The plasma membrane Ca2+ ATPase (PMCA) extrudes
Ca2+ from the cell, thus lowering [Ca2+]i (Fig. 1). PMCA has been detected in human
myometrium and expression is reported to increase in labor [73]. PMCA1b, 4a and 4b mRNA/
or protein are detectable in rat uterus [74]; there is significant expression of PMCA1 and
PMCA4b but not PMCA4a mRNA in human myometrial cells (Fig. 2C). Both PMCA4 and
NCX have been implicated in attenuation of depolarization-induced [Ca2+]i transients and
associated membrane currents in mouse and rat myometrial cells [75,76].

The ER Ca2+ ATPase (SERCA) is of critical importance in refilling the ER Ca2+ store (Fig.
1). SERCA isoforms 2a and 2b have been detected in myometrium; the refilling of the ER
Ca2+ store is essential for sustained myometrial contractions and plays an important role in
modulating myometrial intracellular [Ca2+]i (see Wray, 2007, this issue).

Ryanodine receptors and IP3Rs—Human myometrium expresses all 3 RyR mRNAs,
with RyR3 being the most abundant; expression is regulated during pregnancy [77,78] (see
also Wray 2007, this issue). Nonetheless, there are only variable reports of effects of ryanodine
or caffeine on myometrial [Ca2+]i and no evidence of Ca2+ sparks that would be indicative of
Ca2+ -induced Ca2+ release, suggesting an absence of productive coupling. However, RyR may
be important for establishing localized Ca2+ elevations in myometrial cells (Wray, 2007, this
issue). Human myometrium expresses IP3R1 and rat myometrium expresses IP3R1-3, which
presumably mediate IP3-stimulated Ca2+ release from the ER [77,78].

Sanborn Page 6

Semin Cell Dev Biol. Author manuscript; available in PMC 2008 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4. Crosstalk between contractant and relaxant pathways
There is significant potential for crosstalk between contractant and relaxant signaling pathways
in the systems described here. This crosstalk may regulate the effectiveness of a given pathway
as well as the subcellular localization of the signaling components themselves. This may be an
important way in which hormones regulate and fine tune the control of contractile activity at
various stages in gestation.

4.1 Pathway crosstalk at the level of GPCRs, G proteins and effectors
Both PKC, stimulated by contractant pathways, and PKA and PKG, stimulated by relaxant
pathways, exert effects on components of their own and other signaling pathways. PKA and
PKC phosphorylation can affect GPCR desensitization and recycling directly or indirectly. G-
proteins, RGS proteins and adenylyl cyclase isoforms are also phosphorylation targets (López
Bernal, 2007, this issue).

Further downstream in the Gαq pathway, PLCβ1 is phosphorylated and inhibited by PKC but
not PKA, PLCβ2 is phosphorylated and inhibited by PKA, and PLCβ3 is phosphorylated and
inhibited by PKA, PKC and PKG (reviewed in [2,5]). Notably, in addition to regulation by
negative crosstalk from the PKA and PKG pathways, the effect of PKC on PLCβ constitutes
potential negative feedback by the OTR pathway itself. Both PKCα and PKCδ have been
identified as downstream components of oxytocin receptor activation in pregnant human
myometrium [79]. In rat myometrium, PLCβ1, PLCβ2 and PLCβ3 increase at term [80]
whereas PLCβ2 was not detected in human myometrial cells [81]. Prelimnary data indicate
that phosphorylation of PLCβ3 on Ser1105 occurs in intact myometrial cells in response to both
activation of PKA and PKC pathways (Zhong and Sanborn, unpublished observations), raising
the possibility that rapid regulation of hormonal signaling responses impacts temporal
fluctuations in [Ca2+

i] and influences the pattern of contractile activity. A recent report
confirms the importance of the PKA inhibitory pathway in the regulation of myometrial PLC
and provides evidence for a Gβγ-mediated enhancement of this effect by oxytocin in pregnancy
[15].

Importantly, cAMP and cGMP are less potent inhibitors of contractile pathways at the end of
gestation. There are multiple reasons for this, ranging from changes in the ability to generate
and sustain the signals to changes in pathway component expression and in the sublocalization
of the signaling components. These are discussed in more detail elsewhere (England, 2007,
this issue; López Bernal, 2007, this issue).

4.2 Pathway crosstalk at the level of ion channels and calcium pumps
Calcium channels—Cav1.2a and 1.2b subunits are phosphorylated on comparable Ser
residues by CaMKII, PKA and PKC [82]. PKA-mediated phosphorylation shifts the Cav1
channel into a gating mode where its activation occurs under physiological conditions. Smooth
muscle Cav1.2b currents are inhibited by 8-Br-cGMP, while PKC has variable effects on
channel activity, ranging from activation to inhibition [32]. The divergent effects may depend
on the type of PKC, the specific channel splice variant expressed or phosphorylation of other
subunits. PKC elicited a stimulatory effect on L-type Ca2+ currents in pregnant rat myometrium
[83].

In other systems, the activity of T-type channels, particularly Cav3.2, which predominates in
myometrium, is modulated by Gβγ, PKA, PKG, PKC, CaMKII and tyrosine kinases [84].
Whether this type of regulation has functional significance in myometrium remains to be
determined. The role of covalent modification in TRP channel function is not fully understood
at present.
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Other channels—ATP-dependent, BKCa, small conductance (SK), voltage-gated (Kv) and
2-pore K+ channels that promote membrane repolarization are also regulated in part by the
action of kinases stimulated in Gαs, Gαq and Gβγ signaling pathways. All of these types of
K+ channels are expressed in myometrium and, in many cases, regulation is dependent on stage
of pregnancy (see England, 2007, this issue). Ca2+-activated Cl− channels are stimulated by
GPCR activation but inactivated by CaMKII; Ca2+-activated chloride inward currents have
been observed in myometrium (England, 2007, this issue).

Calcium pumps and exchangers—Potential phosphorylation sites for PKC and PKA
have been identified in all PMCAs. Phosphorylation of PMCA1b by PKA increased both
affinity for Ca2+ and catalytic activity, whereas phosphorylation by PKC increased maximal
activity. SERCA activity in smooth muscle can be enhanced by PKA-mediated inhibition of
the endogenous inhibitor phospholamban [85]. Whether similar effects pertain and have
functional significance in the myometrium remains to be determined. NCX has been reported
to be phosphorylated in smooth muscle, but there is no information on this regulation in
myometrium.

IP3 and ryanodine receptors—IP3R1 is phosphorylated by PKA, PKG, PKC, CaMKII,
ERK and tyrosine kinases with variable effects on Ca2+ release, but the effect of these signaling
pathways has not been studied extensively in myometrium. In myometrium and other smooth
muscle, IP3Rs are associated with a PKG substrate (IRAG); overexpression of IRAG
suppresses ER Ca2+ release, consistent with a relaxation mechanism [86]. While RyR2 is
phosphorylated by PKA, there is little information about phosphorylation of RyR3, which
predominates in myometrium.

4.3 Importance of subcellular localization
Many events involved in signal transduction are dependent on subcellular co-localization of
the components into microdomains and “signalplexes”. Some GPCRs, G-proteins, effectors,
PKA and PKC, PMCA and PIP2 have been localized to membrane lipid microdomains [87,
88]. Some TRPC proteins associate with caveolin-1, lipid rafts, Gαq/11, PLCs, IP3R and
scaffolding proteins [58,89,90]. L-type Ca channels exist in and are stimulated by a complex
containing the β2-adrenergic receptor, a G-protein, adenylyl cyclase, PKA and protein
phosphatase 2A [91]. PLCβ3 interacts with E3ARP, a protein that enhances GPCR stimulation
of PLC and with other scaffolding proteins [92]. The plasma membrane PKA anchoring protein
AKAP79 binds cell membranes via interaction with PIP2 and associates with GPCRs and other
scaffolding proteins [93]. AKAP79 also binds PKC and PP2B, thus facilitating localized
phosphorylation/dephosphorylation cycles. Besides influencing subcellular localization,
PIP2 can also influence activity of a number of signaling components affecting [Ca2+]i [94].
PMCA, NCX, KATP and other inward rectifier channels have been reported to be activated by
PIP2, whereas TRP and IP3R are inhibited [58,94].

Although estrogen has been reported to down-regulate caveolin and caveolae in rat
myometrium, caveolin concentrations increase in late pregnancy [95]. Caveolin may help
coordinate myometrial signaling pathways, as evidenced by the observation that a caveolin-1
peptide inhibits carbachol-stimulated myometrial contractions [96]. OTXR can exist in and
outside of membrane microdomains, and signaling to different pathways is determined by
location [97,98]. The inhibitory effect of PKA on PI turnover in myometrium is AKAP-
dependent [99]. The PKA/plasma membrane AKAP79 association decreases markedly near
term in rat myometrium, coincident with a decrease in inhibitory effects of cAMP on
contractant-stimulated PI turnover that occurs in the membrane [100]. Effects are significant
but less dramatic in human myometrium near or at term [101] (see also López Bernal, 2007,
this issue).
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The presence of closely associated signaling complexes supports the concept of the generation,
in response to stimuli, of localized changes in signals such as Ca2+, cyclic nucleotides, PIP2
and IP3 in the myometrium that can rapidly influence effectors in the immediate environment.
The challenge in understanding the function of such signaling is to demonstrate that it makes
an impact on myometrial physiology.

5. Conclusions
While a number of the pathway components of hormonal signal transduction relating to
myometrial Ca2+ homeostasis have been identified and some of the respective roles defined,
there are still many undefined components. In addition, the challenge remains understanding
both the regulation of the assembly and activity of these signaling pathways, the
interrelationship of the complex crosstalk and feedback loops that integrate signals over time,
and the relation of these influences to the pattern and control of uterine contractile activity.
Only in doing so can we understand fully how uterine contractions are regulated and better
determine how to control them.
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Figure 1.
Schematic diagram showing the major components that control [Ca2+]i in myometrium. These
include the contractant hormone pathways that stimulate G-protein coupled (GPCR) and
tyrosine kinase (TyKR) receptors, G-proteins composed of Gα subunits (Gαq, Gαi and (not
shown) Gαh), the associated Gβ and Gγ subunits, phospholipase C β and γ, which convert
PIP2 to IP3 and diacylglycerol (DAG). IP3 binds to IP3 receptors (IP3R) in the endoplasmic
reticulum (ER), releasing Ca2+ from this intracellular store. Another ER release mechanism
involves ryanodine receptors (RyR). Other Ca2+ entry mechanisms include cation channels
responsive to stimuli such as IP3R activation, DAG and release of Ca2+ from the ER (SRCE)
and voltage-operated Ca2+ channels (VOC). The plasma membrane Ca2+ ATPase (PMCA)
and the Na/Ca exchanger (NCX) are responsible for moving Ca2+ out of the cell; the ER
Ca2+ ATPase (SERCA) pumps Ca2+ back into the ER. There is also a passive leak of Ca2+

from the ER. Ca2+ has stimulatory effects on the contractile apparatus, resulting in contraction,
and also acts as an intracellular signal influencing a number of pathways in the myometrium.
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Figure 2.
A. Both oxytocin and thapsigargin increase PHM1 human myometrial cell [Ca2+]i, measured
with Fura-2, in the absence of extracellular Ca2+ (first arrow), presumably by release of
Ca2+ from intracellular stores. When extracellular Ca2+ is increased to 1 mM, a second increase
in [Ca2+]i is observed in cells treated with oxytocin or thapsigargin (SRCE), but not if cells are
not exposed to these agents (not shown). SRCE was inhibited by SKF96365 or gadolinium.
Data from [10] with permission. B. Relative expression of TRPCs in human myometrial cells,
expressed relative to TRPC4 (HMC: primary non-pregnant human myometrial cells; PHM1
and PHM2: immortalized myometrial cells prepared from myometrial samples from two
pregnant women. Modified from data in [63]. C. Expression of myometrial Orai1, Stim1,
PMCA isoforms and SK3 K+ channel mRNAs, determined by quantitative RT-PCR in PHM1
cell RNA by the ∆∆Ct method, normalized to HMBS and expressed relative to TRPC1 mRNA
[63]. Data represent mean of determinations using two different RNA preparations (J. Phillips
and B. Sanborn, unpublished observations).
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