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Relationship of Ion Channel Activity to Control
of Myometrial Calcium

Barbara M. Sanborn, PhD

This article reviews the contribution of ion channels to membrane potential, the ion channels expressed in
myometrium, and the effect of ion channel activity on the control of myometrial intracellularfree calcium.
Plasma membranes constitute barriers to permeability that establish concentration gradients of ions inside
versus outside the cell. Na+, Ca2+, and Cl- are normally in higher concentration outside than inside cells,
whereas K+ is higher inside. In myometrium, Ca2+ entry into cells mediates myometrial membrane
potential changes and serves as the internal signal for contraction. K+ ef/lux is thought to promote
repolarization after an action potential and to participate in setting the resting membrane potential. Ions cross
the cell membrane through channels that have different regulated properties and selectivities. Ion movement
has been measured by a number of techniques, including radiolabeled ionflux, use of intracellular indicators,
and patch-clamp methodology. A number of myometrial Ca2+ channels have been described, including
voltage-regulated L-type channels and Ca2+ entry in response to intracellular Ca2+ store depletion. Fast
Na+ channels may contribute to cation entry late in pregnancy. K+ channels in myometrium include

2± 2Ca -activated channels, a delayed rectifier, and an inward rectifier. A Ca2 -activated Cl channel is also
present in myometrium. In addition to being regulated by Ca2+, the activity of a number of these channels
can be regulated by uterine contractants and relaxants. Regulation of ion channel activity can affect
intracellularfree Ca2+ concentrations in the myometrium. Therefore, control ofion channel activity represents
one of several approachesfor controlling myometrial contractile activity. (J Soc Gynecol Investig 2000;7:
4-11) Copyright © 2000 by the Societyfor Gynecologic Investigation.
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rise in intracellular Ca2± is central to control of con- cell create a potential difference across the membrane and a
tractile activity in myometriumn. In nervous tissue, the negative intracellular environment relative to the cell exteri-
entry of Na+ is in large part responsible for altering or.2-7 Ions cross the cell membrane through channels that have

membrane potential. In myometrium, Ca is considered the different regulated properties and selectivities. The direction of
major charge carrier, except at the end of pregnancy when flux for a given ion is determined by the concentration gradi-
Na±+ may also play a role.2-6 Thus, Ca2+ mediates myometrial ent for that particular ion and the membrane potential differ-
membrane potential changes and serves as the internal signal ence. The equilibrium potential for ion X is given by the
for contraction (electromechanical coupling). Hence, under- Nernst equation E. = (RT In [XN C/[X])/zF, where R repre-
standing the basis for regulation of niyometrial electrical activ- sents the gas constant, T the temperature, [X1 the concentra-
ity is key to understanding the regulation of myometrial Ca2+ tion (more strictly, activity) of ion X outside (o) and inside (i)
and contractile activity. Importantly, control of ion move- the cell, z the charge and valency on ion X, and F the Faraday
ment may provide a target for the management of uterine constant. The equilibrium potential for a given ion is that
contractions. potential at which the force of the concentration gradient is

balanced by the electric force generated as a result of the
MEMBRANE PROPERTIES AND electrical potential difference across the membrane. In simplest

ION PERMEABILITY terms, if the membrane potential is more positive than the
Plasma membranes constitute barriers to permeability that es- equilibrium potential for a given ion, efflux ofthe ion from the
tablish concentration gradients of ions inside versus outside the cell is favored. Conversely, membrane potentials more nega-
cell. The unequal distribution of ions and the presence of large tive than the equilibrium potential favor net influx of the ion.
intracellular biolm~olecules with net negative charge inside the The resting potential of myometrium has been estimated to

range between -60 and -35 mlV.3-5 Resting potential is
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Table 1. Estimated lon Concentrations Inside and Outside tions in cellular compartments in both cell suspensions andMvometrial Cells* single cells. There are now indicators for Ca2+, K+, Mg2+,
Ratio outside/ and Cl ions, as well as many other molecules and cell func-

Outside Inside Inside tions.8 Specifically with respect to Ca2 , the most widely used
Na+ 137 niniol/L 40 mrnol/L 3.4 indicators are Fura-2, Fluo-3, Indo-1, and aequorin (biolurni-Ca2+ 1.5 mmol/L 0.13 mrnol/L 104 nescent).8-'2 Most of these dyes cross the plasma membrane as
K+ 6 mnol/L 169 mnnol/L 0.03 esters and are hydrolyzed by intracellular esterases.CI- 134 n-imol/L 65 inmol/L I 1C- 134 roL 65 /21Most of the dyes used in ion channel measurements change* Mean of values from rat, cat, and guinea pig, from Parkington and Coleman.' their spectral properties upon binding the ion. Changes in the

concentration of the ion under study are calculated from
these ions are summarized in Table 1. Whereas Na+, Ca2+, knowledge of the affinity of the dye for the ion.8'3"4 Factors
and Cl- are higher in concentration outside than inside cells, that influence measurements include the degree of dye loading
the opposite is true for K+. By far, the greatest differential and dye leakage (usually compensated for by using ratio mea-
pertains to Ca2+, with extracellular concentrations in the mil- surements) and dye accumulation in inappropriate intracellular
limolar range and resting intracellular free Ca?+ concentrations organelles. Figure 1B shows an example of changes in intra-
in the nanomolar range. The equilibrium potentials for Na+ cellular free Ca2+ in response to oxytocin in myometrial cells,
and Ca2± are more positive than the resting potential or the as measured by Fura-2, and demonstrates that the transient is
action potential, so that these ions flow in the direction oftheir partially reduced in the absence extracellular Ca2±. The experi-
concentration gradients into the cell when the respective ion mental techniques can easily be mastered by competent laboratory
channels open. The equilibrium potentials for K+ and Cl are personnel, but specialized equipment is required. Even more
less than zero, and the direction of ion flux depends on the specialized equipment is needed to measure rapid subcellular
membrane potential. changes in ion concentration with these indicators.' I5
The movement of ions in and out of cells depends on

changes in ion channel permeability. Ion channel permeability Patch-Clamp Techniques
is regulated by a number of factors including ions and metab- In the patch-clamp technique, a glass suction electrode is used
olites, ligand-stimulated receptors, covalent modification, and to form a tight seal on an individual cell and the amount and
membrane potential itself. Therefore, changes in ion channel properties of the current resulting from the flow of ions are
permeability can alter membrane potential, which in turn can measured while the membrane potential is held or "clamped"
alter ion permneability. In addition to these mechanisms, ions at some value.2'57 Patch clamping can be done in several
can move by passive diffusion and can be pumped across modes (Figure 1C). In the whole cell (also perforated patch)
me-ilbranes against their concentration gradient by adenosine mode, the cell interior is perfused with buffer from the patch
triphosphate (ATP)-requiring pumps that will not be discussed pipette and the current measured represents the sum contri-
in detail here. butions of active channels in the entire cell membrane. In the

cell-attached mode, the cell interior remains intact and theMEASUREMENT OF ION MOVEMENT contributions of individual channels active in the patch are
This brief discussion will be limited to techniques generally in measured. In the excised mode, the contributions of individual
use; there are a number of more detailed discussions of these channels in inside-out or outside-out configurations are mea-
topics to which the reader is directed for more infonnation.2-7 sured. In all of these cases, the investigator manipulates the

membrane potential, ion composition of the extracellular and
Isotope Flux Measurements patch pipette buffers, and presence of specific channel inhibi-

Ion movement can be measured by isotope flux techniques. In tors or enhancers to study specific channels. The patch-clamp
these approaches, the movement of radiolabeled ions into or technique requires highly specialized electrophysiologic equip-
out of whole cells or organelles is measured. An example of mnent and a high level of experimental expertise. Figure 1(C)
such a measurement is shown in Figure 1A, where the ability shows examples of both whole-cell and cell-attached patch-
of the hormone relaxin to increase 45Ca2+ efflux from inyo- clamp experiments measuring K+ currents and channel activ-
metrial cells preloaded with 45Ca2± is demonstrated. This ity, respectively, in myomietrial cells.
method is useful for studying changes in net iontmovement as
a whole and requires no specialized equipment other than a CONTRIBUTION OF ION PERMEABILITY TO
means to measure radioactivity. However, it measures effects MYOMETRIAL ACTION POTENTIAL
on net flux and provides a minimum of mechanistic insight. The basal membrane potential in myometrium undergoes

rhythmic changes called slow waves.3~6 In the myometrium, it
Intracellular Indicators is thought that rhythmic changes in the pertneability to Cat±

The developmnent of intracellular indicators and dual-wave- contribute to depolarization, and changes in the pernieabilitv
length fluorescence spectrometers capable of collecting and to lK+ contribute to repolarization or hyperpolarizationl~i6"I'' ?
analyzing data gathered at millisecond to second intervals has In support of these assertions, decreasing extemnal Na+ tnakes
penrmitted the measurement of net changes inl ion concentra- human pregnant myometrial moembranle potential mlomre nlega-
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Figure 1. A) 45Ca2+ efflux from rat myometnial cells preloaded with
45Ca2+ is increased by treatment with porcine relaxin (2 pg/mL). A
Adapted from Rao and Sanborn69 with permission. B) Intracellular 100-
free Ca2+ transients in rat (left) and human (right) myometrial cells, as S
measured with Fura-2. Cells were exposed in the presence 8-
([Ca]++ex = 1 mmol/L) or absence ([Ca]++ex = 0 mmol/L) to x /L
oxytocin (arrow). From Anwer et a19 with permission, and Monga and 60-

06Sanborn (unpublished data). C) Schematic representation of patch- Z /
clamp modes. An automated voltage source keeps the pipette poten- S 40- &--. Control
tial at the reference potential, and this adjustment is recorded. In the * 0-01Relaxinwhole cell and outside-out modes, the composition of the pipette 20
solution ultimately determines the composition of the intracellular
compartment. In the cell-attached mode, cellular contents remain ___,_,_,_,__
intact, whereas in the inside-out mode, the intracellular face of the 5 10 20 30 40 50 60
membrane is exposed to the bathing solution. Representative record- Time, Minutes
ings of whole-cell and single-channel recordings of K+ channel
activity in rat (left) and human (right) myometnial cells are shown. In
the single-cell recordings, the channel is opening downward. Adapted B
from Sanborn6 with permission.

225 [Ca]++=1mM [CaI+` =1mMC ~~~~ex ex
E .2

T o9
225 0

tive8 and iberiotoxin, a K+ channel blocker, makes the memer- [Cal++-OmM 6 [Cal++-OmMbrane potential more positive.19 At the threshold potential, X - co

there is a faster depolarization that is attributed primarily toX
entry of Ca2+ (and Na+ in late pregnancy), generating the
action potential.3-6. 8 The downstroke of the action potential Trnrine
is also thought to involve the opening of K+ channels.' 5o sec
The evidence for the presence of specific ion channels ill c

myomlletrium has been reviewed elsewhere.6 During preg- Whole Cell Cell-attached Inside-out Outside-out
nancy, the membrane potential ranges between -40 and -50 (v-vre) r (V-Vm) (V-V,,) (V.V,1)
mV but becomes more negative at midpregnancy (-60 mV)
and increases near term to about -45 mV.3-5 As pregnancy U U
progresses, depolanizations leading to an action potential
change from small, irregular spikes to regular sustained activity.
In some cases, this change is accompanied by a prolonged
plateau phase in which the activity of Cl-- channels have been Whole Cell Current Single Channel Recording
implicated.5 The formation of gap junctions near term in- A m
creases the electrical coupling between muscle cells and pro- r1 nr- F
motes coordinated contractile activity.21 At this time, action
potentials are seen on top of the slow waves, and these corre-
late with contractions.',7 - ~ -

17 gA/gF I 10 pACa and Na Channels 5oms 300ms
A number ofCa2 channels are expressed in the myometriurn,
including L-tvpe voltage sensitive channels and T-type volt- little evidence for an increase in channel density after the first
age-inactivated Ca2+ channels.6"'2325 The L-type Ca2± half of pregnancy.24'2s
channel exhibits voltage-dependent inactivation, with half- A new class of channels involved in Ca2+ entry has recently
inhibition at approximately 45 mV, but can be returned to the been described, and several of these proteins are present in
resting state at more negative potentials.5 2324 Therefore, both myometnal cells. Members ofthe Trp family are plasma meni-
mem~brane potential changes and increased intracellular Ca21, brane proteins implicated in Ca-+ entry into cells in response
which also inactivates the channel,26 can provide negative to signals resulting from inositol 1,4,5-triphosphate (1P3) gen-
feedback controls to regulate channel activity. L-type Ca2+ Oration and/or intracellular Ca21i store depletion.29 Mamnma-
chaimlels are inhibited by Mg2+ and by dihvdropvridinles such hian Trp proteins have been cloned firnm a number of species;
as nifedipine, both of which are used to inhibit uterine con- full or partial sequences are available for human Trp 1, 3, 4,
tractions in premature labor23.24w2' Data on the regulation of and 6.29-31 Using reverse tranlscriptase-polymlerase chain reac-
the expression of these channels are variable. Some investiga- tion, we recently obtained evidence for hTrpl mRNA, several
tors find a progressive increase in channel subunit mRNA splice variants ofhTrp 1mRNA, and several other Trpformls in a
and/or channel density in rat myometnui--l228; others find human myomzetrial cell line.32 Ev~aluationl of the role of these

 at PENNSYLVANIA STATE UNIV on September 18, 2016rsx.sagepub.comDownloaded from 

http://rsx.sagepub.com/


Ion Channels and Control of Myometrial Calcium J Soc Gynecol Investig Vol. 7, No. 1, Jan./Feb. 2000 7

recently discovered putative channel proteins should lead to new Voc CCE
insights into mechanisms for Ca2± entry in myometrium. A II

Although the major charge carrier in myometrium is Ca2+ 2l
thought to be Ca"+, fast Na+ currents have also been mea- 2 PP Gqsured in pregnant human and rat tissue and cells.62233 c24t$ 2+2$ H/ \ P
The number of cells possessing these channels increased before Ca2 Cap DAG + IP3 H
parturition in the rat.24 This type of channel may contribute Na I
to inward current in late pregnancy.3 Voltage-gated Na± CaM
channel mRNAs are expressed in human and rat uterus.35 36

CaCaM LC20-P-myosain Ca

K+ and Cl Channels MLCK actia epVA
Ki- channels contribute to repolarization after an action po- ML[CaK--Pts LC, actryoi 4-- cAMP;?
tential and may play a role in setting the resting membrane

p A

MLCK-P ~~~~ADP..GAH
contraction +potential. A number of studies have recorded fast and slow A a2outward currents in myometnum,6'37'38 and a number of -l±1)

specific K+ channel types have been described in myometr-
um.' One of the best characterized is the Ca2±-activated K+ K
or maxi-K channels (Kr,) detected in myometrial cells from a Figure 2. Schematic representation ofpathways leading to control of
number of species, including humans.6,1937-44 Figue 1 shows Ca i in smooth muscle such as myometrium. Components include+ gure calmodulin (CaM), myosin light chain kinase (MLCK), myosin lightexamples of whole-cell and single-cell K+ currents in myo- chain (LC20), protein phosphatase (Ptase), L-type voltage-operated
metrial cells attributed to Kca channel activity on the basis of Ca24 channel (VOC), capacitative channel entry (CCE), heterotn'-
physical properties and inhibition by iberiotoxin. menic G proteins (G), phospholipase C (PLC), inositol 1,4,5-triphos-

Iberiotoxin increases contractile activity in rat and human phate (1P3), diacylglycerol (DAG), adenylyl cylase (AC), proteinkinase A (PKA), Ca2+ transport adenosine triphosphate (ATP)ases,
myomeriumand*epolaizeshuma myoetria cels inasso+ Na/Ca exchanger, Ca -activated K+ channel, ATP-sensitive K+ciation with an increase in intracellular Ca± as a result of channel, andvoltage-sensitiveK4 channel. ModifiedfromSanbom et

activation of voltage-sensitive L-type Ca2+ channels."3 These al with permission.57
data suggest that Kl. channels can influence both resting
membrane potential and the shape and duration of the action
potential in myometrium. During labor, a large K+ channel channels have been reported4'5 and can be activated by
insensitive to voltage or Ca2±, which may permit an increase oxytocin in pregnant rat myometrium, leading to depolariza-
in intracellular Ca2 t without hyperpolarization, has been de- tion.5" Other nonselective cation channels have also been
scribed in human myometrium.45 reported, but their functional role is not yet known.6

Adenosine triphosphate-sensitive K4 channels (KATp) have
not been measured directly in myometrium, but their action ION CHANNEL ACTIVITY AND CONTROL OF
has been implicated in myornetrial function. KATP channel MYOMETRIVM CALCIUM
activators depressed contractant-stimulated uterine contrac- The balance between uterine contraction and relaxation is
tions, although they were more potent in nonpregnant than in extremely important throughout pregnancy and during labor.

6,46-48pregnant human myometnunm. 8 KATP channels are in- A rise in intracellular free Cause initiates contraction in myo-hibited by steady-state ATP concentrations. K+ channel ac- metrium as a result of activation of myosin light chain kinase
tivity in myometrium, increased following exposure to cyanide (shown schematically in Figure 2).I636 Relaxation is facilitated
and the effect could be partially inhibited by a KATP channel by decreasing intracellular free Ca-+ and by covalent modifi-
inhibitor.4' Because dystocia is associated With hypoxia, activa- cation of key components of the contractile apparatus. There-
tion of KATP channels may be associated with this condition.49 fore, to understand and regulate uterine contraction and
A number of other K+ channels and K+ currents have been relaxation, it is important to understand the mechanisms that

described in myometriulm. These include a slowly activated control intracellular free Ca2+.
delayed rectifier (Kvly ), the mRNA for which exhibits estro- The receptors for a nunmber of contractant honrones couple
gen-dependent regulation, and an inward rectifier (ROM.K- to effectors such as phospholipase C through heterotrimeric
1), the mRNA for which is highest in midpregnancy in rat guanosine triphosplhate-binding proteins (G proteins) com-
uterus.5"-53 A number of other K currents and channels have posed of ot and fby subunits.57 Phospholipase C isoforms stim-
been described in eyometrium.o6.41 All oftthese channels may ulate the production of 1P3. 1P3 triggers Ca2+ release from
be active in the repolarization phase of the action potential and intracellular stores, where concentrations (as in the extracellu-
their relative contributionls may be hormone and pregnancy lar environment) far exceed those in the cytosol. Adenosine
stage dependent. triphosphate-sensitive Ca24 pumps in the plasma mem-brane
The plateau of the action potential inl uterine cells can be and endoplasmnic reticulum actively lower intracellular free

close to the equilibrium potential for Cl- channels. Myome- Ca2+ by pumnping it out of the cell or back into the endoplas-
trial Cl- currents and large channels with the properties of Cl- nmic reticulum, respectively. Exchangers and other means of
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passive transport also affect ion movement but will not be A
discussed here.

Although contractant-stimulated 1P3-mediated Ca2± release
is a major mechanism for increasing intracellular free Ca2 inI
myometrial cells, Ca2+ entry from the extracellular environ-
ment also contributes significantly to the total intracellular free
Caa2+ pool and to the refilling of intracellular stores.85161 This °-
refilling is essential for continued contractile activity in re- Cc
sponse to a stimulus. The uterus does not maintain maximal °
contractile activity in the absence of extracellular Ca2±. Several s
mechanisms have been proposed for regulation of Ca2+ entry, co
including activation of receptor-operated cation channels, L- +NCDC
type voltage-operated Ca2+ channels, second messenger-op-
erated channels, and Ca2± entry triggered as a result of t
depletion of intracellular stores.

Blockage of L-type Ca2 channels in myometrium inhibits Time L
prolonged spontaneous and agonist-stimulated contractions. 50 sec
However, there are conflicting data regarding whether oxyto-
cin increases L-type channel activity in myometrial cells.60-62 B
In the pregnant human myometrial cell line PHM1-41, oxy-
tocin-stimulated intracellular free Ca2+ rise was not affected by Thapsigargan 5pMnifedipine,59 indicating little contribution from L-type chan-
nels in these cells. Holda et al63 reported a similar finding in 4 4
pnmary cultures of human cells. Nonetheless, it has been 3 1mMCa2+
suggested that stimulation of L-type channel activity may ' I m Ca2+
involve activation of Ca2+-dependent protein kinase C,64 x+ 2
which could occur as a consequence of oxytocin-stinmulated
phospholipase C activation and the concomitant formation of 02,1 Ca2 .
diacylglycerol and increase in intracellular free Ca2±.

Capacitative calcium entry (also store-operated Ca2+ entry) 0 .
refers to Ca2+ entry triggered by the release of Ca2+ from 150 200 250 3M0 150 200 250 300
intracellular stores or the depletion of intracellular stores as a ime (seconds)
result of specific inhibition of the smooth endoplasnuic retic- Figure 3. A) The Ca21 transient stimulated by 20 nmol/L oxytocin
ulum Ca-ATPases by agents such as thapsigargin (Figure in human myometrial cells is almost completely attenuated by 100
2).-963 The mechanisms signaling such entry are still highly [mol/L NCDC, a phospholipase C inhibitor. B) In human myome-

trial cells cultured in the absence of extracellular Ca2 the increase indebated. Diacylglycerol or arachidonic acid produced from 2+ 2+ 'diacylglycerol as a result of receptor-stimulated phospholipase mmol/L Ca to the medium is
greater in cells pretreated with 5 ptmol/L thapsigargin. Adapted fromactivation may target some of the same entry mnechanisms.31) 66 Monga et a159 with pernission.

Several findings provide evidence for capacitative Ca 2

entry in human myometrial cells. Whereas removal of ex- does not prove capacitative channels exist, as individual Trp
tracellular Ca2+ reduced the oxytocin-stimulated increase in proteins exhibit only some of the properties of capacitative
intracellular free Ca2+ by -50% in PHM1-41 cells, phospho- Ca2t entry.
lipase C inhibitors reduced the increase by 80-90% (Figure As Ca2t increases in myometrial cells and promotes con-3A).59 These data suggest that the pathways of oxytocin- traction, it will activate the Kc; channels, resulting in K+
stimulated intracellular Ca2t release and entry of extracellular efflux and promoting repolarization. Inhibition of KCa chan-Ca2t are interdependent. Furthermore, the oxytocin-stimu- nels in myometrium promotes Camt entry and contraction,1
lated intracellular free Ca2t increase due to Ca2+ entry was suggesting that KCa channel activity can affect the shape and
blocked by prior depletion of intracellular Ca stores by duration of the action potential and the Ca2+ transient. No-
thapsiganin. Also, after depletion of the intracellular stores with tably, these channels are activated by agents that increase cyclic
thapsigargin in the absence of extracellular Ca2 -, addition of~ adenosine monophosphate (cAMP) and protein kinase A ac-
extracellular Ca2t elicited a larger rise in intracellular free tivity, includinlg -adrenergic agents and relaxinl.i9443867 Fig-Ca2t in cells treated with thapsigargin than in untreated cells ure 4 shows the activation of K(~l channel activity by relaxin
(Figure 3[B]). These data are consistent with store depletion- and cAMP-dependent protein kinase in human mlyometrial
nediated capacitative Ca2+ entry and are further supported by cells. This mechanism is one of several ways that tocolytics
the finding of Trp protein expression in myomletrial cells.3'1 It sulch as ritodrine, which stimulate 13-adrenergic receptors that
should be noted, however, that the presence of Trp proteins activate adenlylate cyclase, are thought to function.27 Similar to
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A tocolytic approaches target ion channel activity. It is likely that
a combination of approaches targeting more than one aspect ofControl Relaxn 200 nM 1mM Ca intracellular Ca2+ control will be more effective than a single

Cell - attached 0.1--attachod inside - out approach in reducing inappropriate uterine contractile behavior.
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