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Abstract 

The electrical excitability of myometrium involves complex coordinated ion channel 

activity. Morphological, functional, molecular and cell biology studies have revealed 

the phenotypic state of developing muscle is characterized by expression of a unique 

set of structural, contractile, and receptor proteins and isoforms that correlate with 

differing patterns of gene expression. In this study, ion channels in developing 

uterine myometrium were investigated by using electrophysiological patch clamp, 

simultaneous force and calcium measurement, immunoflurescent method and 

confocal microscopy. 

The L-type voltage-gated calcium channel, as the major route for calcium entry, 

plays an important role in modulation of uterine contractility, was poorly expressed 

in the developing myometrium. Potassium channels, which functionally dampen 

excitability of uterus, were developmentally regulated. The fast activating and 

inactivating A-type potassium channels were abundantly present in the neonatal 

myometrium and appreciably decreased in the mature myometrium. Therefore, ion 

channels in the early stages of myometrial development are either not expressed in 

the mature cell or their properties are greatly changed during later differentiation. 

Spontaneous contractile activities existed in the developing myometrium. However, 

the patterns of activity showed immature characteristics, which were rhythmically 

and pharmacologically different from the mature myometrium. Simultaneous 

measurement of force and calcium clarified that the calcium entry via L-type 

calcium channel was the only calcium source of contractions in the developing 

myometrium. There was a correlation between uterine function and ion channels 

found electrophysiologically. For example, 4-aminopyridine, A-type potassium 
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channel blocker, increased the frequency and amplitude of contractions in a dose 

dependent manner. 

The use of immunofluorescence has allowed me to localise ion channels in the 

myometrial cells. Both the L-type calcium channel and large conductance calcium 

activated potassium channel distributed peripherally in the plasma membrane of 

cell. The expression of above ion channels in the developing myometrial cells was 

remarkably less than those mature cells. 

Intracellular calcium waves were observed in the developing myometrium but not in 

the mature myometrium. Preliminary data showed that ryanodine receptors and 

inositol 1,4,5-trisphosphate receptors were functionally coupled to the releasable 

sarcoplasmic reticulum to generate calcium waves. 

These data suggest that ion channels may have functional role in gene expression 

and calcium signalling, and that they alternate during myometrial development. The 

data presented here shed a light on the contractile activity and ionic dependence of 

excitability occurring in the developing myometrium. 
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1. General introduction 

1.1 The anatomy of the uterus 

The uterus is the site of foetal implantation and development. In all mammalian species 

the uterine structure is similar. Anatomically, the uterus is divided into three regions: the 

fundus, body and the cervix. Generally, the uterus is composed of three layers: 1) an 

outer perimetrium composed of connective tissue, 2) myometrium, and 3) a mucosal 

epithelial lining called the endometrium. The myometrium consists of thin longitudinal 

layers of smooth muscle and thicker circular layers. The tubular glands of the 

endometrium can be seen near the myometrium at their beginning in the lamina propria. 

The epithelium contains simple columnar and ciliated cells. The lamina propria is made 

of extracellular matrix, many fibroblasts and mostly reticular fibres. Blood supply to the 

uterus is carried by the arcuate arteries that branch to supply the endometrium in the form 

of straight arteries to endometrial epithelium and coiled arteries to the menstrual 

epithelium. 

In rodents there is a duplex uterus, which originates from the cervix while in human only 

a single uterus can be found. The rat uterus was used in the present study. Rats are 

examples of polyestrus mammals. If rats are kept separately from males in the laboratory, 

the repeated oestrus cycle occurs throughout the year at intervals of about five days 

unless they are subjected to pregnancy, pseudo-pregnancy (after a sterile mating) or 

disease. The cycle involves the whole of the reproductive tract. Therefore, it is possible to 

determine the sexual status of the female rat by examination of smears prepared from the 

vaginal fluid. Figure 1.1 clearly shows the structure of rat uterus (images were taken from 

the website: www. asrc. aari. missouri. edu/ ... 
/uterus. htm). 
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Figure 1.1 The cross section of rat uterus (low magnification) 

a) Muscularis (myometrium) 

al) Outer longitudinal smooth muscle 

a2) Inner circular smooth muscle 

b) Mucosa (endometrium) 

b I) Psuedostratified columnar epithelium 

b2) Uterine glands 

c) Uterine lumen 

3 

d) Blood vessel lumen 
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1.2 Structural organization of myometrium 

The rat uterine myometrium is responsible for the contractile activity, which is mainly 

composed of two distinct smooth muscle bundle layers, an outer longitudinal bundles and 

inner circular bundles. As shown in Figure1.1, the longitudinal layer (a2) is orientated in 

the long axis of the uterus and the circular layer (a2) is concentrically sitting between the 

longitudinal layer and endometrial layer. 

In all mammalian smooth muscles, the basic arrangement of the contractile proteins and 

other intracellular organelles are similar (Bolton et al., 1999). At the cell level, the 

structure of smooth muscle differs from that of skeletal muscle, which is lacking of 

visible cross striations. 

1.3 Uterine growth 

The uterus basically has three developmental stages: organogenesis, cellular 

differentiation and growth. Hormonal regulation plays a substantial role throughout the 

whole procedure. Using immunocytochemical methods, neonatal rats treated with 

diethylstilbestrol (DES) were found to have an increased degree of circular orientation 

within the uterine mesenchyme during 3-15 days. From day 15 onward, however, the 

circular myometrial layer began to fragment into irregular bundles of smooth muscle, and 

the longitudinal myometrial layer became thinner and more irregularly organized than 

controls. By 60 days the circular and longitudinal myometrial layers of DES-treated 

animals showed strands and bundles of vimentin-positive cells, which were not present in 

controls (Brody & Cunha, 1989). In another study, neonatal rats injected daily from birth 

with 17 beta-estradiol (E2) demonstrated significant uterine wet weight gain at least 

through day 13, and dry weight, DNA content, protein content, and nuclear oestrogen 

receptor (ER) were also increased. Adult rats given same treatment acted in 
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fundamentally the same manner in the neonatal uterus, although the appearance of the 

complete response seemed to be slower in the neonate (Sheehan et al., 1981). However, 

Medlock et al demonstrated estradiol down-regulated of uterine ER (Medlock et al., 1991) 

and Branham et al found that total cell numbers were reduced by neonatal oestrogen 

exposure while longitudinal muscle cross-sectional area was not affected (Branham et al., 

1988). Progesterone increases uterine weight but does not alter ER concentration in rats 

with low E2 levels but decreases uterine weight and down-regulates ER at higher E2 

levels, regardless of whether ER is up-regulated or down-regulated by E2 (Medlock et al., 

1994). The uterine epithelium which is up-regulated by E2 and DES (Branham et al., 

1988), is also associated with the differentiation and spatial organization of the 

myometrium as well (Cunha et al., 1989; Branham et al., 1988). Using histochemical and 

biochemical methods, it was demonstrated that the rat uterus was innervated at birth. The 

innervations of blood vessels develop earlier than that of the myometrium and the density 

of noradrenaline (NA)-containing perivascular nerves is not affected by puberty. Between 

birth and day 30 (prepubertal) there was a progressive increase in the innervations of the 

myometrium that was accompanied by a progressive increase in the total NA content of 

the organ. During the first oestrus there was a marked increase in the weight of the uterus 

and isolated myometrial and parametrial tissue. Both muscle cell size and number were 

also increased. Between the peripubertal and adult stages there was a further increase in 

uterine weight together with an increase in the number of smooth muscle cells and a 

reduction in the density of myometrial NA-containing nerves. Although the density of 

perivascular nerves was unaffected by puberty, the number of blood vessels supplying the 

uterus increased during the transition to the adult stage (Brauer et al., 1992). Oestrogen is 

possibly involved with changes of noradrenergic innervations of the uterus (Brauer et al., 

1995). A recent study has shown that developing and recently re-growing sympathetic 



6 
Chapter 1 Background Introduction 

nerves are more susceptible to oestrogen-induced changes in the uterus than mature 

nerves; differential susceptibility is not related to the age of the neurons or the 

developmental state of the uterus. In another words, the growing sympathetic fibres in 

neonatal uterus are more vulnerable to oestrogen than mature fibres (Chavez-Genaro et 

al., 2002). In addition, developmental changes were found in the fatty acids of rat uterus 

as well. For example, uteri of newly weaned 23-day rats had higher fatty acid content and 

higher proportion of short-chain fatty acids (Leaver et al., 1992). 

1.4 Uterine receptors 

Several important hormonal receptors, which play important roles in the regulation of 

uterine growth and function, will be addressed. 

Oestrogen receptors 

Oestrogen receptor (ER) subtypes consist of ER a and ß. ER a was found in uterine and 

vaginal epithelia by postnatal days 4-5 and 6 and ER ß in the reproductive tract was 

absent during the prenatal period then was weakly expressed during the postnatal period 

(Hewitt & Korach, 2003; Mowa & Iwanaga, 2000). Thus, oestrogen action in the 

developing ovary may be co-mediated by both ER a and ER ß, whereas ER a may be the 

primary mediator in the differentiation and growth of the rat reproductive tract (Frasor et 

al., 2003; Couse et al., 2001). Furthermore, the prenatal rat uterus response to oestrogen 

receptor agonists showed tissue-specific nature (Okada et al., 2002). ER ß expression was 

found to be increased in human term myometrial tissue compared with non-pregnancy 

tissue, in contrast, ER a was highly detectable in the non-pregnancy myometrial and 

leiomyoma tissues, but not in term myometrial tissue samples (Wu et al., 2000). Thus, it 

appears that ER a and ER ß have different physiological function while ER a is more 

likely associated with uterine growth and hypertrophy. 
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Oxytocin receptors 

The oxytocin (OT) and OT-like hormones facilitate reproduction in all vertebrates at 

several levels. The OT receptor is a typical G protein-coupled receptor that is primarily 

coupled via G proteins to phospholipase C P. OT also plays an important role in many 

other reproduction-related functions, such as control of the oestrous cycle length, follicle 

luteinization in the ovary, and ovarian steroidogenesis. 

Fuchs et al. (1984) first discovered that the concentration and distribution of oxytocin 

receptors in human myometrium increased before onset of labour. Estrogens significantly 

increased OTR mRNA levels in ovariectomized (OVX) rats (Breton et al., 2001; Murata 

et al., 2000). Therefore, it was not surprising to find that OT receptors mRNA levels 

during the oestrous cycle began to increase during diestrus and reached maximal increase 

on proestrus and then declined on oestrus (Murata et al., 2003). Before the onset of 

labour, uterine sensitivity to OT markedly increases concomitant with a strong up- 

regulation of OT receptors in the myometrium (Gimple & Fahrenholz, 2001). 

Prostaglandin receptors 

Prostaglandins (PGs) perform their effects via binding to specific cell surface receptors 

and influencing second messenger systems through G-proteins. Important PG production 

includes prostaglandin F2a, prostaglandin E2, and prostaglandin 12 (carbacyclin). PGE2 

may interact with at least four receptor subtypes (EP1, EP2, EP3, EP4), each showing 

different pharmacological profiles (Asboth et al., 1997). The contractile modulation of 

nitric oxide (NO) of rat uterus during pregnancy may be involved with PGE production 

(Motta et al., 1998). For example, prostaglandin E2 and carbacyclin but not prostaglandin 

F2a, significantly increased spontaneous contractile activity in tissues from late pregnant 

rat uterus and were not affected by any of the potassium channel openers or inhibitors 
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(Bailie et al., 2002). This suggests that potassium channels are not involved in the effect 

of prostaglandin F2a, prostaglandin E2, and carbacyclin on pregnant rat uterus. 

1.5 Uterine cells and cell-cell communications 

Cell Morphology 

As mentioned before, the uterine cell is similar to any other smooth muscle cells. The 

cells are supported by a matrix which is enriched during uterine growth and pregnancy 

(Michie & Head, 1994; Nishinaka & Fukuda, 1991). 

Enzymatic isolation is often used to dissociate uterine cells. Because the change of 

structure and function of uterine smooth muscle are markedly dependent on the hormonal 

level (Richards et al., 1998; Ciray et al., 1995; Thilander & Rodriguez-Martinez, 1990; K 

wan et al., 1986; Craig & Jollie, 1984; Garfield et al., 1982; Rifas et al., 1979), 

morphologically speaking, the enzyme-dissociated cells are probably best visualised in 

the developed uteri. For example, the isolated non-pregnant and late pregnant rat uterine 

cells are usually -130 and -230 pm in length and -8 and -22 pm in diameter, 

respectively (Yoshino et al., 1997; Tsukamoto et al., 1991). They are spindle-shaped, 

long, slender, and the fusiform and pleomorphism is commonly present in late pregnancy 

(-10 % of the cell population) when cells with irregularly swollen central regions or 

terminal branches (Yoshino et al., 1997). This can be better seen in Figure 1.3 (taken 

from Yoshino et al., 1997), where the non-pregnant rat uterine cell is smaller than the 

pregnant cell, especially the late pregnant cell. 

It has been suggested that the cell showing marked pleomorphism is associated with 

pacemaker activity in interstitial cells. For example, recently Rich et al. using 

immunofluorescent method showed that interstitial cells of Cajal (ICC), which have 

similar morphological characteristics, form networks that intercalate between the enteric 
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nervous system and smooth muscle cells and play a fundamental role in the control of 

gastrointestinal motility by initiating rhythmic electrical activity (Rich et al., 2002). 

Although, so far, no description has been found concerning uterine pacemaker activity, 

the presence of proportional pleomorphous uterine cells may indicate the existence of 

pacemaker cells. 

Cell membrane and organelles 

Two domains, dense bodies and caveolae surround the surface of uterine cell. Most of 

dense bodies have a variable diameter in the range of 50-90 nm. Some of these are 

present underneath the cell membranes among the clusters of caveolae and some are 

found deep in the interior of the smooth muscle cell. The number of such structures 

progressively increases with gestation reaching the maximum during parturition and 

decreasing to a minimal level 2 days postpartum (Kwan et al., 1986). Between the sites of 

attachment of the dense bodies are 50-100 nm in diameter omega-shaped caveolae (Turf 

et al., 2001). It is believed that caveolae, which is down-regulated by the oestrogen (Turf 

et al., 2001), is involved with the signal transduction pathway (Lee et al., 2001). 

The common organelles of uterine cell consist of (a) abundant bundles of 60-70 nm 

myofilaments; (b) branched mitochondria; (c) stacks of cisternae of rough sarcoplasmic 

reticulum (SR); (d) caveolae intracellulares; (e) nexuses; (f) ovoid nuclei; (g) a well 

developed Golgi apparatus and abundant free ribosomes (Kwan et al., 1986; Rifas et al., 

1979). Both SR and mitochondria contribute to control of the physiological cytoplasmic 

calcium in the uterine cell (Kosterin et al., 1985; Janis et al., 1977). Recently, Young 

Mathur (1999) using the low-affinity calcium-sensitive fluorescent dye visualised 

sarcoplasmic reticulum as numerous small (0.2-0.5 pm diameter) focal fluorescences; 

using immunofluorescence experiments they found that in cultured human uterine cells, 

both ryanodine and inositol 1,4,5-trisphosphate receptors were smoothly distributed 



Chapter 1 Background Introduction 
10 

throughout the sarcoplasmic reticulum (SR), and neither receptor co-localized with the 

calcium stores. Mitochondria was found to have a greater potential for lowering 

intracellular calcium activity than SR in human myometrium (Janis et al., 1976) and in 

rat myometrium (Janis et al., 1977). It is believed that sarcoplasmic reticulum is 

peripherally and preferentially clustered (Villa et al., 1993) and co-localized with 

caveolae (Lohn et al., 2000) in smooth muscle. 
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Figure 1.2 The typical rat uterine cells (adapted from Yoshino, at el. J. Gen. Physiot 

110.5 (1997): 565-77) 

The scale bar in C represents 10 µm, and applies to all other frames. (A) Cell is from a 

non-pregnant oestrus uterus. (B) and (C) Cell from a 14 days and 18-21 days pregnant rat 

uterus, respectively. (D-F) Uterine cells showing pleornorphism are frequently present in 

late pregnancy. 



Chapter 1 Background Introduction 
12 

Communication between cells 

There are two basic ways, electrical and chemical, in which cells communicate. 

Gap junctions are simple and most direct ways to pass electrical and chemical signals 

from cell to cell. Membrane-spanning proteins, connexins (Cx), from two different cells 

join to create a protein channel (connexon). Three different connexins, al (Cx43), 01 

(Cx32), and 02 (Cx26) was reported in pregnant rat uterus (Risek & Gilula, 1996; Risek 

& Gilula, 1991; Risek et al., 1990). Different connexins can be differentially regulated 

by steroid hormones in different cell types, and that the same steroid hormone can have 

different effects on the same connexin in different cell types (Risek et al., 1995). During 

early foetal development (embryonic period), gap junctions were identified as large 

junctional plaques consisting of al and 02 connexins. Ultrastructurally, gap junctions 

were detected in the two-layered epidermis between the subapical borders of peridermal 

cells, at the periderm to basal layer interface, and between the basal cells (Risek et al., 

1994). Oestrogen induced the expression of al connexin in the uterus (specifically in the 

myometrium and in endometrial stroma proximal to luminal epithelium) and ovaries. The 

oestrogen-induced al expression was completely suppressed by progesterone in the 

uterus, but only partly in ovaries. The co-administration of oestrogen and progesterone 

had a synergistic effect on 01 and ß2 expressions in the luminal epithelium, but an 

inhibitory effect on 02 expression in glandular epithelium (Risek et al., 1995). However, 

an acute application of an estrogenic polychlorinated biphenyl may be associated with 

disruption of gap junctional communication (Tsai et al., 1998). 

Long distance communication between cells is dependent on hormones, neurocrines, 

electrical signals and chemicals. 
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In summary, there are many changes, which have to occur before the neonatal uterus has 

the properties of adult uterus, while there are several studies documenting the growth of 

the myometrium and there are relatively few investigating its contractility. 

2. The excitability of uterine cells 

The electrophysiological term "excitable cells" means that the cells actively respond to an 

electric stimulus. Nerve cells (neurons) and muscle cells are such excitable cells. A tiny 

electric current in neurons can rapidly transmit signals through the human or animal and 

in muscles can initiate contraction. The cell membrane primarily determines the cell 

excitability by facilitating diffusion of ions across cell membrane, therefore, named 

excitable membrane. 

2.1 General introduction 

Voltage (V) is a separation of charged particles, which can be measured by the voltmeter 

in volts (abbreviated V). 

Current (I) is the flow or movement of charged particles, measured in amperes 

(abbreviated A). Oppositely charged particles (+and -) are attracted to one another. 

Conductance (G) refers to the rate of ion travel through the channel and is often 

measured in siemens (S). Ions with high conductance are often meant to have binding 

sites in the channel that are relatively high in free energy compared to an ion with lower 

conductance (which sticks more tightly to binding sites). Following Ohm's law, 

conductance is often designated as current divided by voltage, and since voltage is 

usually "clamped" in patch clamp experiments, relates directly to current of ions (will be 

discussed in the patch-clamp section). 
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Membrane potential 

The transmembrane protein formed pores where ions are transported are referred to as ion 

channels. The function of ion channels is to allow specific inorganic ions; mainly sodium 

(Na), potassium (K), calcium (Ca2), and chloride (Cl), to diffuse rapidly down their 

electrochemical gradients across the lipid bilayer. The flow of an ion through an ion 

channel is dependent on the membrane potential and the permeability of the channel for 

the particular ion. 

The membrane potential is the ionic concentration difference across the cellular plasma 

membrane. K+, Na+, Ca2+ and Cl" are the most important ions to affect the membrane 

potential. At a resting membrane potential, the concentration of K+ is higher inside than 

outside and the concentration of Na+ is higher outside than inside (Hille, 2001). 

Nernst equation 

With respect to membrane potential, all biological systems are moving towards 

equilibrium, a state where the tendency for further change vanishes. The Ex is the 

equilibrium potential value (for a particular X ion, such as E1 ENa, and Ecu) where the 

systems stop changing (Hille, 2001). The Ex can be calculated according to Nernst 

equation which is defined as, 

EX 
4F [X0 ] 

where R is the gas constant (8.314 J K-I mol-'), T is the absolute temperature, z is the 

valence (e. g. zNa+ = 1, zCa2+ =2) and F is the Faraday constant (96.5 Cm mol-1). [Xi, 

inside] and [Xo, outside] are the concentrations of ion X at two sides of the membrane. 

This equation was derived by Walther Nernst (1888), based purely on theoretical 

considerations. From this equation we can see that ionic equilibrium potentials vary 

linearly with the absolute temperature and logarithmically with the ion concentration 
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ratio. This means, for example EK, if the membrane channels are permeable only to K+ 

ions, a few ions would move and the membrane potential will change to EK; and if the 

membrane potential is held somehow at Ex, there will be no net flux of K+ ions through 

K+ selective pores (K channels) (Hille, 2001). 

The membrane potential of smooth muscle, like other tissues, is largely determined by 

the permeability of the membrane to potassium. Here is an example. If the extracellular 

[K+]o = 5.4 mM and intracellular [K+ ]; =140 mM, we can calculate the equilibrium 

potential of K+, 

EK = 8.314 x (273.15+37) / 96.5 x In (140/5.4) _ -86.9 mV. 

Therefore, once we know the concentrations of ions on both sides of the membrane, 

equilibrium potential of Na+, Ca2+ and of Cl" can be worked out as well. 

Reversal potential and Goldman equation 

There are several different ions present in cells, the equilibrium of the cell depends on the 

relative permeability of the ions and real membranes have a finite permeability to all the 

major inorganic ions in body fluids. The selectivity of ion channels is not perfect. For 

example, the sodium channel of axons is quite permeable to NH4' ions and even slightly 

permeable to K+ ions (Hille, 2001). This means that we can not apply the Nernst equation 

to compute the potential that produces zero flow across the channel because more than 

one ion is involved. For most cells, the only ions that can exert any significant influence 

on bioelectrical phenomena are the "big three" (in terms of concentration): K+, Na+ and 

Cl" (Ca2+ is very important in muscles). Thus, an important modification of the Nernst 

equation is introduced to use for calculating the membrane potential. A theory was first 

put forth in the 1940s by Goldman (before ion channels were proven to exist in 

membranes), it attempted to describe ion movement in terms of simple diffusion through 

water-filled "pores" in a membrane. The Nernst equation, which represents an idealized 
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situation, can be modified to represent the more realistic case in which the membrane 

shows a finite permeability to these three major players. The new equation is named the 

"Goldman-Hodgkin-Katz Constant Field equation; " and it is abbreviated as the "Goldman 

equation". 

E= RThl PJK+]o+ PNa[Ne],, + PC, [C1 ]i E. 
F PK[K+Ii+''Na[ Ii+PC1[CI ]o 

where the permeability for the ions are is written as P and the concentrations of the ion 

are given by its chemical symbol followed by the subindex indicating the side of the 

membrane, with i for inside and o for outside. Resting membrane permeability: PK+: Pc l-: 

PNa+= 1: 0.1: 0.001. Thus, according to this equation, the voltage across the membrane is 

determined by the concentrations of all the ions and is most affected by the ion with the 

highest permeability (K+ ion). The potential predicted by the equation would be called 

reversal potential, instead of equilibrium potential, at which the net flow of charge 

through the channel is zero. 

Resting membrane potential 

The resting potential is the product of the ionic distribution across the plasma membrane, 

and the selective permeability of the plasma membrane to those ions. In other words, the 

resting membrane potential is the result of a balance between the chemical potential of 

diffusion and the electrical potential; therefore, it varies form cell to cell. 

Mainly the movement of KK ions determines the resting potential-inside (negative). It 

arises from two activities: 1) The Na+/K+ ATPase. This pump "pushes" only two KK ions 

into the cell for every three Na+ ions pumps out of the cell so its activity results in a net 

loss of positive charges within the cell. 2) Some Kchannels in the plasma membrane are 

"leaky" allowing a slow facilitated diffusion of K+ out of the cell. 
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In the uterine cell, the resting membrane potential, which was largely dependent on the 

external K+ concentration (Mollard et al., 1986) was around -60 - -35 mV with a more 

depolarized value during pregnancy (Sanborn, 2000; Wray, 1993), even though the 

Nernst potential for K+ is - -85 mV. This means that uterine smooth muscle cells are 

quite permeable to other ions (i. e. Na+ and Cl'). Because the Nernst potentials for Na+ 

and Cl- are quite positive (+ 60 and -20 mV, respectively), any Na+ or Cl' conductance 

will tend to pull the membrane potential toward that ion's equilibrium potential and away 

from the Nernst potential for K+. 

Action potential 

A cell tends to have more positive charge on the outside of the membrane than on the 

inside of the membrane. When the inside of the cell becomes more positive, we say it 

depolarizes; when it becomes more negative, we say it hyperpolarizes. The restoration of 

the potential after a depolarization is called repolarization. 

A typical action potential occurs when depolarization at a spot on the cell reaches the 

threshold potential, the reduced potential induces opening hundreds of voltage-gated ion 

channels (i. e. Na channels and Ca channels) in that portion of the plasma membrane and 

positive ions come into a cell, depolarizing it (making it less negative). At some point, the 

cell reverses the depolarization and begins to repolarize the cell (bringing it back to the 

resting potential, a more negative). Hyperpolarization occurs when excess negative ions 

on the cytosolic surface of the membrane and more positive ones on the outer surface, 

and therefore the membrane potential becomes more negative than the resting membrane 

potential. A nerve action potential is shown in the Figure 1.3, when the membrane is 

depolarized, the Na channels open and Na+ ions enter the cell thus depolarizing it. 

Afterwards both channels close and the K channels (which have a slower response to the 

depolarization of the cell membrane) open. The K channels open and KK ions flow out 
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and repolarize the cell. Because extra KK ions flow outward from the cytosol, the cell 

membrane potential briefly becomes more negative than resting potential and finally 

returns to the resting potential. 

In cardiac and smooth muscle cells, Ca2+ ions are major ions rather than Na+ ions enter 

the cytosol via slow channels (slower than Na channels) during the action potential. Thus, 

the phase of depolarization is longer than that of neurons and prolonged membrane 

depolarisations exist in both of muscles. 

In rat uterine cells, Ca2+ ions are responsible for the depolarization of action potential in 

non-pregnant myometrium; both Ca2+ and Na' ions contribute to the action potential 

during pregnancy and the densities of Ca2+ channels and Na+ channels increase as 

pregnancy progresses in favour of labour (Yoshino et al., 1997). However, some 

evidence showed that the expression of Ca2+ channel was not augmented during 

parturition (Mershon et al., 1994). 

Spread of excitation 

Action potential occurs in a none-or-all fashion. Gap junctions electrically couples with 

smooth muscle cells. So, if an action potential is generated in one cell, it can spread to 

adjacent cells. The uterus is single-unit smooth muscle, which can undergo spontaneous 

and rhythmic contractions even in the absence of transmitters or hormones. It is 

postulated that there are pacemaker cells, which spontaneously depolarize at the at 

regular intervals, governing uterine contractions (Wray, 1993). The rate of depolarization 

for pacemaker potentials can be modified by the presence of transmitters and hormones, 

as well physical stimuli such as stretching the muscle. 
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Figure 1.3 A general scheme for the course of a nerve action potential 
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The opening of a few Na+ channels leads to an initial depolarization. If this depolarization 

exceeds a threshold value then a rapid regenerative opening of many other Na+ channels follows, 

resulting in the depolarizing phase of an action potential. Since the Na+ channel spontaneously 
inactivates, the repolarization of the membrane occurs automatically. Depolarization causes the 

K+ channel gate to immediately open. K+ diffuses out of the cell. The extra efflux of K+ ions from 

the cell results in a brief (approximately 1 millisecond) period of hyperpolarization. During this 

period of hyperpolarization, another action potential cannot be triggered. 
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2.2 Background introduction of ion channels 

Ions moving by facilitated diffusion can traverse the plasma membrane through channels 

created by proteins. There are three types of gated ion channels: ligand gated 

mechanically gated and voltage gated. 

Ligand gated channels open or close in response to the binding of a small signalling 

molecule or "ligand". Some ion channels are gated by extracellular ligands; some by 

intracellular ligands. In both cases, the ligand is not the substance that is transported 

when the channel opens. For example, the binding of neurotransmitter acetylcholine 

opens sodium channels in certain synapses. 

Mechanically gated channels are controlled by stretch receptors, which open channels to 

allow the ionic movement. 

Voltage gated channels are found in neurons and muscle cells, that open or close in 

response to changes in the charge (measured in volts) across the plasma membrane. For 

example as an impulse passes down a neuron, the reduction in the voltage opens sodium 

channels in the adjacent portion of the membrane. This allows the influx of Na+ into the 

neuron and thus the continuation of the nerve impulse. 

Ion channels are highly specific filters, allowing only desired ions through the cell 

membrane. The specificity of an ion channel is a well researched topic although in some 

cases surprisingly little is known about the precise mechanism of ion channel filters. 

The channel structure is often studied by biophysical, molecular biological and electron 

microscopical method. The biophysical Hodgkin-Huxley theory is the most tremendous 

achievement for investigating ion channels and also is my thesis concerned, therefore, I 

will briefly review some background knowledge. 
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Hodgkin-Huxley theory 

The Hodgkin-Huxley theory has influenced the field of biophysical and modelling work 

for decades. The theory is based on Cole and Curtis (Cole & Curtis, 1939) experiment 

showing that the action potential was associated with a large increase in membrane 

conductance. Hodgkin and Huxley (Hodgkin & Huxley, 1939) first recorded an action 

potential, and later Hodgkin and Katz (Hodgkin & Katz, 1949) found that the 

overshooting action potential resulting from an increase in sodium permeability. Finally, 

Hodgkin, Huxley and Katz developed a voltage-clamp circuit to enable quantitative 

measurement of ionic currents from squid axon (Hodgkin & Huxley, 1952). It resulted in 

a Noble Prize for Hodgkin, A. L. and Huxley, A. F. 

Briefly, the voltage-Clamp technique provided experimental evidence to reveal that the 

action potential of squid axon composing two distinct components, a rapid inward current 

carried by Na+ ions, and a more slowly activating outward current carried by K+ ions. For 

example, the sodium current INa+, will depend on the membrane's conductance for sodium, 

gNa+, and on the difference between the existing membrane potential Vn� and the 

membrane potential at which there would be no net electrochemical driving force on 

sodium. The membrane potential at which there would be no electrochemical driving 

force on ion is the Nernst equilibrium potential, E;.. Thus, according to Ohm's Law: INa+ 

= gNa+(Vm - ENa+), and as well as IK+ = gK+ (Vm - EK+ ). Since both gNa+ and gK+ are 

functions of voltage and time: gNa+ =f (V, t) and gK+ = f(V, t), it can be seen that Vm is 

constant when the voltage is controlled by the voltage clamp apparatus, and ENa+ and EK+ 

should not change. So the fact that the currents were functions of time indicated that 

conductance to sodium and potassium were functions of time and voltage. Therefore, by 

using a mathematical approach we can predict the probability of channels being open or 

close. 
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Furthermore, Hodgkin & Huxley described gNa+ = m3h GNa+, because two kinetic 

processes control gNa+ and the Na+ channel behaves as if it has two sets of gates. One 

set, the "activation" gates, open rapidly when the cell is depolarized above a threshold 

voltage. The other gates, the "inactivation" gates, close slowly when the cell is 

depolarized. GNa+ is the conductance for sodium that is seen if all sodium channels are 

open. Since it is hypothesised that INa+ is settled on three particles to control activation 

gates, called "m" gates, and one particle for inactivation gate, called an "h" gate. Suppose 

the variable in and h changes between 0 and 1 as functions of time and voltage, the 

product m3h therefore represents the fraction of the total sodium conductance at any 

given time. At rest, in is low and h is high. During depolarization, m rises rapidly and h 

falls slowly. When the membrane potential is stepped to a new value and held there, m 

and h will reach their new values as well (Hille, 2001). However, Hodgkin-Huxley model 

was not able to explain the diversity of ion channel when the different excitable cells 

were studied, especially when the channel blocker was applied (Armstrong, 1971; 

Armstrong, 1969; Armstrong, 1968; Hille, 1967). Therefore, the structure of ion channels 

was extensively investigated. 

General structure of voltage-gated ion channels 

As shown in Figure 1.4, the voltage-gated ion channels for sodium, potassium, and 

calcium ions all share the same basic structural features. The channel is essentially a 

rectangular tube whose four walls are formed from either four a subunits (e. g., potassium 

channels), or four domains of a single polypeptide (e. g., sodium channels and calcium 

channels). In all cases the amino- and carboxy-terminal ends face the cytosol. Each a 

subunit (Figurel. 4 a) exhibits six putative transmembrane segments S1-S6. Figure 1.4 (b) 

shows that two of the four subunits of a voltage-gated potassium channel are brought 
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together to demonstrate how the pore forms in the middle. The fourth transmembrane 

segment, S4, contains many positively charged residues, which make it a good candidate 

for a voltage sensor and part of the gating mechanism. Inward rectifying channels lack 

this activation mechanism and they are composed only of a subunits with pore-forming 

structural region, the connecting loop of transmembrane segments S5 and S6. For 

voltage-gated sodium channels and some types of potassium channels, a region near the 

N-terminus protrudes into the cytosol and forms an inactivating particle. The inactivating 

particle (when present) causes channel inactivation by extending over the mouth of the 

channel to block the passage of ions. In addition, there are several auxiliary subunits (ß, 

8,, y, etc. ) facilitate a subunits to exhibit the diversity of ion channels and modulate the 

voltage-dependent activation and inactivation of the channel (Terlau & Stuhmer, 1998; 

Catterall, 1995). 

Methods of naming a channel 

Hodgkin-Huxley identified three different components of current, which are named 

sodium channel, potassium channel and leakage based on their classic analysis of ionic 

currents by using electrophysiological methods. 

Sometimes ion channels are pharmacologically named after inhibitors, for example, the 

tetrodotoxin sensitive channel means this channel can be inhibited by tetrodotoxin. 

With the help of advanced molecular genetic technique, a large number of channels are 

cloned and listed. It seems that naming a channel after the most important permeant ion 

appears to be rational but fails to explain complicated phenomena existing in ion 

channels (Hille, 2001). Therefore, with an agreement on a more systematic approach, ion 

channels are also named analogously after channels sequences for classification. For 

example, mammalian voltage-gated K channels divided into several subfamilies as Kv 

1.1, Kv 1.2, 
..., 

Kv 3.1, 
.... 

Kv 8.1 (Hille, 2001). 
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Fiuure 1.4 The general structure of voltage-gated ion channels (this figure has been 
modified from an illustration by Addison Wesley Longman. 
http: //www. mun. ca/biolotJ/desmid/brian/B1OL2060 W2003/CellBiol9/CB9 9. htrnl) 

(a) An individual a subunit of a typical voltage-gated ion channel comprises lour subunits 

[homologous subunits for potassium ions channels or homologous repeat domains for sodium ion 

and calcium ion channels]. Each domain or subunit is niade up of six transmembrane domains 

(SI -S6); the S4 domain is charged and acts as a voltage sensor; the special structure between S5 - 
S6 forms part of the ion-selective pore, ions pass through the aqueous pore between the four 

subunits into the cell. (b) The assembled ion channel has two a subunits plus other auxiliary 

subunits ((i, S, etc. ) that modulate channel functions. 

ryrl3 'NH3 
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In uterine myometrium, Ca2+ ions are thought to contribute to the depolarization and IC 

ions are involved with depolarization and hyperpolarization. At the threshold potential, 

the fast depolarization is attributed primarily to entry of Ca2+ (Na+ in late pregnancy) 

(Sanborn, 1995). Phillippe & Basa (1997) pointed out that tetrodotoxin-sensitive sodium 

channels did not appear to play an important role in phasic myometrial contractions from 

proestrus/estrus Sprague-Dawley rats. In some cases, the prolong plateau phase of action 

potential may be induced by the activation of Cl- channel (Sanborn, 2000 & Sanborn, 

1995). 

3.1 Sodium channels (Na channels) 

As mentioned above, each of the four homologous domains forming Na channel that 

consists of six putative transmembrane segments, S1-S6. Na channel has two ß auxiliary 

subunits (Isom et al., 1994). ßl subunit increases the number of expressed Na channels 

and toxin binding is modified by ß1 subunit. The rate of activation and inactivation is 

substantially increased by both 01 subunit and ß2 subunit (Isom et al., 1994). 

Tetrodotoxin and saxitoxin are the best-known toxins that inhibit ion conductance by 

binding at the extracellular side of pore (Hille, 2001). 

Na channels are responsible for the current underlying the rapid upstroke of the nerve and 

muscle action potential. They are very voltage sensitive; at the resting potential the open 

probability of Na channels is very low. Depolarization can increase probability to open 

Na channel and due to Na' enters causing further depolarization, opening more Na 

channels. 
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Na channels in myometrium 

In cultured human uterine smooth muscle obtained from term pregnancies, the Na+ 

current was large (maximal inward current 7.2 microA/cm2) and of short duration 

(decayed within 10 milliseconds) (Young & Herndon-Smith, 1991). The activation of this 

current was at -40 mV with peak inward current at -10 mV. Steady-state voltage 

inactivation of this channel was with half-maximal inactivation at -67 mV. This channels 

can be blocked by tetrodotoxin (Young & Herndon-Smith, 1991) and belongs to 

subfamily Nav2.1(George, Jr. et al., 1992). However, in pregnant rat uterine myometrium, 

the fast Na channel currents increased during gestation (Sperelakis et al., 1992). Na+ 

currents first appeared at approximately -40 mV, reaches maximum at 0 mV with half 

inactivated at -59 mV (Yoshino et al., 1997; Sperelakis et al., 1992). The subfamily 

Nav2.3, was most abundant in mouse heart and uterus, was up-regulated during 

pregnancy as well (Knittle et al., 1996; Felipe et al., 1994). It is suggested that the ratio 

of densities of both Na+ and Ca 2+ currents changes during the course of pregnancy, the 

fast inactivation and reactivation of Na+ currents would benefit more frequent repetitive 

spike discharges (Yoshino et al., 1997). 

The summarised gene family of Na channel is shown in Figure 1.5 (modified from Hille, 

2001). 

3.2 Calcium channels (Ca channels) 

Calcium channels are involved in many cellular functions including muscle contraction, 

hormone and neurotransmitter secretion, neuronal excitability and gene expression. 

The classification of Ca channels 

Ca channels are much more diverse than Na channels. Ca channels are classified 

according to their electrophysiological and pharmacological properties. They are named 
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as Ca N-type, P/Q-type, T-type, L-type, and R-type channels (Hille, 2001) and also now 

by systematic names, i. e. Ca� 1.1, Ca, 1.2. 

As for the Na channel, the pore-forming part of the channel complex is an ai subunit 

(Hering, 2002; Striessnig et al., 1998), which is associated with subunits S and a2. The 

cytosolic ß subunit can modulate channel inactivation (Hering, 2002). Another subunit y 

has not been fully understood. These subunits control the structure and activity of the al 

subunit and al has most of the functional properties. 

Currents flow through N-type Ca channel are dominant form of calcium entry in sensory, 

sympathetic and myenteric plexus neurons. It is essentially involved in transmitter release 

especially in cortical neurons. N-type Ca channel is blocked by (0-conotoxin GVIA (c)- 

CgTx) (Madden et al., 1990; Pruneau & Angus, 1990). 

P-type Ca channel is high voltage activated Ca channels found in Purkinje cells. It is 

activated at positive to -20mV and slowly inactivated at -120 - -30 mV (Hille, 2001), and 

is insensitive to dihydropyridines and cwCgTx but blocked by o -Aga-TK (from funnel 

web spider venom) (Teramoto et al., 1993) and w-agatoxin IVA (Nishio et al., 1993). 

T-type Ca channel, which is activated at positive to -70 mV and rapidly inactivated at - 

100-60 mV, is widely distributed in excitable and non-excitable cells. It is involved with 

pacemaker activity and blocked by micromolar cadmium (Cd2) , nickel (Ni) 

(Kochegarov, 2003) and mibefradil (Ro 40-5967) (Clozel et al., 1997; Gomez et al., 

1996). 

Lrtype Ca channel is activated at positive to -30 mV and inactivated at -60 - -10 mV 

(Hille, 2001). It is insensitive to coCgTx but is blocked by dihydropyridines, mibefradil, 

verapamil and nifedipine (Kochegarov, 2003). h-type Ca channels plays an important role 

in controlling transmitter release in endocrine cells and contraction in muscles. This 

channel is considered to be most important in smooth muscle. 
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Q-type Ca channel is discovered by molecular cloning. It is fast inactivated and present 

on nerve terminals in the pituitary gland, involved with peptide secretion. It can be 

blocked by c»-AgaIVA spider toxin (Kochegarov, 2003). 

R-type Ca channel is revealed by molecular cloning as well, however, its function and 

characteristics remains unknown. It can be inhibited by toxin from the venom of African 

tarantula, Hysterocrates gigas, SNX-482 (Kochegarov, 2003). 
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Fizure 1.5 Gene families of Na channels and Ca channels 

Na: , So(liuiu channel. ýulta<c <ýatcýi 

Gene family of Na channels 
Channel Human Human 
name gene name chromosome 
Na,, 1.1 SCN1 A 2g2'4 

NaV1.2 SCN2A 2q2. }24 

Na�1.3 SCN3A 2q24 
NaV1.7 SCN9A 2q24 

Nay1.4 SCN4A 17q23-25 
Na�1.6 SCNBA 12q13 

NaV1.5 SCNS. A 3p21 

NaY1. S SCN1OA 3p22-24 

Na, 1.9 SCN11A 3p21-24 

Gene family of Ca channels 

Channel name 
Human gene Human 
name chromosome 

CNA1'- 1q3 1-3 

Ca, 1.2 CACNA1C 12p13.33 
L 

CaV1.3 CACNAl D 3pl 4.3 

H'%AA Ca, 1.4 CACNA1 F Xp 11.23 

PA Cay2'. 1 CACNA1A 19p13 

N Ca�2.2 CACNA1 B 9q34 

R CaV2.3 CACNA1 E 1 g25-31 
Ca�3.1 CACNA1 G 17q22 

LVA T Caa3.2 CACNAI H 16p13-2 

Ca�3.3 CACNA1I 22g12 

Ca,: Calcium channel, voltage-gated 

HVA: High voltage-activated, high-threshold 

LVA: LmN voltage-activated, low-threshold 

L-type: Long-lasting, high-threshold 

T-type: Transient, low-threshold 

N-type: Neither L- nor T-type. 

P/Q-type: sensitive to (0-Aga IVA 

R-type: resistent to co-Aga IVA 

2 ý) 
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Ca channels in smooth muscle 

In smooth muscle, L-type and T-type Ca channels are present. 

Based on their voltage threshold for activation, L-type Ca channels are divided into low- 

voltage activated (LVA) and high-voltage activated (HVA) L-type channels. Both LVA 

and HVA are identified in newborn rat ileum and LVA is predominant in comparison 

with adult (Smirnov et al., 1992). 

The T type channel activates at low voltage is supposed to be important for the rhythmic 

activity of smooth muscle pacemaker cells (Triggle, 1998) and cell growth (Wang et al., 

2002; Katz, 1997). 

Ca channels in myometrium 

Two types of calcium channels, L-type and T-type calcium channel have been found in 

uterine myometrium. In freshly dispersed pregnant human uterine myocytes, both T-type 

and L-type calcium currents were present; nifedipine blocked the L-type calcium currents 

but had no effect on T-type calcium currents (Young et al., 1993). However, in rat 

myometrium only L-type Ca channel is evident. In vivo, the uterine tissues treated with 

oestrogen result in great increases in Ca2+ entry in rats (Batra, 1987) indicating that L- 

type Ca channel is hormonally regulated. Recently, Helguera, et al. (2002) demonstrated 

that the expression of Ca channel is tissue-specifically modulated by sex hormone. This 

means that the gene encoding subunits of Ca channel would change in response to the 

hormonal stimulation (Collins et al., 2000; Tezuk a et al., 1995; Mershon et al., 1994; 

Rendt et al., 1992). 
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3.3 Potassium channels (K channels) 

K channels have a large gene family. Some K channels are activated by membrane 

depolarisation and these channels are termed voltage-gated K channels (Kv); some K 

channels whose open probabilities depend on the intracellular Ca2+ concentration are 

known as Cat+- activated-K channels, Kca; another group may be open at all membrane 

potentials, but favour the influx rather the efflux of K+ ions that termed inward rectifying 

K (Kir) channels; the last group is "Leak" K channels which lack gating control (Jan & 

Jan, 1994). 

Structurally, K channels consist of 6 transmembrane (6TM) domain channels, 4 

transmembrane (4TM) domain channels and 2 transmembrane (2TM) domain channels. 

The structures of K channels are illustrated in Figure 1.6, and the figure is modified from 

Nat Rev Neurosci. 2002 Feb; 3(2): 115-21(Choe, 2002). 

However, Cat+- activated-K channels are different. They are activated when intracellular 

Ca2+ levels rise; the large conductance channel (denoted BKc., maxi K) is probably the 

best characterized and most ubiquitous being expressed in virtually all tissues with the 

exception of the heart (Khan, et al. 2001). Two other classes are intermediate (IKc. ) and 

small (SK a) conductance Cat+- activated-K channels have not been described in any 

detail in the myometrium. Molecular investigation of the BKa channel has revealed that 

the basic structure of the channel protein shares a high degree of homology with the SI- 

S6 transmembrane domains of voltage-gated K channels. Additionally, there is a novel 

carboxy-terminus of four hydrophobic domains, S7-S10, where has the Ca2+ binding 

sites. Recent models of BKc channel structure have incorporated a novel extracellular 

transmembrane domain SO (Meera et al. 1997; Wallner et al. 1996) located at the amino 

terminus which is thought to play a vital role in 0-subunit regulation. Voltage 

dependence, channel open time and conductance are believed to be a function of the Si- 
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S6 region (Wei et al. 1994; Tseng-Crank et al. 1994) whilst calcium sensing has been 

assigned to the carboxy terminus reflecting its more recent evolutionary addition. 

The gene family of K channels is shown in Figure 1.7 (Hille, 2001). 

Two major K channels in smooth muscle, Kir and Kv will be discussed here. 

Inward rectifier K channels (Kir) 

Kir channels are a group of K channels generated by the tetrameric arrangement of one- 

pore/two-transmembrane helix (1P/2TM) protein subunits, often associated with 

additional ß subunits (Figure 1.6). Most Kir channels can be assembled in functional 

homotetramers while some require heteromeric assembly (Preisig-Muller et al., 2002). 



Chapter I Background Introduction 

a flfl 
l `x 

ýf 

SM1 

M2f' 

NH F- 
COOH 

d 

: M1 M2 M3 
5ýiý 

H C-- coots 

13 

Fiture 1.6 The four main structures of potassium channel. 

(a) 2TM/P channels consist of two transmembrane (TM) helices with aP loop between them. Kir 

is a typical I P/2TM K channel. (b) 6TMiP channels, which are the predominant Class among 

ligand-gated and voltage-gated K channels. (c) 8TMi2P channels, which are hybrids of 6TM/P 

and 2TM/P, and were first found in yeast. (d) 4TM/2P channels, which consist of two repeats of 

2TM/P channels. 8TM/2P and 4TM%2P probably assemble as dimers to form a channel. 4TM/2P 

channels are for more common than was originally thought. These so-called 'leakage' channels are 

targets of numerous anaesthetics. 
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From Figure 1.7, it can be seen that Kir channels have three subfamilies: Classical inward 

rectifiers, adenosintriphosphate (ATP) sensitive and G-protein coupled K channels. 

The inward rectifier means that a voltage driving a current into the cell produces a larger 

current than an identical voltage driving current out of the cell. The fact is that these 

channels conduct K+ more easily into the cell than out of it, although almost all of the 

time, perversely, K+ will move outward through inward rectifier channels. Nevertheless, 

the direction of K+ movement still depends upon the membrane potential relative to the 

equilibrium potential for K+(usually around -90mV) (Hille, 2001). The voltage-dependent 

activation mechanism of Kir channels can be attributed to channel block by intracellular 

polyvalent cations (Mg and polyamines) (Nichols & Lopatin, 1997). 

Kir channel have been found in muscle cells and epithelial cells. As K channels, they 

serve to modulate cell excitability, being involved in repolarization of action potentials, 

setting the resting potential of the cell (by establishing the resting membrane potential as 

they are active at hypolarization of membrane), and contributing to K+ homeostasis. 

ATP sensitive K channels 

In smooth muscle, The ATP-sensitive K channel (KATP channel) is the most important 

inward K channel which is likely to be composed of members of the inward rectifier 

channel gene family (Kir6) and sulfonylurea receptor proteins (Quayle et al., 1997). 

However, the classical Kir channels do not appear to be as widely distributed as KATP 

channels in smooth muscle. 

The KATP channel is weakly voltage dependent. It is believed that ATP/ADP ratio would 

influence the open and close state of KATP channel. Therefore, the KATP channels are 

understandably targeted by a wide variety of vasodilators and constrictors, which act, 

respectively, through adenosine 3,5'-cyclic monophosphate/protein kinase A and protein 

kinase C. The KATP channels are also activated by a number of synthetic vasodilators (e. g. 
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diazoxide and pinacidil) and are inhibited by hypoglycemic sulfonylurea drugs (e. g. 

glibenclamide) (Quayle et al., 1997). Recently, using the real-time RT-PCR light-cycler 

technology revealed that the presence of four subunits of KATP channels (Kir6.1, Kir6.2, 

SURI and SUR2B) in human non-pregnant, late pregnant not in labour and late pregnant 

in labour uterine tissues. The significant higher levels of Kir6.1, Kir6.2, SUR1 and 

SUR2B transcripts were found in non-pregnant myometrium compared with those 

measured in myometrium obtained during pregnancy suggesting that down-regulation of 

KATP channel may facilitate myometrial function during late pregnancy (Curley et al., 

2002). In rat myometrium, the SURland SUR2B was expressed (Chien et al., 1999). 

G-protein coupled K channels 

G-protein coupled K channels (GIRK/Kir3) was first reported in smooth muscles using a 

combination of RT-PCR on RNA from isolated gastrointestinal cells. However, the exact 

role of Kir3 channels has to be further investigated (Khan et al., 2001). When expressed 

heterologously, the smooth muscle forms of Kir3.1 and Kir3.2 were inwardly rectifying K 

channels that were activated through muscarinic receptors. When they were expressed 

individually, very little current was recorded. Only when they were expressed together, 

presumably as a heterotetramer were large inwardly rectifying currents produced. In 

addition, currents were observed when Kir3.1 and Kir3.2 were expressed without co- 

expression of the muscarinic receptor hM2 but are unaffected by acetylcholine (Ach) 

application. When co-expressed hM2 with Kir3.1 and Kir3.2, a large basal current is 

observed that can be initiated by application of Ach (Bradley et al., 2000). So far, there 

have been no studies of Kir3 channels on the uterine smooth muscle. 
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Figure 1.7 The gene family of K channels. 
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Kv: voltage-gated K channel; Kir: Inward-rectifying K channel 
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Voltage-gated K channels (Kv) 

K channels form a diverse family of K selective, voltage-gated channels in excitable 

membranes of neurons and muscle cells. Different genes have been cloned and sequenced 

from mammals, plants, and micro-organisms (Figure 1.7). 

As mentioned above (Figure 1.6), most Kv channels form homo- or hetero-tetrameric 

protein complexes with each subunit having 6 transmembrane segments (Si - S6) and a 

pore loop structure connecting the S5 and S6 segments. Transmembrane segment S4 

contains a series of positively charges amino acids, which have been shown to be 

essential for voltage sensing. 

Kv channels were first discovered as the genes responsible for the 'shaker' mutant in the 

fruit fly Drosophila. The mutant flies were recognized by 'shaking' of their legs (Hille, 

2001). 

The activation of Kv channel 

The Kv channels are the family of channels in which heteromerisation has been studied 

most extensively. Several of the Kv channels form silent subunits (for example, Kv5.1 

and Kv6.1), i. e. they do not form functional channels in heterologous expression systems 

when expressed alone. However, co-expression of one of the silent subunits with Kv2.1 

produces heteromeric channels with distinct biophysical properties (Kramer et al., 1998). 

The activation process of Kv channels has been well supported by the fourfold symmetry 

of channel complex. It simply pictures as that each of subunit of the channel complex 

undergoes voltage-dependent transitions in an almost independent fashion; that is only 

upon activation of all of these gating units the channel pore is ready to open. This theory, 

was first formulated by Hodgkin and Huxley (1952) who nicely predict current traces 

with sigmoidal onsets after depolarization and channel open probabilities (i. e. steady- 

state current-voltage relationships normalised for the driving force), was then roughly 
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described by Boltzman function (y = 1/{1 + exp[-(E - Vy, )/x]}, where Vi, represents the 

voltage at which 50% of the channels are open or inactivated and x the slope factor. ) The 

interpretation of Boltzman function is the distribution of the gates among two (states- 

deactivated-activated or closed-open) as a function of voltage. The slope factor x is the 

steepness of these dependencies containing information on how much charge in trans- 

located within the transmembrane electric field during a gating progress. So called gating 

currents are actually caused by the rearrangements of voltage-sensing structures with the 

channel proteins, particularly transmembrane S4 segment (Hille, 2001). Recently, two 

short complementary sequences in Kv channels were found to be essential for coupling 

the voltage sensors to the intracellular activation gate; One sequence is the so called S4- 

S5 linker distal to the voltage-sensing S4, while the other is around the COOH-terminal 

end of S6, a region containing the actual gate-forming residues (Lu et al., 2002). 

The inactivation of Kv channel 

The N-terminal domain is responsible for the assembly of the tetrameric Kv channels; the 

so-called Ti domain, a highly conserved cytoplasmic portion at the N-terminus of the Kv 

a subunit that is responsible for driving and regulating the tetramerization of the a 

subunits, has been well characterized (Cushman et al., 2000). Because the structure of Ti 

domain in this region is tightly coupled to the gating states of channel, one can imagine 

that if mutants that lack the N-terminus do not inactivate, only adding back a peptide 

equivalent to the N-terminus of the channel protein will restore the ability to inactivate. 

The "ball & chain" mechanism of inactivation is therefore based on this postulation. The 

molecular picture of the ball-and-chain model of inactivation is depicted as an 

inactivating ball structure at the beginning of the N-terminus is tethered to the main body 

of the channel protein by a flexible chain (Hoshi et al., 1990). If the chain is shortened, 

the ball will be likely binding with a receptor site and obstruct the channel pore from 
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inside, therefore, induce the inactivation of Kv channel. This type of inactivation is fast 

and named N-type inactivation. 

There are also another two types of inactivation called C-type (Panyi et al., 1995; 

Ogielska et al., 1995) and P-type inactivation (Loots & Isacoff, 1998). They are normally 

associated with the slow inactivation. C-type inactivation involves C-terminal part of 

channel and P-type inactivation mainly involves the pore structure. 

Auxiliary subunit of Kv channel 

The biggest group of auxiliary subunit of Kv channel is ß subunit, which called Kv(3. 

Several KvP have been found in different excitable cells (Lazaroff et al., 1999; Morales 

et al., 1995). As discussed earlier, Kv channels are formed by four a subunits, therefore, 

four KvP subunits are supposed to be associated with a channel complex in the way of the 

conserved C-terminus of the ß subunit binding to the Ti domain in the N-terminus of the 

a subunit. Thus, not surprisingly that KvP subunits increase the rate of inactivation of 

specific Kv channel a subunits (Lombardi et al., 1998; Morales et al., 1995). The 

expression of KvP is also developmentally regulated, for example, Kv(31 expression is 

high at birth in all brain regions examined and decreases with age; in contrast, Kvß2 

expression is low at birth and increases with age to reach adult levels by the third 

postnatal week (Downen et al., 1999). 

Kv channels in myometrium 

Kv channels are responsible for the depolarization or hyperpolarization of action 

potential. Several Kv channels have been characterised in human and rat uterus. 

In non-pregnant human myometrium, a rapid activating K channel with an activation 

potential at positive to -70 mV, a slower activating K channel with the activation 

potential positive to -40 mV and A-type like K channels (also called transient K channel) 

have been characterised (Erulkar et al., 1993). A-type K channels which have fast 



40 
Chapter 1 Background Introduction 

activation and inactivation time course were first found in neurons. They are calcium 

insensitive but sensitive to 4-aminopyridine (4-AP) and inactivated comparatively at 

more negative potentials than the membrane resting potential (Amberg et al., 2003). 

In pregnant human myometrium, Kv channels were separated pharmacologically and 

kinetically. Four distinct Kv channels were found (Knock et al., 1999). However, there is 

scant data on Kv channels in non-pregnant human myometrium (Khan et al., 2001). 

In non-pregnant and pregnant rat uterus (Wang et al., 1998), the pharmacological and 

electrophysiological properties are basically similar to the human myometrium. However, 

some Kv channels are tissue-specific and diverse; and genetic differences exist between 

human and animals. The detailed studies of Kv channels in rat uterus are shown in the 

Chapter 3. 

As well as Kv channels, the following K channels share the common motif of six 

transmembrane segments per a subunit (6TM family of ion channels). However, they are 

different from Kv channels. 

KvLQT1 channel (minK) 

KvLQT1 (an identified gene on chromosome 11, which is responsible for a cardiac 

arrhythmia with a long QT interval; KvLQT1 is strongly expressed in the heart and 

encodes a protein with structural features of a voltage-gated potassium channel). It is a 

small family of K channel (KCNQ subfamily) encoding rat kidney IsK channel in 

association with its regulatory ß-subunit IsK (also called minimal K, which is 

abbreviated as minK) (Takumi et aL, 1988). It is suggested that KCNQ (human prefix) a- 

subunits form either homotetramers or hetero-oligomers with a restricted subset of other 

KCNQ a-subunits or with KCNE (minK) ß-subunits; KCNQ1 assembles with KCNE 0- 

subunits but not with other KCNQ a-subunits; by contrast, KCNQ3 interacts with 
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KCNQ2, KCNQ4 and KCNQ5. A carboxy-terminal domain is believed to determine the 

subunit specificity of KCNQ K channel assembly (Schwake et al., 2003). 

MinK proteins are associated with and essential for the activities of K channel proteins 

such as the KvLQT1 protein encoded by the human LQT1 gene. Some of these channels 

respond to a change in voltage very slowly; the current may reach its steady state only 

after 50 seconds. IsK channel has been cloned and expressed in neonatal rat heart and 

diethylstilbestrol-primed rat uterus (Folander et al., 1990). However, the role of this 

channel (protein) has not been established in uterus (Khan et al., 2001). In mouse, 

KvLQTI channel is strongly expressed in heart, lung, gut, kidney and uterus and 

developmentally regulated. For example, recently positional cloning has identified 

KVLQTI as the IIp15.5 gene responsible for increased susceptibility to long QT and 

JLN syndromes (Jervell and Lange-Nielsen syndromes, which is characterized by 

prolongation of the QT interval, deafness, and autosomal-recessive inheritance), KvLQT1 

early developmental expression is maternal in origin, the paternal allele becomes 

increasingly active during development, but late juvenile and adult animals show 

complete biallelism, suggesting an explanation for the lack of parent of origin bias in JLN 

and long QT (Gould & Pfeifer, 1998). 

SK and IK channels (KCNN) 

The acronyms SK and IK stand for small-conductance and intermediate-conductance Ca- 

activated K channels. The SK and IK channels subunits contain six transmembrane 

domains and one pore loop. The functional channels are tetramers (Vergara et al., 1998). 

SK channels have a relatively low single-channels conductance (-14 pS) and are 

activated by submicromolar concentrations of cytosolic free calcium (Ishii et al., 1997). 

SK gating was modelled by a gating scheme consisting of four closed and two open states 

(Hirschberg et al., 1998). Researchers have found that SK channels were actually not 
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gated by calcium binding directly to the channel a-subunits; instead, the gating of SK 

channels was mediated by binding of calcium to calmodulin and subsequent 

conformational alterations in the channel protein (Schumacher et al., 2001; Xia et al., 

1998). SK channel is blocked by two other toxins, apamin and leiurotoxin-1 (Garcia et al., 

1991). 

IK channels (-P39 pS) are distinct from the SK channel family biophysically and 

pharmacologically. At low concentrations of calcium, in the range of resting internal 

calcium (-0.1 pM), SK channels would be silent, whereas IK channels would show some 

activity (Ishii et al., 1997). It suggested that in the nervous system IK channels may result 

from an interaction between SlacK and Slo channel subunits (Joiner et al., 1998). 

In uterus, the pharmacological alteration and disabling of link between Ca2+ and Cat+- 

activated K+ channels suggested that SK channels may exist during pregnancy near term 

(Wang et al., 1998). However, the down-regulated expression of subunits of large- 

conductance Cat+-activated K+ channels can not be excluded (Khan et al., 2001). 

Large-conductance Cat+-activated K+ channels (KCNM) 

These channels are also called BKca channels or Maxi channels, which stands for large 

conductance Cat+-activated K channels encoding human KCNM channels (hslo), and 

belongs to mslo channel subfamily. The functional channels are tetramers and their 

single-channel conductance is 150 pS or larger (Toro et al., 1998). 

BKCa channels are a protein complex formed by two integral membrane subunits, the 

pore forming a subunit and a regulatory ß-subunit. In contrast to the other Kv channels, a 

subunit contains a seventh transmembrane segment SO, which leads to an exoplasmic 

NH2 terminus. This segment is critical determinant of ß-subunit modulation (Toro et al., 

1998). It has been demonstrated that voltage rather than Cat+triggers the activation of BK 

channels; instead, Cat+acts as a modulator: micromolar Cat+switches the channel from a 
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Ca2+ independent state to a Ca2+ modulated state. This is so called "allosteric voltage- 

gating mechanism", which is Ca2+ binding and voltage sensor activation act almost 

independently, to enhance channel opening by influencing the conformational change 

between the BI{ca closed and open conformations ( Horrigan & Aldrich, 2002; Cui & 

Aldrich, 2000; Horrigan & Aldrich, 1999). Recently, Hu, et al. found that the voltage 

sensor S4 of BKca channel participates not only voltage dependent but also magnesium 

dependent activation (Hu et al., 2003). Co-expression ß subunit with a subunit in human 

myometrium dramatically increased the apparent calcium sensitivity as evident from a 

leftward shift of the voltage-activation curves: half maximal activation measured in 10 

pM Ca2+ was 12 ± 18 mV for the a subunit alone and -87 ± 10 mV in presence of the ß 

subunit (Wallner et al., 1995). Moreover, ß1 subunit of BKca channels was demonstrated 

to be required for regulation of coupling between Ca2+ transients and BKa channels by 

protein kinase C in colonic myocytes (Hagen et al., 2003). 

As within most channels, a subunit and ß subunit can be modulated by hormones. 

In human uterus during labour, the a subunit is coupled to the ß subunit, but a decline 

occurs in the level of a subunit (Chanrachakul et al., 2003) and ß-subunit protein 

(Matharoo-Ball et al., 2003). The a subunit of rat uterus (Song et al., 1999) and 01- 

subunit of mouse (Benkusky et al., 2002) were also regulated during pregnancy. 

Therefore, this may be the mechanism, which underlies the loss of calcium and voltage 

sensitivity of the BKca channel with labour. In addition, oestrogen has shown the tissue- 

specific regulation of BK a channel subunits. For example, using a sensitive ribonuclease 

protection assay it was found that the a and ß4 mRNAs were the most abundant in the 

brain and pituitary, whereas in the aorta the a subunit was co-expressed with the 

0l subunit (Jamali et al., 2003). 
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Hyperpolarization-activated channels (HCN) 

A cation channel termed If (synonymous names are Ih and Iq) encoding HCN human 

gene family, has been designated as "pacemaker" channel because it reveals unique 

features that are believed to be a prerequisite for pacemaker activity (Santoro & Tibbs, 

1999; Ludwig et al., 1998). 

Recently, the hyperpolarization-activated cyclic nucleotide-gated families of ion channel 

proteins (HCN1-4) have been identified as a "pacemaker" channel. The structure of 

HCNs is similar to that of Kv channels and cyclic nucleotide-gated (CNG) channels. 

HCNs proteins (HCN1-4) are characterized by six transmembrane domains (SI-S6), 

including a positively charged voltage-sensing S4 segment and an ion-conducting pore 

between S5 and S6. In the C terminus the HCNs carry a cyclic nucleotide-binding 

domain (CNBD), a motif found in several cyclic nucleotide-binding proteins. The core 

region of HCNs channels (S I to the C terminus of the CNBD) is highly conserved, 

whereas the cytoplasmic N and C-termini vary considerably in their length and share only 

weak sequence homology. The functional HCN channels probably are tetrameric 

complexes (Wainger et al., 2001; Santoro & Tibbs, 1999). 

HCN channels are activated by membrane hyperpolarization and modulated by the 

binding of cyclic nucleotides such as cAMP and cGMP suggesting a model for ligand- 

dependent channel modulation (Zagotta et al., 2003). HCN channels may also contribute 

to the development and regulation of short- and long-term plasticity at the hippocampal 

mossy fiber-CA3 synapses (Huang & Hsu, 2003). 

HCN in myometrium 

In pregnant rat uterus (17-19 days gestation) using microelectrode and patch-clamp 

techniques, and isometric tension recording revealed the hyperpolarization-activated 

inward currents activated by long hyperpolarizing pulses below -60 mV in circular but 
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not in longitudinal muscle cells, and application of extracellular but not intracellular Cs 

reduced the amplitude of currents, reduced the frequency, but not the amplitude of 

spontaneous contractions in a concentration-dependent manner (Okabe et al., 1999). 

3.4 Chloride channels 

Chloride channels (CLC) are structurally different from the other ion channels. In 

mammals, the CLC gene family of CI channels has nine members that may function in 

the plasma membrane or in intracellular compartments (Jentsch et al., 2002). CLC 

channels are dimers, in which each monomer has one pore being formed by a separate 

subunit contained within a homodimeric membrane protein, also named double-barrelled 

channels. Individual subunits are composed of two roughly repeated halves that span the 

membrane with opposite orientations and some CLC proteins associate with crucial 0- 

subunits which facilitate the functional expression (Dutzler et al., 2002). So far, three 

gene families of chloride channels have been well established; these include the CLC 

family, the cystic fibrosis transmembrane conductance regulator (CFTR) and the GABA- 

and glycine-gated neurotransmitter receptor chlorine channels. However, a large number 

of biophysical identified Cl channel is remained to be discovered (Jentsch et al., 2002). 

Biophysical studies revealed that Cl channel gating may depend on the transmembrane 

voltage (in voltage-gated channels), on cell swelling, on the binding of signalling 

molecules (as in ligand-gated anion channels of postsynaptic membranes), on various ions 

(e. g., anions, pH, or Cat+, on the phosphorylation of intracellular residues by various 

protein kinases, or on the binding or hydrolysis ofATP (Jentsch et al., 2002). 

It is believed that Cl' currents are important for the regulation of excitability in nerve and 

muscle. 
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Cat+-activated-CF channels 

Cl channels are activated by the intracellular Ca2+ are called Cat+-activated Cl' channels 

(Clca). Clc. channels have been identified in neurons (Frings et al., 2000; Scott et al., 

1995), cardiac muscle (Sorota, 1999; Du & Sorota, 1999) and smooth muscles (Kotlikoff 

& Wang, 1998, Nelson et al., 1997, Large & Wang, 1996; Hogg et al., 1994; Hogg et al., 

1993). 

In smooth muscle, the reverse potential for Cl' ions (depends on the experimental 

conditions) is negative to 0 mV (e. g. -1.2 mV for rat uterine cells, Jones et al., 2002) and 

C1ca channels are open at the resting membrane potential, thus the physiological 

consequences of the activation of Clca channel in smooth muscle are membrane 

depolarisation and subsequent contraction in response to excitatory agents. CICa currents 

in smooth muscle tissues are also time and voltage dependent (Piper & Large, 2003; 

Large & Wang, 1996). It was suggested that Cla channels were responsible to the 

spontaneous transient inward currents (STICs) (Hogg et al., 1994). 

Cc, channels in myometrium 

In uterus, using patch-clamp technique revealed that oxytocin induced opening of Clca 

channels and cation channels, leading to depolarization of the myometrial cells 

(Arnaudeau et al., 1994). Jones et al. (2002) showed that Cla channels were present in 

rat uterine myometrial and activated by the L-type Ca channel because they can be 

abolished by nifedipine. The physiological role of Cla channels is unclear in uterine 

myometrium, but they likely increase the excitability of uterus during pregnancy, because 

these channels are not noticeable in non-pregnant rat uterus. 

Recent molecular studies have identified a novel family, Clca family, of genes encoding 

Clca channels. A new member of the ClC, gene family was identified, mCLCA4, that was 

expressed preferentially in organs containing a high percentage of smooth muscle cells, 
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including intestine, stomach, uterus, bladder, and aorta (Elble et al., 2002). However, it 

seems that some discrepancy exists between the expression of Clca genes and the ability 

to recorded time-dependent Cl" currents (Britton et al., 2002). 

The block of Cla channels is complicated. Niflumic acid and flufenamic acid was 

described to block CIa channels, as well as the arylaminobenzoate NPPB. The disulfonic 

stilbene DIDS is another potent blocker in mammalian cells. However, first cloned 

candidate protein, bCLCA1, was insensitive to niflumic acid and poorly inhibited by 

DIDS. A murine homolog of the bovine protein, mCLCA1, was reported to elicit currents 

that were sensitive to both compounds (Jentsch et al., 2002). Both niflumic acid and 

flufenamic acid reduced uterine contractility (Jones et al., 2002). 

3.5 Stretch-activated ion channels 

Stretch-activated ion channels (SACs) open or close in response to mechanical forces that 

arise from local stretching or compression of the membrane around them; for example 

when their cells swell or shrink. SACs have been widely recognized in neurons (Viana et 

al., 2001; Calabrese et al., 1999; Sigurdson & Morris, 1989), epithelial cells (Watanabe 

et al., 1997; Ohata et al., 1996), heart (Zeng et al., 2000; Hu & Sachs, 1997; Akay & 

Craelius, 1993), skeletal muscle (McBride, 2003; McBride, 2000; Sokabe et al., 1993), as 

well as smooth muscle (Iwasaki et al., 2000; Kirber et al., 1988). 

SACs are variable in different tissues. For examples, in skeletal muscle, the prolonged 

depolarization after eccentric contractions due to the activation of Na-selective SAC 

(McBride et al., 2000); in isolated human atrial myocytes stretch-activated chloride 

channel was present (Sato & Koumi, 1998); in adult rat atrial myocytes, only K-selective 

SACs were observed and they probably belong to the two pore-domain family (Niu & 

Sachs, 2003). 
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Smooth muscle cells undergo substantial increases in length, passively stretching during 

increases in intraluminal pressure in vessels or hollow organs. SACs are thought to be 

involved in myogenic responses and SACs in smooth muscle have also been shown to be 

Ca 2+ permeable ( Kirber et al., 2000; Kirber et al., 1988). Recently, Cat+entry via SACs 

has been visualised using patch-clamp recording and Cat+fluorescence. It is clear that the 

activation of SACs increases in the local concentration of Ca2+ and causes membrane 

depolarization, which can activate voltage-gated Ca2+ channels (VGCC) leading to 

contraction; it also induces the opening of Cat+-activated KK channels which cause 

membrane hyperpolarization, causing relaxation by deactivating VGCC. At meantime, 

hyperpolarization with maintained membrane stretch could also enhance Ca2+ influx 

through open SACs, favouring contraction (Zou et al., 2002). 

SACs in myometrium 

Stretch is an important stimulus for uterine myometrial growth. For example, continuous 

distension of the saline-filled uterus induced rapid and extensive growth of the whole 

uterus and the myometrium by a combination of hyperplasia and hypertrophy (Douglas et 

al., 1988); stretch also increases the expression of gap junction protein, connexion -43 in 

non-pregnant rat (Ou et al., 1997); recently it was demonstrated that stretching rat 

myometrium induced a rapid and transient phosphorylation (activation) of mitogen- 

activated protein Kinases (MAPKs) suggesting that mechanical stretch modulated 

MAPK activity in the rat myometrium leading to protooncogenes expression, such as c- 

fos (Oldenhof et al., 2002). 

In vitro, stretch to the uterus causes contraction (Wray, 1993), little is known about the 

mechanism of stretch induced contractions. It is likely that the stretch-sensitive catonic 

channels may induce the depolarization of myometrium due to Ca2+ influx, hence, 

contraction through Cat+/calmodulin-induced activation of myosin light chain kinase 
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(Kasai et al., 1995). Gadolinium (Gd 2) inhibits stretch-induced changes in cell 

electrophysiology and contraction (Tavi et al., 1996). 

However, the opening SACs is not only contribution to the stretch-induced contractions, 

but the additional mechanotransduction pathway is also involved (Laher et al., 1989; 

Laher & Bevan, 1989). For example, the transmural pressure and/or wall tension in 

arterioles causes increased tyrosine phosphorylation which is not involved in the acute 

phase of myogenic constriction but may be involved in sustained myogenic tone or 

mechanisms possibly related to growth (Murphy et al., 2001; Hill et al., 2001). Since ion 

channels are regulated by protein tyrosine kinases and phosphatases (Davis et al., 2001) 

and Ca2+ can activate the cell signalling pathways, thus, the stretch-induced contractions 

are far more complicated. 

3.6 Ligand-gated channels 

Extracellular chemical messengers often send signals between excitable cells. The 

messenger from an endocrine organ is called a hormone; the messenger from a nerve 

terminal to act on an adjacent cell is called neurotransmitter. The stimulatory molecules 

are termed agonists (Hille, 2001). 

Ligand-gated (or agonist-gated) ion channels (LICs) can gate ion movements and 

generate electrical signals in response to a specific chemical neurotransmitter or hormone. 

They exhibit receptor specificity for acetylcholine, serotonin, glycine, glutamate and y- 

aminobutyric acid (GABA) (Brejc et al., 2001; Hille, 2001). All of these receptor 

channels are composed of two main functional parts: an extracellular, ligand-binding 

domain, and a gated, membrane-spanning pore (Miyazawa et al., 2003). 
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Some categories of ligand-gated receptors 

Nicotinic acetylcholine receptors (NaChRs) mediate fast cholinergic synaptic 

transmission at nerve-muscle junctions and in the brain. Recently, the NaChR gene 

family was identified from the reference genome of the pufferfish, Fugu rubripes. It 

consists of 16 a and 12 non-a candidate subunits, making it the largest vertebrate NaChR 

gene family. The gene family includes an unusual set of muscle-like NaChR subunits 

comprising two als, two ßl s, one 5, one y, and one co (Jones et al., 2003). 

GABA interacts with three kinds of receptors, Classes A, B and C. Classes A and C 

receptors are LIC channels while Class B receptors activate other channels via G proteins 

(Zhang et al., 2001; Davies et al., 1996). 

There are seven classes of serotonin (5 hydroxytryptamine (5-HT) receptors, six of which 

are G-protein linked, plus 5-HT3 is a homo- or heteropentameric ligand gated non- 

specific cation channel of the LIC family (Reeves & Lummis, 2002). 

lonotropic glutamate receptors (iGluRs) mediate excitatory synaptic transmission in 

vertebrates and invertebrates through LIC channels. iGluRs are segregated into three 

subtypes according to their sensitivity to the agonists AMPA (alpha-amino-3-hydroxy-5- 

methyl-4-isoxazole propionic acid), kainate (a structural analogue of glutamate) or 

NMDA (N-methyl-D-aspartate) (Armstrong et al., 1998). Most of iGluRs channels have 

four subunits. 

The channel protein complexes of the LIC family preferentially transport cations or 

anions depending on the channel, for examples, the acetylcholine and serotonin receptors 

are cation-selective while glycine receptors are anion-selective (Hille, 2001). 

There are three different superfamilies of extracellularly activated ligand-gated ion 

channel subunits. The receptors of the so called cys-loop (disulfide bridge) superfamily 

(nicotinic receptor, GABAA and GABAC receptors, glycine receptors, 5-HT3 receptors 
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and some glutamate and histidine activated anionic channels) are made of five 

homologous subunits. The ATP gated channels (ATP2X receptors) are made of three 

homologous subunits. Finally, the glutamate activated cationic channels (NMDA 

receptors, AMPA receptors, etc. ) are made of four homologous subunits. 

Nicotinic acetylcholine-activated cation-selective channel 

The best characterized ligand-gated ion channels are the nicotinic acetylcholine receptors 

(NaChRs) channels. They are distinguished from another unrelated membrane proteins, 

the muscarinic ACh receptors, which respond to the alkaloid muscarinic but not to 

nicotine (Hille, 2001). 

According to Miyazawa et al. (2003), NaChR are pentameric channels of a2(3y6 subunit 

composition. 

NaChRs have been expressed in the arterial system of the rat (Bruggmann et al., 2003; 

Bruggmann et al., 2002); endothelial cells presented subtypes a3, a5, a7 and a10; all a- 

subtypes except a9 were expressed by vascular smooth muscle cells; while every a- 

subunit except a9 was detected in the thoracic aorta, intrapulmonary arterial branches 

contained only a7 (Bruggmann et al., 2002). NaChRs were also indicated in the guinea 

pig ileum circular smooth muscle (Schneider et al., 2000). 

However, the role of NaChRs is not clear, but it can be anticipated that at least some 

components of NaChR-mediated signalling in some smooth muscle are highly specific. 

Adenosine-5'-triphosphate (ATP) channels 

The adenosine-5'-triphosphate (ATP) molecule activates several cell-surface-receptor 

subtypes, including G-protein-coupled receptors and ligand-gated ion channels. ATP- 

gated channels (termed P2X receptors) have been characterized on smooth muscle cells 

and autonomic and sensory neurons, where they mediate membrane depolarization and, 

in some cases, Ca2+ entry (Brake et al., 1994). P2X receptors are functionally 
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heterogeneous, but resemble acetylcholine- and serotonin-gated channels. P2X receptors 

are cation-selective ion channels play a role in fast synaptic transmission between 

neurones, and from autonomic nerves to smooth muscles (Surprenant et al., 1995). 

Seven genes in vertebrates encode P2X receptor subunits; each subunit has two 

transmembrane domains, separated by an extracellular domain (approximately 280 amino 

acids). Channels form as multimers of several subunits. P2X1, P2X2, P2X3, P2X4, P2X5, 

and P2X7 are homomeric channels and P2X2/3 and P2X1/5 are heteromeric channels. 

P2X receptors are abundantly distributed in neurons, glia, epithelia, endothelia, bone, 

muscle, and hemopoietic tissues. All P2X receptors are permeable to small monovalent 

cations and some have significant calcium or anion permeability. P2X7 receptor 

activation stimulates cytokine release by engaging intracellular signaling pathways 

(North, 2002). 

Diverse P2X receptors are widely distributed in different smooth muscle and have a 

important role in Ca2+ signalling pathways (Lamont et al., 2003; Elneil et al., 2001; Lee 

et al., 2000; Verspohl et al., 1999). However, it appears that the contribution of P2X 

receptors is tissue-specific. 

P2X receptor in myometrium 

Recently, P2X receptor subtype was identified in rat uterine epithelial cells. The subunits 

of P2X receptor were spatially and temporally regulated during early pregnancy. These 

changes may be involved with calcium-mediated events, including cytoskeletal 

alterations, a decrease in luminal pH and transmembrane molecule activation (Slater et al., 

2000). 

P2Y receptors are members of a large family of G protein-coupled receptors. 
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3.7 G-protein coupled receptors and ion channels 

G-protein receptors 

G-protein coupled receptors (GPCRs) are activated by ligand, which binds to and 

activates aG protein. The activated G protein then goes on to activate the second 

messenger or ion channels. GPCRs have seven-transmembrane transmembrane-spanning 

a-helical (4 a-helices) segments connected by alternating intracellular and extracellular 

loops, with the amino terminus located on the extracellular side and the carboxy terminus 

on the intracellular side receptors (Gether, 2000). 

The three major subfamilies are: the receptors related to the "light receptor" rhodopsin 

and the ß2-adrenergic receptor (family A), the receptors related to the glucagon receptor 

(family B), and the receptors related to the metabotropic neurotransmitter receptors 

(family C) (Gether, 2000). 

G-proteins 

G proteins are members of a superfamily of GTPases and have a unique heterotrimeric 

composition. In general, G proteins are classified by their a-subunits, although the tightly 

associated ßy-dimers has to be taken into account for the potentially complex variety of G 

protein heterotrimers (Morris & Malbon, 1999). Briefly, G-protein coupled receptors 

associate with and promote activation of G proteins by stimulating release of GDP bound 

to the guanine nucleotide-binding site of the a-subunit. Release of GDP is followed by 

GTP binding, causing dissociation of the heterotrimer into derivative substrate a- and 3y- 

dimer. The re-association a-subunit with (3y-dimer is determined when hydrolysis of 

bound GTP to GDP (Morris & Malbon, 1999). 

GPCRs and ion channels 

G-protein-coupled neurotransmitters and hormones target ion channels. Modulation of 

ion channels by G proteins can be indirect (via second messengers and protein kinases) or 
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direct, via physical interactions between G-protein subunits and the channel protein 

(Wickman & Clapham, 1995). Indirectly, ion channels are regulated by heterotrimeric G 

proteins via stimulating or inhibiting phosphorylation pathways, initiating intracellular 

cascades leading to elevation of cytosolic Cat+or adenosine 3', 5'-cyclic monophosphate 

levels, or via generating various lipid-derived compounds. Also activated G protein 

subunits can directly interact with ion channels to elicit regulation (Wickman & Clapham, 

1995). 

A direct regulation has been well established for several voltage-dependent Ca2+ channels 

(Bertaso et al., 2003; Kamatchi et al., 2001), voltage-gated Na+ channels (Baker et al., 

2003), and the G-protein-activated KK channels (GIRK) (Ivanina et al., 2003). The G- 

protein ßy subunits are considered as the active regulators, whereas the role of a subunits 

remains poorly understood (Dascal, 2001; Clapham & Neer, 1997). Ga(i) probably 

controls the gating of the GIRK (Peleg et al., 2002). 

G-protein coupled receptors in uterus 

Control of myometrial contractility is complex and involves numerous neurotransmitters 

(acetylcholine, noradrenaline, nitric oxide) and hormones (adrenaline, oxytocin, 

endothelins) (Wray, 1993). Uterine activity can be modulated by many GPCRs. Multiple 

G-protein isoforms such as Gq, Gi, and Gs a subunits were found to express in 

myometrial tissues, and Gq was expressed at high levels in the myometrial layer of the 

pregnant and non-pregnant uterus (Harris et al., 1997; Warsop et al., 1993). The receptors 

coupled to Ga(q) (oxytocin-, prostanoid FP and TP, endothelin-receptors) stimulate 

contractility by activating the phospholipase C (PLC)/Ca2+ pathway; receptors coupled to 

Ga(s) (02-adrenoceptors, prostanoid EP2 and IP, some 5-hydroxytryptamine receptors 

e. g. 5-HT) relax the uterus by increasing myometrial cyclic AMP levels; and receptors 

coupled to Ga(i) (a2-adrenoceptors, muscarinic, 5-HT(1)) initiate contractility, probably 
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by inhibiting cyclic AMP production (Lopez, 2003). Because oxytocin receptors are 

relatively abundant in pregnant uterine tissue and fewer side effects of oxytocin 

antagonists than that of conventional ß-agonist therapy, G-protein coupled oxytocin 

receptors (OTRs) have been extensively studied (Gimpl & Fahrenholz, 2001; Sanborn et 

al., 1995). In vivo, homologous desensitization could occur after long exposure to OT 

during labour (Phaneuf et al., 2000). 

Using patch Clamp (whole cell) technique, it was demonstrated that the calcium current 

was rapidly inhibited by oxytocin (about 25% inhibition at 20 nM) in a dose-dependent 

manner (Inoue et al., 1992) and OT induces an inward current through receptor-activated 

non-selective cation channels (Shimamura et al., 1994). Subsequently, it was found that 

the activation of OTRs induced opening of calcium-activated chloride and cation 

channels (Arnaudeau et al., 1994). In addition, OTRs were detected in guinea-pig gastric 

antrum and may provoke the activation of BKc. channels conductivity via activation of 

IP3-induced release of Ca2+ from the sarcoplasmic reticulum Ca2+ stores (Duridanova et 

al., 1997b). 

3.8 Sodium-calcium exchanger 

The sodium-calcium exchanger (Na+/Ca2+ exchanger), an ion transport protein, is 

expressed in the plasma membrane (PM) of virtually all animal cells. It extrudes Ca2+ in 

parallel with the PM ATP-driven Cat+pump and also mediates Cat+entry in parallel with 

various ion channels. The direction of Na+/Ca2+ exchanger depends on the Na+, Ca, and 

KK gradients across the PM, the membrane potential, and the transport stoichiometry. In 

most cells, three Na+ are exchanged for one Ca2+ (Blaustein & Lederer, 1999). In 

mammals, there are five genes encoding for the Na+/Ca2+ exchangers: three in the 
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Na+/Ca2+ exchanger family (NCXI, NCX2, and NCX3) and two in the Na+/Ca2+ plus K+ 

family (NCKXI and NCKX2) (Blaustein & Lederer, 1999). 

Na+/Ca2+ exchanger consists of eleven transmembrane segments with extracellular loops 

a, c, e, g, i, and KK and cytoplasmic loops b, d, f, h, and j. Cytoplasmic loop f, which 

plays a role in regulating the exchanger, is large and separates the first five from the last 

six transmembrane segments (Nicoll et al., 1999). 

As in heart, the Na+/Ca2+ exchanger is one of the essential regulators of Ca2+ homeostasis 

in uterus. Removal of the extracellular Na+ greatly decreased myometrial contractions 

and (Morishita et al., 1995) reduced the rate of intracellular Ca2+ decay, indicating an 

existence of Na+/Ca2+ exchange in uterine myometrium. Taggart, et al. noticed that 

Na+/Ca2+ exchange was not involved in the removal of agonist-induced SR released Ca 2+ 

in non-pregnant rat myometrium but resulted in changes in pregnant rat, that was up to 

35% of the SR released Ca2+ may be-extruded by the Na+/Ca2+ exchanger. This suggests 

that there is a gestational-dependent coupling of SR releasable Ca2+ and plasmalemmal 

Na+/Ca2+exchange activity (Taggart & Wray, 1997b); it also indicates that the expression 

of Na+/Ca2+ exchanger could be modulated. Recently, Muller, et al. using a transgenic 

mouse model provided evidence that the expression of Na+/Ca2+ exchanger was tissue- 

specific (Muller et al., 2002). 

Another group, Na+/Ca2+ K+ exchangers, on the other hand, are thought to transport one 

intracellular Ca2+ and one K+ ion in exchange for four extracellular Na+ ions (Kraev et 

al., 2001). NCKX3 is a new novel family of Na+/Ca2+ K+ exchangers, that is expressed at 

low levels in uterus (Kraev et al., 2001). 

The difference in transport stoichiometry between NCKX and NCX families may provide 

an additional facility to maintain Ca2+ homeostasis in environments where the Na' 

gradient and/or the membrane potential are lower than normal (Haug-Collet et al., 1999). 
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3.9 Na+-K+ATPase 

The cell membrane Na+-K+ ATPase (also named sodium pump) is a member of the P- 

type family of active cation transport proteins, which is ubiquitous in animal cells, that 

catalyses the efflux of three Na+ and influx of two K+ per ATP hydrolysed resulting in a 

net loss of positive charges within the cell (Jorgensen et al., 2003). 

Na+-K+ ATPase is integral membrane proteins that use the free energy of ATP hydrolysis 

to generate transmembrane electrochemical ion gradients to suppress uterine contractile 

activity (Mansharamani & Chilton, 2002). 

The distribution Na+-K+ ATPase in pregnant rabbit myometrium was closely located 

with the distribution of prostaglandin El (PGEI) receptor, as well 5'-nucleotidase and 

Ca-ATPase activities, but not with marker enzyme of endoplasmic reticulum (Furuya et 

al., 1986). Changes in isoforms occur during pregnancy and labour (Esplin et al., 2003), 

in pregnant and non-pregnant rat uterus (Floyd et al., 2003); one ßl and two a (al and a3) 

isoforms of Na+-KK ATPase exist in rat uteri (Tsai et al., 2000). 

The subunits of Na+-K+ ATPase was shown to increase during pregnancy (till 17 days) 

and ß subunit was dramatically reduced after 17 days suggesting that ß subunit may have 

an important role in regulation the activity of Na+-K+ ATPase, therefore influence uterine 

contractile activity (Turf et al., 1992). Hormonal regulation in Na+-K+ ATPase is still 

controversial. Missiaen, et al. found that the activity of Na+-KK activated ATPase is not 

dependent on the hormonal status of the animal (Missiaen et al., 1988). However, Tsai, et 

al. demonstrated that 17beta-estradiol elicits differential effects on isoform expression 

(decrease in the expression of a3 and ßl, preferential a3) (Tsai et al., 2000). 

The activity of the Na+-KK ATPase is also possibly modulated by Ca2+ (Turf et al., 1991; 

Turi & Somogyi, 1988). 
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Ouabain or KK -free medium can inhibit the electrogenic activity of Na+-K+ ATPase 

(Ausina et al., 1996). 

3.10 Calcium pumps 

Intracellular Ca2+ levels are tightly controlled by continuous removal of Ca2+ via ATP- 

driven Ca2+ pump (Ca2+ ATPase) in the sarcoplasmic/endoplasmic reticulum (SERCA) 

and plasma membrane (PMCA), and the Na+/Ca2+ exchangers (NCX) in the plasma 

membrane. The Ca2+ ATPases is a member of the P-type ATPases, which actively 

transport Ca2+ ions across the membrane against a concentration gradient (Shull et al., 

2003). 

The primary structure of PMCA is similar to SERCA. The most distinctive feature of the 

PMCA pump is the long (-150 amino acids) intracellular tail that follows the last 

transmembrane domain. It contains the calmodulin binding domain and some other 

regulatory sites, which are sandwiched between two acidic sequences that bind three Ca2+ 

ions with extremely high-to-high affinity. The SERCA and PMCA pumps are both 

predicted to contain 10 transmembrane domains and two large cytosolic loops (located 

between transmembrane domains 2 and 3, and 4 and 5, respectively). Despite these 

structural similarities, significant functional differences exist: the SERCA pump 

transports two Ca2+ ions per ATP molecule, the PMCA pump only one. La enhances 

steady-state concentration of the phosphoenzyme intermediate of the PMCA pump, but 

not of that of the SERCA pump (Guerini et al., 2002). 

Plasma membrane Ca 2+ pump 

There are four basic isoforms Cat+pump (PMCA1-4) in the plasma membrane. They are 

tissue-specific; PMCA1 and PMCA 4 are ubiquitously expressed (Zylinska et al., 2002); 
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PMCA2 and PMCA3 are essentially brain specific and PMCA2 has the highest 

calmodulin affinity (Guerini et al., 1998; Grover & Khan, 1992). 

The activity of the pump is regulated by multiple mechanisms, among which are 

calmodulin, acidic phospholipids, kinase-mediated phosphorylation, or an 

oligomerization process (Carafoli, 1997; Carafoli & Stauffer, 1994). 

Rat uterus expresses PMCA1 and for the sarcoplasmic reticulum Cat+pumps, SERCA2. 

The uterus contains two mRNA isoforms for PMCA1: one encoding a cyclic nucleotide 

insensitive Ca2+ pump (PMCAla) and the other encoding a cyclic nucleotide sensitive 

pump (PMCAlb); the expression of PMCAla and PMCAlb obtained from uteri of rats 

pregnant (15 days) and parturient rats was similar, but the SERCA2 was significantly 

higher in the parturient rats (Khan et al., 1992) and in the labouring human myometrium 

(Tribe et al., 2000). 

Ca2+ ATPase is Mg dependent, stimulated by calmodulin, and inhibited by vanadate 

(Carrera et al., 2000). 

Sarcoplasmic/endoplasmic reticulum Ca 2+ pump (SERCA) 

SERCA specifically has high affinity for Ca2+ and maintains the low cytoplasmic calcium 

concentration of resting muscle by pumping Ca2+ into the sarcoplasmic reticulum; 

subsequent release is used to initiate contraction (Toyoshima & Nomura, 2002). 

SERCA are encoded by SERCAI, SERCA2 and SERCA3. SERCAI and SERCA2 are 

stimulated by phospholamban while the product of SERCA3 may be regulated directly by 

cAMP-dependent protein kinase (Grover & Khan, 1992). 

SERCAla and -lb are expressed in fast-twitch skeletal muscle; SERCA2a is the 

cardiac/slow-twitch isoform, whereas SERCA2b, with a C-terminal extension, is 

expressed in smooth muscle and non-muscle tissues; SERCA3 is expressed in a limited 
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set of non-muscle tissues, including endothelial, epithelial, and lymphocytic cells and 

platelets, and its knock out is not lethal (Maclennan et al., 1997). 

As mentioned before, rat uterus expresses SERCA2 and there is an increase in the 

SERCA2 expression from day 15 to delivery (Khan et al., 1993a). In a detailed study, it 

was found that the expression of SERCA 2b and 2a and PMCA was present in 

myometrial tissue from non-labouring and labouring human myometrium and the levels 

of expression were similar to the non-pregnant human myometrium. The levels of protein 

expression of SERCA 2a and 2b and PMCA, however, are significantly higher in 

myometrium from the labouring women than in the non-labouring women (Tribe et al., 

2000). Using simultaneous measurement of spontaneous contraction also revealed that 

the increased expression of SERCA 2a and 2b and PMCA protein appeared to be of 

functional relevance, as evidenced by the cyclopiazonic acid (CPA)-induced rise in 

baseline tension and the increased frequency of contractions, which were observed in 

labouring myometrium compared with non-labouring myometrium (Tribe et al., 2000). 

In addition, a third novel SERCA3, which is believed to be associated with epithelial and 

endothelial cells in rat uterus (Burk et al., 1989), also present in human non-labouring 

myometrial tissue by Western blot, although it may be from the vascular endothelium 

(Tribe et al., 2000). 

In summary, the SR in myometrium is present as an extensive network in uterine cells. Its 

functional importance is related in particular, to the control of contractility in pregnancy. 

Inhibition of the SERCA is associated with an augmentation of force and Cat+ transient. 

Thus, the SR plays either role in controlling membrane excitability and hence 

contractility, and also plays a role in the relaxation of force. The relaxation is not 

primarily due to a direct sequestering of large amounts of Cat+, but rather that the SR 
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directs Ca2+ to the surface membrane extrusion mechanisms, i. e. PMCA and Na+/Ca2+ 

exchanger (Wray et al., 2002). 

3.11 Store-operated Ca 2+ entry 

Stored-operated Ca2+ entry (SOC) was first noticed in vascular smooth muscle cells by 

depletion of agonist-sensitive intracellular Ca2+ stores that induced fast Ca2+ refilling 

from the extracellular medium (Casteels & Droogmans, 1981). This Ca2+ entry pathway, 

which is pharmacologically different from other Cat+entry and tightly coupled with Ca2+ 

stores, can be blocked by manganese ions. In the light of this finding, the capacitative 

Ca2+ entry (CCE) and Ca-release-activated Ca2+ current (CRAG) concept were lined up. 

CRAC is the best-characterized SOC. The encoded gene for this electrical phenotype is 

called TRP-transient receptor potential (Nilius, 2003). 

TRP proteins in smooth muscle are proposed to be involved with membrane 

depolarization, contraction and cell proliferation (Albert & Large, 2003). However, the 

particular function of TRP protein may be correlated with different smooth muscle. 

The existence of SOC may be implied from the early study on the ability of oxytocin, 

carbachol, and norepinephrine, which increased intracellular calcium concentrations in 

rat uterine myometrium and was not inhibited by L-type Ca 2+ channel blocker D600 

(Anwer & Sanborn, 1989). By using the Ca2+ sensitive indicator Fura 2-AM in cell line 

derived from a pregnant woman (PHM1-41), the oxytocin-stimulated rise in intracellular 

free calcium from capacitative Ca2+ entry was observed. This Ca2+ entry was greater 

reduced by phospholipase C inhibitors than expected on the basis of experiments 

performed in the absence of extracellular calcium, suggesting that both capacitative and 

non-capacitative calcium entry in this kind of cell line (Monga et al., 1999). However, 

such cells are phenotypically allied and express little Cat+channel activity, bringing their 
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physiological relevance into questioning. Again, in cultured human myometrium, 

depletion of the SR calcium store activated the capacitative calcium current and also 

activated calcium-activated potassium channels. The L-type Ca2+ channels blocker, 

nifedipine was suggested to inhibit capacitative entry at a concentration dependent 

manner (Young et al., 2001a; Young et al., 2001b). 

Recently, members of the Trp protein family were examined in the pregnant human 

myometrium and the human myometrial cell line PHM1-41. hTrpl, hTrp3, hTrp4, hTrp6, 

and hTrp7 proteins were detected in both pregnant human myometrial and PHM1-41 

membranes; hTrp6 was weakly detected in pregnant human myometrium, no hTrp2 was 

observed in either of preparations (Yang et al., 2002). They are likely to be hetero- or 

homo-oligomeric assemblies of TRPC subfamily (Dalrymple et al., 2002). 

However, so far, the possible correlation of multiple Trp proteins with the specific 

channels in uterine myometrium has not been established. It is likely that SOC are 

stimulated by G-protein coupled receptors leading to increase in contractile activity of 

uterus. 

In neonatal uterus, inhibition of the SR by cyclopiazonic acid caused a more vigorous 

increase in Ca 2+ and contractile activity, particularly frequency, in the neonatal compared 

to the adult uterus (Noble & Wray, 2002). Since Cat+currents were hardly recorded from 

the neonatal uterine cells (unpublished observations), Ca2+ entry is still questionable. 

Thus, SOC would be a good candidate to be considered. 

4. Intracellular calcium stores in uterus 

Ca2+ is a highly versatile intracellular signal that controls many different cellular 

processes. Changes in Ca2+ signals within the uterine myometrium have important 

functional consequences, as they determine contractility (Wray et al., 2003). 
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Many of these Ca2+ signalling components are organized into macromolecular complexes 

in which Ca-signalling functions are carried out within highly localized environments and 

organelles (Berridge et al., 2003). 

Ca2+ ions were shown to be actively accumulated in mitochondrial and microsomal 

fractions of uterine smooth muscle and Ca 2+ ATPase was lower in microsomes of smooth 

muscles than in SR of skeletal muscles in cattle uterus (Kurskii et al., 1976). 

Mitochondria was a greater potential for lowering intracellular Ca2+ activity in human 

myometrium than do sarcolemma or SR (Janis et al., 1976). Further more, it was 

suggested that mitochondria may act as an important Ca2+ control system in rat 

myometrium when the intracellular Ca2+ concentration is near 1 pM or higher, whereas 

the plasma membrane and SR may be of major importance at Ca2+ levels of 0.3 pM or 

lower (Janis et al., 1977). 

It appears that both SR and mitochondria are important intracellular organelles to take 

part in Ca2+ signalling and they have different roles in controlling myometrial 

intracellular Cat+concentrations. 

4.1 SR 

As mentioned earlier, Young, et al. visualised SR as numerous small (0.2-0.5 microm 

diameter) intracellular organelles and co-localized with caveolae (Young & Mathur, 

1999). The SR may be preferentially clustered at discrete luminal sites, part of which is in 

close apposition to the plasmalemma (Villa et al., 1993). 

SR has three functions: (1) a site of Ca 2+ storage, (2) the structure that contains the 

inositol-1,4,5-trisphosphate receptors (InsP3R) and ryanodine receptors (RyRs) and their 

associated release channels, and (3) a conduit between the Ca2+ stores and the release 

channels (Young & Mathur, 1999). The role of SR in has been postulated as a Ca2+ sink 
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to lower [Ca2+]i, because the SR Ca2+ ATPase can not function effectively in the absence 

of Ca2+ (Shmigol et al., 2001; Shmigol et al., 1999). 

The effects of SERCA inhibitor (cyclopiazonic acid) were enhanced in myometrium of 

pregnant rats compared with non-pregnant rats, often resulting in maintained intracellular 

Ca 2+ transients increases and contraction; calcium-induced calcium release (CICR) plays 

little role in SR Ca2+ release from the myometrium (especially in non-pregnant rat uterus) 

and that there are gestational-dependent alterations in the ability of SR Ca2+ mobilization 

to contribute to contractile activation (Taggart & Wray, 1997a). Hence, the contribution 

of Ca2+ released from the SR to the uterine myometrium can be modulated during 

pregnancy. Moreover, the prominent role of SR in the neonatal rat uterus was remarked 

recently (Noble & Wray, 2002a). It may provide another evidence that SR not only 

functions as a Ca2+ source for contractile activity but also as a second messenger of 

hormones and growth factors that regulate metabolism, gene expression, and secretion in 

smooth muscle cells during development (Smith, 1996). 

In pregnant human myometrium, SR has both Ryanodine receptors (RyRs) and inositol 1, 

4,5-trisphosphate receptors (InsP3Rs). As in rat myometrium, the RyR and CICR play 

little role in contractions or Ca 2+ transients and InsP3 plays a small role in increase in 

force; SR is not only involved with myometrial contractility but also in the relaxation of 

force mainly due to SR directs Ca 2+ to the surface membrane extrusion mechanisms, i. e. 

SERCA and Na+/Ca2+ exchanger (Wray et al., 2002; Wray et al., 2001). The activity of 

SERCA may become increasingly important in the maintenance of regular contractile 

activity during labour (Tribe et al., 2000). It also appears that the functional SR is 

species-specific. For example, in porcine myometrial cells, SR is in an all-or-none 

manner response to caffeine and ryanodine (ZhuGe & Hsu, 1995). Thus, may be because 

of different expression of RyR and InsP3R. 
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Ryanodine receptors 

Ryanodine receptors (RyRs) are intracellular calcium release channels that participate in 

controlling cytosolic calcium levels (via CICR). The family of RyRs genes encodes three 

highly related Ca2+ release channels: RyR1, RyR2 and RyR3. Two or even three RyR 

isoforms can be co-expressed in various cells (Sorrentino, 2003). 

RyRs are widely expressed in tissue-specific patterns. RyR1 is predominantly found in 

skeletal muscle, RyR2 in cardiac muscle and RyR3 are ubiquitously expressed in many 

cells. RyR3 has two splice variants which may differ in sensitivity to calcium (Tribe, 

2002). 

In the murine uterus and vas deferens, expression of RyR3 was localized to the smooth 

muscle component of these organs (Giannini et al., 1995). It seems that RyR3 is also the 

predominant RyR in uterus. In rat myometrium RyR3 abundantly expressed while with 

much lower levels of expression for RyR1 and RyR2; the expression, the percentage of 

cells responding to ryanodine, and the function of these channels, however, are not 

modified during pregnancy (Martin et al., 1999b). Mironneau et al. reported that in non- 

pregnant mouse myometrial cells expressed only RyR3; the function of RyR3 did not 

appear to be involved in the generation of calcium sparks and RyR3 is only active when 

SR luminal calcium concentrations are raised (Mironneau et al., 2002). The RT-PCR 

analysis demonstrated that all three RyR (1-3) genes, as well as the gene encoding the 

typet of InsP3R were expressed in human myometrium. RyR3 and InsP3R1 are the most 

abundant, while RyR2 was barely detectable. The expression of RyR2 and RyR3 is down 

regulated at the end of pregnancy compared to non-pregnant myometrium, indicating that 

ryanodine-sensitive Ca2+ release channels are differentially expressed. The relative 

conservation of RyRI expression is consistent with a role for Ca2+ release from 
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ryanodine-sensitive stores in the mechanism of uterine contractility during labour (Martin 

et al., 1999a). 

The endogenous activators of RyR activity are calcium itself (via CICR) and cyclic 

ADPribose; RyR are sensitive to caffeine (induce CICR) and can be inhibited by 

ryanodine (Berridge et al., 2000). As mentioned above, CICR has not been widely 

observed in uterine myometrium (Wray et al., 2001). It may because of the major 

expression of RyR3 in myometrial SR. Previously, studies from RyR3 knock out mice 

had indicated that RyR3 acted in synergy with RyR1 in neonatal skeletal muscle to elicit 

Ca2+ activity-Ca2+ sparks (Bertocchini et al., 1997). This is also confirmed when both 

RyRI and RyR2 are inhibited with antisense oligonucleotides and under conditions of 

increased SR Ca2+ loading, RyR3 can be activated by caffeine and localized increases in 

[Ca2+]; (Mironneau et al., 2001). Indeed, RyR3 in vascular smooth muscle is responsible 

for maintaining calcium release after RyR1 and RyR2 are inactivated. The basic 

stimulation of these cells by membrane depolarization or caffeine, in normal external 

Ca2+ concentration, does not involve the RyR3 (Coussin et al., 2000). Moreover, RyR3 

has shown inhibitory effects on Ca2+ sparks in arterial vascular smooth muscle cells from 

knock out mice. (Lohn et al., 2001) 

Inositol-1,4,5-trisphosphate receptors 

The inositol trisphosphate signalling pathway is present in nearly all cells. Activation of 

phospholipase C by G-protein-coupled receptors and receptor tyrosine kinases results in 

the hydrolysis of the membrane lipid phosphatidylinositol 4,5-bisphosphate to two 

products, diacylglycerol and the water-soluble inositol 1,4,5-trisphosphate (InsP3). InsP3 

diffuses in the cytoplasm and binds to a receptor, the InsP3R, an integral membrane 

protein in the SR, activating it as a Ca2+ channel to release stored Ca2+ from the SR 

lumen into the cytoplasm (Berridge et al., 2003). 
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Multiple InsP3R isoforms express multiple in mammalian cells. It appeared that there 

exist at least five different isoforms and the isoforms of type 2,4 and type 5 form a sub- 

family; the type 1 receptors are ubiquitous, but most cell types express in addition one or 

more isoforms; cytosolic Ca2+ has a stimulatory as well as an inhibitory role (De Smedt 

& Parys, 1995). 

The InsP3 regulation and Ca2+ regulation of type 1 and type 2 InsP3R are strikingly 

different: both InsP3 and Ca2+ are more effective at activating single type 2 InsP3R, 

indicating that single type 2 channels mobilize substantially more Ca2+ than single type 1 

channels in cells; high [Ca2+]i inactivate typel, but not type 2 (Ramos-Franco et al., 

1998). Type3 InsP3R is similar to typel InsP3R; however, type3 InsP3R isoform has 

lowest affinity with respect to Ca2+ release (Dyer & Michelangeli, 2001) whereas the 

typel isoform has a bell-shaped dependence on [Ca2+]; suggesting that the activation of 

type3 results in a single transient but global increase in the [Ca2+]1; the bell-shaped Ca2+ 

dependent curve of typet InsP3R is ideal for supporting Ca2+ oscillations, whereas the 

properties of type3 InsP3R are better suited to signal initiation (Hagar et al., 1998). Using 

stopped-flow spectrofluorimetry, however, three InsP3R isoforms showed similar 

functional activities in terms of Ca2+ release rates postulating that the temporal and 

spatial features of intracellular Ca2+ signals may achieve through InsP3R isoform-specific 

regulation or localization rather than their intrinsic Ca2+ efflux properties (Dyer & 

Michelangeli, 2001). In addition, the typet InsP3R is localized in the caveolar structure of 

the plasma membrane (Fujimoto et al., 1992). 

InsP3Rs can be acutely regulated by many other factors including phosphorylation, ATP 

and pH, which are brought about by changes in InsP3R expression during long-term 

hormonal stimulation and cellular development and differentiation (Tovey et al., 2001). 
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Three isoforms of InsP3R (type 1-3) were shown to be present in human myometrial 

smooth muscle, showing a bell-shaped relationship with the InsP3R functional at 10 nM 

Cat+, becoming maximally activated at 300 nM but inhibited at 10µM Ca2+ (Morgan et 

al., 1996). 

4.2 Mitochondria 

It has been known for over three decades that mitochondria are an important Ca2+ store 

and mitochondrial metabolism is regulated by Ca2+ (Rizzuto et al., 2000). Mitochondria 

develop quite negative membrane potentials by extrusion of protons via the electron 

transport chain that creates a strong electrochemical gradient for Ca2+ entry; Na+/Ca2+ 

exchanger and Ca2+ uniporter in the inner membrane of mitochondria facilitates the 

uptake of Ca2+ (Sanders, 2001). 

In vivo, the high speed of mitochondrial Ca2+ accumulation is close to the channels 

sensitive to InsP3 and high [Ca2+]; are transiently generated close to InsP3R and sensed by 

nearby mitochondria (Rizzuto et al., 1994; Rizzuto et al., 1993). Szabadkai, et al. 

recently demonstrated that the efficient mitochondrial Ca2+ uptake depends on the 

preservation of high Ca2+ microdomains at the mouth of ER Ca2+ release sites close to 

mitochondria, thereby depends on continuous Ca2+ release balanced by Ca2+ reuptake 

into the ER and maintained by Ca2+ influx from the extracellular space (Szabadkai et al., 

2003). 

Both SR and mitochondria are associated with Ca2+ contractility in uterine myometrium 

(Kosterin et al., 1985). So far, there is little information concerning the relationship 

between SR and mitochondria in uterine myometrium. However, mitochondria does not 

appear to contribute to the decay of the carbachol-induced [Ca2+]; transients in pregnant 

rat uterus (Shmigol et al., 1999). This may be because only at high [Ca2+]; of pathological 
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conditions, mitochondrial Ca2+ uptake could occur in both muscle and non-muscle cells 

(Somlyo & Somlyo, 2002). Recently, evidence showed that mitochondria within 

individual cells are morphologically heterogeneous and unconnected, thus allowing them 

to have distinct functional properties (Collins & Bootman, 2003). 

4.3 Other intracellular Ca 2+ stores 

The ER/SR, the nucleus and the mitochondria, have emerged as key determinants in the 

generation and transduction of Ca2+ signals of high spatio-temporal complexity. It is 

believed that in different cell types exist spatio-temporal differences in the Ca2+ 

distribution between nucleus and cytosol in basal and stimulated conditions, a Ca2+ 

barrier is present at the nuclear envelope (Himpens & Missiaen, 1993). However, Ca2+ 

release on the inner nucleus does not occur during physiological stimulation (Bootman et 

al., 2000). The Golgi apparatus appears to be an inositol 1,4,5-trisphosphate-sensitive 

Ca2+ store, with functional properties distinct from those of the endoplasmic reticulum 

(Pinton et al., 1998). 

4.4 Intracellular calcium events in smooth muscle 

Ca2+ signalling is involved with regulation many different cellular processes. Ca2+ enters 

into the cell and extrudes from the cytoplasm relying on the channels in the plasma 

membrane and ER/SR Many of intracellular Ca2+ events are organized into 

macromolecular complexes in which Cat+-signalling functions are carried out within 

highly localized environments. It is proposed that rapid highly localized Ca2+ spikes 

regulate fast responses, whereas repetitive global transients or intracellular Ca2+ waves 

control slower responses (Berridge et al., 2003). Thus, to generate tissue-specific 

intracellular Ca2+ events, several factors must be available: permeant Ca2+ channels, 

highly localised environments, and different channel kinetics. 
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In smooth muscle, two Ca2+ release channels, IP3R and RyR, share structural similarities 

and are derived from a common ancestral Ca2+ release channel and importantly, both 

types of Ca2+ release channels are sensitive to [Ca2+]; in a biphasic manner, and have a 

similar Ca 2+ sensor region (Miyakawa et al., 2001). There exist two mechanisms, CICR 

and inositol 1,4,5-trisphosphate (IP3)-induced Ca2+ release (IICR), involve with Ca2+ 

release in smooth muscle (Iino, 2002). The smooth muscle Ca2+ store consists of two 

compartments: one has both CICR and IICR, and the other only has IICR. The smooth 

muscle CICR is activated by greater than 1 pM Ca2+, has essentially the same properties 

with that in striated muscles, and is open-locked by ryanodine. The IICR is Cat+- 

dependent: Ca2+ enhances the IICR below 300 nM, but has also an inhibitory effect 

above this concentration (lino, 1990). 

Ca 2+ quarks and Ca2+ sparks 

Ca2+ sparks were first detected in rat cardiac cells. In quiescent rat heart cells, using a 

laser scanning confocal microscope and the fluorescent calcium indicator fluo-3, Ca2+ 

sparks were described as elementary events which induced spontaneous local increases in 

the concentration of intracellular calcium. Ca 2+ quark is an elementary event resulting 

from the opening of a single RyR. Ca2+ sparks resulted from spontaneous openings of 

single SR ryanodine-dependent calcium-release channels (Cheng et al., 1993). 

Subsequently, Ca2+ sparks are elucidated in different cells including smooth muscle cells 

(Jaggar et al., 2000). 

In myogenic cerebral artery smooth muscle, Ca2+ sparks are activated by Ca 2+ entry 

through dihydropyridine-sensitive voltage-dependent Ca2+ channels; most strikingly Ca2+ 

sparks activate Cat+-activated KK channels which hyperpolarize the cell, in turn cause 

arterial dilation (Nelson et al., 1995). It is believed that Cat+sparks occur near the plasma 

membrane; therefore at least two Cat+-activated ion channels could be targeted. Ca2+ 
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sparks can act as a positive-feedback element to increase smooth muscle contractility, 

directly by contributing to the global cytoplasmic Ca2+ concentration and indirectly by 

increasing Ca2+ entry through membrane potential depolarization, caused by activation of 

Ca2+ spark-activated Cl- channels (spontaneous transient inward currents, called STICs). 

Ca2+ sparks also have a profound negative-feedback effect on contractility by decreasing 

Ca2+ entry through membrane potential hyperpolarization, caused by activation of large- 

conductance, Cat+-sensitive KK channels (called STOCs). In most smooth muscle types, 

the negative-feedback pathway appears to dominate (Wellman & Nelson, 2003; Jaggar et 

al., 2000). Additionally, Cat+sparks trigger both STOCs and STICs and biphasic currents 

in which the outward phase always preceded the inward (called STOICs). The outward 

currents resulted from the opening of large-conductance Cat+-activated K+ channels and 

the inward currents from Cat+-activated Cl' channels (ZhuGe et al., 1998). 

Since Ca2+ is the common activator of both RyR and IP3R, it is reasonable to assume the 

two channels may activate each other. Thus, it is proposed that RyR may amplify the 

Ca2+ release via InsP3R in some smooth muscle cells based on the fact that dialysed with 

antibody against RyR, the noradrenaline-induced response was diminished (Boittin et al., 

1999). Recently, Gordienko, et al found that there are two types of spontaneous Cat+- 

release events in rat portal vein smooth muscle cells, (unitary) Cat+sparks and large Ca2+ 

sparks. They propose the cooperation relationship between RyR and InsP3R, that is RyR 

produce unitary Ca2+ sparks and InsP3R function as the fuse between adjacent sparks 

resulting in the formation of large Ca2+ sparks (Gordienko & Bolton, 2002). 

So far, no Ca2+ sparks have been reported in uterine myometrium, although RyR and 

InsP3R do express. Presumably, it may be related to the tissue-specific type of Ca2+ 

release channels (RyR3), the poor communication between Ca2+ channels and RyR or 

may be because of lack of co-expressed RyR and InsP3R. 
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Ca 2+ blips and Ca2'' puffs 

The activation of G-protein-coupled receptors in smooth muscles results in activation of 

phospholipase C and metabolism of phosphatidylinositol phosphate to InsP3. IP3 activates 

Ca2+ release via a second class of Ca2+ release channels, known as InsP3R. Cytoplasmic 

Ca2+ regulates activation of InsP3 receptors, and there is a biphasic relationship between 

the open probability of InsP3 channels and Cat+release. A rise in [Ca2+]; from basal levels 

to -300 nM increases the potency of InsP3 in activating channel openings, but higher 

concentrations reduce the effectiveness of InsP3. Additionally, the Ca2+ concentrations 

>300 nM Ca2+ induce open probability of InsP3 channels provides a mechanism for CICR 

via IP3 receptors (Sanders, 2001). 

Unitary Ca2+ release occurs due to InsP3 activation of InsP3R in the SR termed "blips" and 

"puffs". Ca2+ blips arise from single InsP3R (amplitude, 30 nM; lateral spreading, 1.3 

microns) and Ca2+ puffs result from the clustered activation of several Ca2+ blips 

(amplitude, 170 nM; spreading, 4 microns) (Bootman et al., 1997). It is proposed that at 

relatively low InsP3 concentration, most opening events in a given cluster of InsP3- 

sensitive channels are likely to be blips, because an active channel is generally not 

surrounded by other channels with InsP3 bound to them whereas higher InsP3 

concentrations are able to induce the concomitant opening of several InsP3-bound 

channels nearby in the same cluster, and thus generate puffs (Swillens et al., 1999). This 

mechanism is based on the theoretical model according to the stochastic InsP3R 

behaviours in intracellular Cat+dynamics. 

Ca2+ puffs were observed in rat ureteric myocytes by confocal microscopy (Burdyga & 

Wray, 2002). They were evoked by low concentrations of InsP3 and by low 

concentrations of acetylcholine; they were also observed spontaneously in Cat+- 

overloaded myocytes. Moreover, strong InsP3 release and high concentrations of 
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acetylcholine induced Ca 2+ waves. The intracellular applications of heparin and an anti- 

InsP3R antibody can block these Ca2+ events, while they were unaffected by ryanodine 

and intracellular application of an anti-RyR antibody. Three subtypes of InsP3R and 

subtype 3 of RyR were detected in these myocytes (Boittin et al., 2000). Ca2+ puffs also 

were visualised in the endothelial cells of terminal arterioles (Burdyga et al., 2003). 

Ca 2+ waves 

Dynamic Ca2+ signalling pathway not only controls many cellular processes, including 

fertilization, cell growth, transformation, secretion, smooth muscle contraction, sensory 

perception and neuronal signalling, but also invariably involves in cell death (Bootman et 

al., 2001; Berridge, 1993). To coordinate all of these functions, cytosolic Cat+needs to be 

precisely regulated in space, time and amplitude. 

Agonists induced a series of increases in the [Ca2+]; is so-called Ca2+ oscillations 

(Savineau & Marthan, 2000). The progressive recruitment of Ca2+ puffs produce the 

regenerative (wave like) Ca2+ signals in agonist-stimulated cells is called Ca2+ waves 

(Marchant & Parker, 2001). As we have known that InsP3R are responsible for the 

complex spatiotemporal patterns of Cat+waves and oscillations. 

There are two types of Ca2+ waves in smooth muscle: the intracellular Ca2+ waves (cell) 

and intercellular Ca2+ waves (cell-cell). Currently, scientists attempt using mathematical 

models to elaborate this experimentally observed wide-spread phenomenon based on the 

kinetics of intracellular Ca2+ release channels and InsP3 concentration (Schuster et al., 

2002). 

Briefly, intracellular Ca2+ waves are generated by the increased intracellular InsP3 

concentration that starting from very small sub-threshold values, so the calcium patterns 

change from puffs and abortive waves (sub-threshold) to propagating waves via 

Clustered release channels (Shuai & Jung, 2003). RyR have been reported to be involved 
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in intracellular Ca2+ waves in muscle cells, where the transition from local Ca2+ sparks to 

propagating waves occurs (Keizer et al., 1998). 

Calcium signals can travel through the cell membrane and propagate through many cells. 

The mechanism for intercellular Ca2+ waves is controversial. However, it is clear that is 

different from the mechanism for intracellular Ca2+ waves (Shuai & Jung, 2003). Sneyd, 

et al. hypothesized that the intercellular Ca2+ waves are mediated by InsP3 diffusion 

through the permeant gap junctions at the cell-boundaries (Sneyd et al., 1995). Wang, et 

al. discovered that ATP rather than Ca2+ or InsP3 is the primary intercellular signalling 

messenger (Wang et al., 2000). 

Both intracellular Ca2+ waves and intercellular Ca2+ waves are only observed in cultured 

pregnant human uterine myocytes (Young & Zhang, 2001; Young, 2000). Intracellular 

calcium wave could be generated by InsP3R alone, RyR alone or both; their velocities 

were found to be the same for spontaneously occurring and oxytocin-stimulated waves. 

Waves can be experimentally generated in cultured cells by agonist or mechanical 

stimulation. SR is the source of Cat+. It was hypothesized that action potentials propagate 

rapidly throughout the uterus initiating intercellular calcium waves; as the intercellular 

calcium waves propagate slowly through the bundles, myocytes are recruited to 

participate in the contraction (Young, 2002). 

Ca2+ waves are not reported in the uterine myometrium for any species studied so far. 

However, they seem to be present in the neonatal rat uterus (see Chapter 6). It may be 

because that InsP3R isoforms are down-regulated by prolonged hormonal stimulation 

(Tovey et al., 2001), as a consequence, global Ca2+ signalling is inhibited; or may be 

because InsP3-induced Ca2+ release and expression of InsP3R are important in the muscle 

growth (Talon et al., 2002). 
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4.5 The summary of Cat+signalling in smooth muscle cell 

Ca2+ homeostasis in smooth muscles is complicated and dependent on many cellular 

proteins and specialized compartments, including at least five compartments: 1) 

extracellular solution, 2) subsarcolemmal region between SR and plasma membrane 

(PM), 3) SR, 4) mitochondria (M), and 5) general cytoplasm (Sanders, 2001). The 

transport proteins (ion channels, exchangers, uniporters, Ca2+ release channels, etc. ), 

which can be regulated by many factors, are important in regulating [Ca2+]; and the 

contractile activity of smooth muscles. 

The summarised Ca2+ signalling pathways are illustrated in Figure 1.8 (Sanders, 2001). 
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Depolarization activates dihydropyridine-sensitive Cat+channels (DHP Ca'"). Other Ca" entry 
mechanisms include agonist-activated nonselective cation channels (NSCC, activated by 
muscarinic stimulation featured in figure) and capacitative Ca2+ entry (CCE) channels. Ca'' 
entering cells can increase global cytoplasmic Cap' and cause contraction. Part of the Ca 2 

entering cells may be taken up ("buffered") by superficial Cat- stores, such as the SR and 
mitochondria. Sarco(endo)plasmic reticulum Cat+-ATPase (SERCA) pumps provide the 
mechanism to sequester Ca'- into the SR. and this requires energy to pump Cat' up a steep 
concentration gradient. Ca' is highly buffered within SR. The Ca'+ uniporter in the inner 
membrane of mitochondria (outer membrane depicted schematically by dotted line) provides an 
uptake mechanism, and this occurs down a large electrochemical gradient for Cat, (mitochondria 
inside very negative) generated by proton pumping by the electron transport chain. Ca" 
homeostasis in mitochondria is maintained by Na+/Ca2+ exchange (NCE). Many excitatory 
agonists bind to receptors coupled to G proteins (Gq/Gii) and activate phospholipase C to 
generate inositol trisphosphate (IP3). IP3 binds to receptors in the SR membrane and causes Cat' 
release. This can sum with Ca-_ entry mechanisms and contribute to global Ca" transients. IP3- 
dependent Ca2+ release can also stimulate Ca'' uptake into mitochondria and localized release 
through IP3 receptors (IP3R; Ca'+ puffs). Localized Cat' transients can also originate from 
ryanodine receptors (RyR; Cat+sparks). Local Cat` transients result in high concentrations of 
Cat' in t he s ubsarcolemmal region and can stimulate Ca-activated conductances in t he p lasma 

membrane, such as small-conductance Cat+-activated K+ channels (SK), large-conductance 
Ca2, -activated K' channels (BK(-, ), and Cat+-activated Cl- channels (Cl(', ). The response to Ca" 
sparks and puffs depends on the spatial proximity of RyR and IP3R to specific types of Ca- 
activated conductances and may vary between smooth muscle cells. Two transporters that extrude 
Cat, into the extracellular medium maintain cellular Cat' homeostasis: plasma membrane Ca'+ 
pump (PMCA) and NCE proteins. 



Chapter 1 Background Introduction 77 

5. Excitation-contraction coupling of uterine myometrium 

The contractile apparatus of vertebrae smooth muscle fibres contains three distinct types 

of filaments: (1) thin actin-containing filaments, (2) thick myosin-containing filaments, 

and (3) intermediate or 10 nm diameter filaments. The thick and thin filaments are 

anchored near the plasma membrane (Cooke, 1982). 

Excitation-contraction coupling (EC coupling) describes muscle fibres respond to the 

excitation signal with a rapid depolarization, which leads from electrical stimulation to 

the initiation of muscle contraction. In another words, excitation- the electrochemical 

event occurring at the membrane is followed by the mechanical event-contraction. The 

link for the coupling is Ca2+ that permeates from the extracellular space into the 

intracellular space of smooth muscle (Mackenzie et al., 1990). 

In myometrium, as in other smooth muscle, an increase in [Ca2+]; results in activation of 

myosin light chain kinase by the calcium-calmodulin complex (Word et al., 1994). 

Myosin light chain kinase phosphorylates the 20 KDa regulatory light chain, facilitating 

interaction of myosin with actin and actin-activated myosin ATPase that results in 

contraction (Sanborn, 2001; Word, 1995; Walsh, 1991z). Repolarization results in a 

lowering of [Ca2+]; by extrusion across the sarcolemma and uptake into the internal stores, 

and inactivation of the Cat+-calmodulin-MLCK complex thus induces the relaxation of 

myometrium. The dephosphorylation of myosin light chains by a phosphatase also results 

in relaxation (Wray, 1993; Walsh, 1991) (Figure 1.9). 

Myometrial contractions do not depend on nervous and hormonal stimulation (Wray, 

1993). However, neurotransmitter can reach myometrium and stimulate it or relax it 

(e. g. 02-adrenergic receptor) (Yallampalli et al., 1994). Myometrium can also be made to 

contract by other substances released in the vicinity (paracrine stimulation) (Swanson et 
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al., 1992) or hormones circulating in the blood, for example, oxytocin reaching the uterus 

stimulates it to contract to begin childbirth . 

5.1 Calmodulin 

Calmodulin (CaM) is the predominant Ca 2+ receptor in all non-muscle and smooth 

muscle cells (Means & George, 1988). It is the ubiquitous and multifunctional Ca2+ 

binding protein. The interaction of Ca2+ with CaM induces a conformational change 

activating myosin light chain kinase (MLCK) (Walsh, 1991; Means & George, 1988). 

There are four Ca2+ binding sites on CaM (Johnson et al., 1981). Both C- and N-terminal 

CaM domains are involved with the activation process: while the C-domain exhibits tight 

binding toward the regulatory sequence, the N-domain is necessary for activation 

(Clapperton et al., 2002; Bayley et al., 1996). 

CaM is differently expressed during development and CaMII was the major gene 

expressed in all neoplastic tissues (MacManus et al., 1989). There is an associated 

between oestrogen receptor and CaM (Bouhoute & Leclereq, 1995). 

5.2 Myosin light chain kinase 

Phosphorylation of the regulatory light chain of myosin by the Cat+/CaM-dependent 

myosin light chain kinase (MLCK) plays an important role in smooth muscle contraction, 

non-muscle cell shape changes, platelet contraction, secretion, and other cellular 

processes (Stull et al., 1993). There are at least four proteins expressed in smooth 

muscle/non-muscle MLCK (Moore & Bernal, 2001). 



Chapter 1 Background Introduction 

Extracellular , eceot,: )r 

Inside {OFF -º ? r:, . G°. 

fi 

ROK 
1L 

'lrotein Kinase (PKC) 

.., afl 
CGMP 

Figure 1.9 Excitation-contraction coupling of myometrium 

79 

Calcium enters cells from extracellular environment through a variety of stimuli (e. g., membrane 

depolarization and agonists) that induce myometrium an increase in jCaz+j; (from ion channels 

and SR Ca2' release) causing contraction. Pumping out Ca'- by plasma membrane pumps (Ca2 

ATPases) and repolerization of membrane induces relaxation. Ca'' release from SR involves 

inositol trisphosphate or ryanodine receptors. Cat- complexes with calmodulin (CaM) and 

activates myosin light chain kinase (MLCK), which phosphorylates myosin light chain (LC20). 

Myosin light chain phosphatase (MLCP) removes the phosphate from LC20. Regulatory 

pathways that affect MLCP activity can involve the GTP-binding protein RhoA and Rho- 

associated kinase (ROK) (by activation of GEFs), protein kinase C (PKC) (negative effect) and 

cGMP (positive effect). 
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MLCK binds tightly to actomyosin containing filaments. With four Ca2+ bound and the 

C-terminal of calmodulin bound to the N-terminus of MLCK results in activation of the 

kinase (CaMK II) that catalyzes phosphorylation of myosin at serine-19 of each of the 

two 20-KDa light chains (MLC 20) and two pairs of light chains (Walsh, 1991; Stull et 

al., 1998). The kinase activity for the phosphorylation is localized at the central part of 

MLCK, which is furnished with actin-binding activity at its N terminal and myosin- 

binding activity at its C terminal (Gao et al., 2001). In addition, it is demonstrated that the 

myosin-binding activity also stimulates myosin ATPase activity without phosphorylating 

MLC 20 (Gao et al., 2003). 

Both MLCK and CaM in the myometrium are hormonally regulated in rabbit 

myometrium (Matsui et al., 1983). However, there is no difference in MLCK and 

phosphatase activities between non-pregnant and pregnant human myometrium (Word et 

al., 1993). 19 KDa telokin of MLCK (TK) is only expressed in pregnant myometrium 

and 60 KDa MLCK is only expressed in non-pregnant myometrium. 60 KDa MLCK may 

contribute to the aberrant contractility associated with preterm labour (Moore & Bernal, 

2001). 

5.3 Regulation of myosin light chain kinase 

The regulatory light chains of myosin are the only target for MLCK and Cat+-calmodulin 

binding is the only known physiological activator of MLCK in uterus (Wray et al., 2003). 

This is confirmed by the inhibition of MLCK by wortmannin and ML-9 abolishes 

contractions which are produced spontaneously or by oxytoxin stimulation (Longbottom 

et al., 2000). However, the activity of MLCK can be regulated by other kinase (Somlyo 

& Somlyo, 1994) including CaM 11, PKA or PKC (Wray et al., 2003). Since MLCK is 
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dephosphorylated by myosin light chain phosphatase (MLCP), therefore, agonists of 

MLCP would increase MLCK phosphorylation and increase force (Liu et al., 1994). 

5.4 G-protein regulation in uterine myometrium 

It is believed that the balance between heterotrimeric G protein-mediated stimulatory and 

inhibitory signalling pathways has important consequences for the control of myometrial 

contractile activity (Sanborn et al., 1998). Increases in [Ca2+]i can be induced by agonists 

that stimulate uterine contractions. Activation of G protein-coupled receptors results in 

stimulation of phospholipase C (PLC) by either Ga or G(3y subunit. PLCs catalyse the 

hydrolysis of thosphatidylinositol bisphosphate (PIP2) to produce InsP3 and 

diacylglycerol. IP3 stimulates calcium release from intracellular stores (also stimulates 

calcium entry through calcium release-activated channels, either directly or indirectly) 

while diacylglycerol activates protein kinase C (PKC). Activation of protein kinase A 

(PKA) is also consequences of G protein activation. Both PKA and PKC exhibit number 

of regulatory influences on PLC, ion channel activity and other processes in the 

myometrium. The mitogen-activated protein kinase (MAPK) pathway can also be 

activated directly (G(31) or indirectly (PKC) by the action of G proteins in myometrium 

(Sanborn et al., 1998). 

It has been realized that the smooth muscle contractile activity is as well modulated by 

Ca2+ independent Rho pathway and Ca2+ sensitisation occurs via activation of Rho kinase 

(Figure 1.9) (Lopez, 2003). One of the most important physiological roles of the Rho 

pathway in smooth muscle that promotes contractility by inhibiting myosin phosphatase 

and probably by phosphorylating myosin on the same site as MLCK (Miyazaki et al., 

2002). RhoA at the lipid cell membrane is activated by G-protein (activation of Gaq, 

Ga12 and Ga13 by guanine nucleotide exchange factors, GEFs from GDP) and mediated 
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by Rho-kinase (ROK). Inhibition of MLCP, directly by ROK or by phosphorylation of 

the phosphatase inhibitor CPI-17, increases phosphorylation of the myosin II regulatory 

light chain and thus the activity of smooth muscle (Somlyo & Somlyo, 2003). The 

localization of RhoA in cells changes based upon its activation state (Taggart et al., 1999). 

The up-regulated Rho kinase pathway has been suggested during pregnancy (Cario- 

Toumaniantz et al., 2003; Moran et al, 2002; Niiro et al, 1997). 

In addition, regulatory pathways the effect MLCP activity can be regulated positively by 

the GTP-binding protein soluble guanylate cyClase (cGMP) and negatively by PKC 

(Savineau & Marthan, 1997). 

6. Summary 

Control of the smooth muscle in the uterus (the myometrium), is of vital importance 

during pregnancy and parturition. Many physiological mechanisms modulate the 

myometrial contractile activity. Changes in Ca2+ signalling within myometrium play an 

important role in control of myometrial contractility. Different ion channels are 

responsible to the spontaneous contraction and myometrial excitability. However, our 

knowledge about uterus is still limited. Further study on the excitation-contraction 

coupling of uterine myometrium is needed. 

7. Aims of study 

Ion channels in uterine mymetrium from non-pregnant and pregnant human and rat have 

been extensively investigated. However, little is known about the neonatal uterine 

myometrium. Since ion channels have fundamental functions for setting cell membrane 

potentials and favouring cell proliferation and muscle growth, it would be interesting to 

know that the changes of ion channels during myometrial development. Based on 

previous studies on developmental smooth muscle and the functional differences of uteri, 



Chapter 1 Background Introduction 
83 

my hypothesis was that there were alterations of ion channels, e. g. potassium channels 

and calcium channels in neonatal myometrial cells. Therefore, the task of this study was 

to investigate ion channels in uterine smooth muscle during development. 

The aims of my study were: 1) to characterize the Ca2+ currents and outward K+ currents 

from the isolated myometrial cells by using patch clamp technique (whole cell 

configuration); 2) to elucidate the contribution of ion channels to the spontaneous 

contractile activity of uterus during development; 3) to illustrate the locations of ion 

channels using immunofluorenscent method. 
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1. Animals 

Wistar female rats were used to in the experiments throughout this thesis. 

Rats were killed humanely by cervical dislocation under CO2 anaesthesia in accordance 

with the Animals (Scientific Procedures) Act 1986. 

Neonatal rats 

Immunohistochemistry study has shown that circular myometrial layer was visible at 5 

days, by 10 days postpartum, the outer longitudinal mesenchymal layer differentiated into 

bundles of smooth muscle cells representing the longitudinal myometrium and three 

distinct uterine layers developed around 15 days (Brody & Cunha, 1989). 

Therefore, the uteri from 13-16 days old female rats were carefully removed, then 

immediately cleaned of vessels and connective tissues in Krebs solution under the 

microscope. These procedures did not alter the physiological activity of neonatal uterus 

(Noble & Wray, 2002). Because it is impossible to separate the longitudinal layer, the 

whole uterine horns were transferred to enzymatic solutions for cell isolation or to dye 

loading solutions for Ca2+ measurements (details in 3.1,4.1 and 5.1 of Chapter 2, 

respectively. ) 

Adult rats and pregnant rats 

Rats have polyestrus cycles. However, each oestrus cycle involves the whole of the 

reproductive tract, and it is possible to determine the sexual status of the female rat by 

examination of smears prepared from the vaginal fluid 

(http: //anatomy. med. unsw. edu. au/cbl/embryo/Sections/Anat3311 /S 1 L4. htm 

UNSW Embryology Version 3.0 2003, Anat 3311 1997 Science Embryology course 

compiled and written by Dr Mark Hill, the University of New South Wales, Department 

of Anatomy, Sydney, Australia. ). 
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Adult myometrium was taken from virgin rats (5-6 weeks old) at approximate 200g. 

Vaginal smear tests showed containing large cornified cells (squames) with degenerate 

nuclei in comparison with pregnant rats, suggesting that rats were at oestrus stage. 

Pregnant myometrium was taken from the 18-21 days gestational rats. 

In uteri from non-pregnant and pregnant rat, the longitudinal myometrium layers were 

separated from the circulars and endometrium layers. Several strips with approximate 

dimension, 0.5mm x 10mm x 0.3mm, were then dissected for cell isolation or the Ca2+ 

indicator loading. 

2. Chemicals 

All chemicals were purchased from Sigma (Dorset, UK) unless stated elsewhere. The 

details of stock solution will be described in the individual chapter. All detergents (e. g. 

DMSO, ethanol) did not alter the myometrial strip contractile activity as reported 

previously (Noble & Wray, 2002; Taggart & Wray, 1998; Bullock et al., 1998; Taggart & 

Wray, 1997). 

Solutions 

Physiological salt solution (modified Krebs solution) contained (mM): 154 NaCl; 5.4 

KCI; 1.2 MgSO4; 2 CaC12; 11 HEPES; 11.7 Glucose (pH 7.4, adjusted with NaOH). 

KB medium solution contained (mM): 10%BSA, 40 KC1,10 K2P04,10 Taurine, 10 TES, 

11 Glucose, 5 Pyrurate, 5 Creatine, 0.04 EGTA, 100 K-Glutamate (pH 7.4, adjusted with 

KOH). 

Intracellular pipette solution contained (mM): 130 KCI, 15 NaCl, 0.3 MgCl2,0.043 

CaC12,0.1 EGTA; 1 Na2ATP, and 10 HEPES (pH 7.2, adjusted with KOH). 

Hanks solution contained (mM): 137 NaCl. 5.1 KC12 0.44 KH2PO4,0.26 Na2HPO4,5.5 

Glucose, 10 HEPES (pH 7.2, adjusted with NaOH). 
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Tris-buffered saline (TBS) solution contained: 10 x concentrated stock solution: 200mM 

Tris (Sigma), 1.54 M NaCl, 20mM EGTA, 20 mM MgC12, pH 7.5 at room temperature. 

For 1 litre, add the following components to 800m1 distilled water (DW): Tris, 24.2g; 

NaCl, 89.9g; 0.5M EGTA, 40m1; and 1M MgCl2,20ml. Adjust pH to 7.5 with 1N HCl 

and make up to 1 litre. Store at 4°C. Dilute required amount 1: 9 with DW before use. 

Triton X-100 (T): Make up a 10% aqueous stock and store at 4°C. 

Mounting medium moviol: Mix 2.4g of polyvinlyl alcohol with 6g glycerol (87%) and 

then with 6m1 H2O. After at least 2hours at room temperature, add 0.2m1 0.2M tris-HCI, 

pH 8.5, to the mixture and further incubate the solution for 10 minutes at 60°C. Remove 

any precipitate by centrifugation at 17000g for 30 minutes. They are finally stored in 

aliquots at -20°C. 

Drugs: All drugs were applied to external bath solutions. 

Enzymes 

All enzymes were purchased from Worthington Biochemical Corp and Sigma, 

respectively. 

Calcium indicators 

Quantitative measurements are required to evaluate the role of cytosolic free Ca2+ 

concentrations, [Ca2+]; as an intracellular messenger. A good method to measure [Ca2+]; 

in mammalian tissues or cells is to monitor the fluorescence of a calcium sensitive 

indicator. The calcium indicator is loaded into cells or intact tissues by incubating them 

with a membrane-permeant ester derivative. 

Cytosolic esterases split off the ester groups and leave the membrane-impermeant dye 

trapped in the cytosol (Tsien et al., 1982). Increases in dye fluorescence then signal 

increased [Ca2+];. Fluorescence intensity depends on many factors such as illumination 

intensity, emission collection efficiency, dye concentration, and effective cell thickness in 
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the optical beam. Thus, if an indicator can respond to Ca2+ by shifting wavelengths while 

maintaining strong fluorescence without heavy dye loadings or an indicator has a high 

effective affinity for Ca2+ without a biological side effect, it would be the appropriate 

candidate for measuring cytosolic level of Ca2+ concentrations. Previous experiments 

have demonstrated that Indo-1 and Fluo-4 were good calcium indicators to work with. 

Indo-1 

The fluorescent indicator Indo-1 (Molecular Probes, USA) is widely used to measure 

calcium ion activity, both because of its high affinity of calcium and because of its useful 

spectral shift when it binds calcium. It is also known that Indo-1 binds other divalent 

cations, such as Mn, Ba, etc (Owen & Dever, 1995). 

Indo-1 is a dual wavelength ratiometric calcium indicator, and has two sensitive emission 

wavelengths of light at 400nm and 500nm when it is excited by ultraviolet light at 

wavelength 340nm. The increased [Ca2+]; is indicated by an increasing light emission at 

400nm and a decreasing light emission at 500nm (Grynkiewicz et al., 1985). 

When each experiment was finished, 10mM Mn was applied to the tissues to quench 

fluorescence and measure the background fluorescence for both wavelengths. These 

values then subtracted from the raw data and the ratio of emission signals at 400nm and 

500nm obtained (Taggart & Wray, 1998). 

Fluo-4 

Fluo-4 (Molecular Probes, USA) is a newer member of the calcium indicator family. It 

has an improved excitation efficiency and high sensitivity and it has been more often 

used to study intracellular [Ca2+]; transient in cells and intact tissues especially using 

confocal microscope ( Burdyga et al., 2003; Burdyga & Wray, 2002; Gee et al., 2000). In 

this thesis presented, Fluo-4 loaded tissues were illuminated at a wavelength of 488nm by 
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laser type and were collected at a wavelength 510nm (details will be discussed in the 

individual chapter). 

3. Single cell recording (whole-cell configuration) 

The single cell recordings were made to collect some of the data in this thesis. 

The whole-cell clamp configuration was established by rupturing cell membrane after 

achieving a high-resistance (gigohm) seal under the pipette tip, allowing recording of the 

macroscopic or summed currents flowing through ionic channels in the entire cellular 

membrane. In this configuration, the diffusible contents of the pipette (intracellular 

solution) then exchanged over time with those of the cell. 

Cell isolation 

It is essential to have "healthy" patchable individual cells for recording ion currents on 

the cell membrane. However, there is no description concerning the cell isolation from 

neonatal rat uterus. By refining different procedures from published papers, I have found 

the following method reproducibly to produce a good of dissociated cells in healthy 

conditions. 

For each experiment 3-4 female Wistar rats (13-15 days) were used to obtain uterine 

horns. They were removed and gently minced into 1mm long pieces with dissecting 

scissor in normal physiological salt solution. They were then directly transferred to 5m1 

freshly prepared enzymatic solution including: 5m1 Hanks solution (adding 20 pM Ca2+ 

and 0.0246 mM EDTA), 2.0 mg papain (9.8 unit/mg, Sigma), 2.0 mg Dithiothreitol 

(Sigma), 0.5 mg collagenase type II (Worthington). Immediately, tissues were incubated 

at 36°C in a shaking bath for 40-60 minutes, and then they were triturated with a fire - 

polished Pasteur pipette to release cells. The dispersed cells were kept in KB medium at 

4°C until used. Freshly dissociated adult uterine cells should be relaxed, long, slender, 
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and fusiform (Yoshino et al., 1997). Neonatal uterine cells were small, 30-50µm and the 

maximum diameter of individual cells was -1.5-3 pm. They were fragile and had a round 

shape even with the gentlest agitation. The cells retained their normal physiological 

properties for up to 6h, as judged by the application of 10µM carbachol (because it is 

more resistant to choline esterases) causing cell shortening (Fay & Singer, 1977). The 

adult uterine cells basically were produced by similar procedure while collagenase type II 

and Ca2+ concentration was increased to 1.8mg/Sml and 4011M Ca 2+ /5ml, respectively. 

The pregnant uterine cells were generously provided by Dr Karen Jones (University of 

Liverpool, the isolation method is same as in Shmigol et al., 1998). They were long, 

90-150 pm and the maximum diameter of individual cells was -10-15 pm (see Chapter 

1). 

Voltage patch clamp 

The patch clamp technique allows direct electrical measurement of ion channel currents 

while simultaneously controlling the cell's membrane potential. 

Classical voltage clamp is performed with two intracellular "sharp" microelectrodes, one 

for clamping the membrane potential to values according to various pulse protocols for 

activation, inactivation, etc., the other measuring the current conducted during the voltage 

steps. This technique is still used, for example, for studying oocytes. The disadvantage is 

that the membrane of larger cells and oocytes may not be homogenously clamped to a 

certain value which is especially problematic if rapidly-activating ionic currents are 

studied. 

Whole-cell recordings are performed with a glass pipette pulled as patch clamp 

microelectrode. Once the seal is established, a brief suction is applied to the interior of 

the electrode in order to rupture the patch of membrane under the electrode tip. After this 

break-in, there will be a low-resistance pathway for current and diffusion flow between 
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the electrode and the cell interior. The cell membrane is voltage-clamped at the pipette 

potential by virtue of this low-resistance pathway, and the electrode monitors the current 

flowing across the entire cell surface. The ionic composition of the cell cytoplasm rapidly 

equilibrates with the pipette contents, offering a pathway for the control of cellular 

constituents. 

In this thesis, the whole cell configuration voltage clamp was used. 

Voltage clamp experiments were performed at temperature 30°C in the whole-cell 

configuration. Patch pipettes were fabricated from borosilicate glass and fire polished 

(Narishige microforge) prior to experiments. Pipette resistances ranged from 3-5mc2 and 

seal resistances ranged from 4-10G52. 

A drop of cells was placed into a bath chamber on the microscope stage (in a shielded 

cage) and allowed to settle for a few minutes in order to attach lightly to the glass bottom 

of the chamber. The inverted microscope (Diaphot, Nikon Instruments) sat on an air table 

in order to minimize mechanical vibration that could disrupt the seals. The air-operated 

self-levelling table (air table) is controlled by three valves in the legs linked to the 

underside of the table top by magnetically coupled lever arms. Any significant change in 

the load on the work surface will be sensed and compressed air supplied to maintain the 

table top at constant working height. The system allows a working height adjustment 

within a range of + 6mm. An electrode (AgCI wire) was inserted in the pipette that filled 

with intracellular pipette solution and attached to a pipette holder with a side port. A 

silver wire is placed in bath solution as a reference electrode. A flexible tube was tightly 

attached the side port for the subsequent suction. The pipette holder was connected with 

the amplifier head-stage, which was in turn mounted on a hydraulic micromanipulator. 

An Axopatch amplifier (Axon-patch 200B) and an attached personal computer (PC) with 
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pClamp software and Digidata 1320 board (all from Axon Instruments) were used to 

deliver the voltage protocols and acquire all the data. 

The pipette was brought down onto the cell at an angle (z 45°). Since the cells were flat, 

a too shallow angle would reduce the probability of forming a tight membrane seal. Once 

a gigohm seal was formed between the glass and cell membrane, capacitance transients 

were generated by applying 5 mV voltage pulses to the pipette. 

The whole-cell configuration was subsequently achieved by rupturing the patch of 

membrane within the pipette by a gentle suction (by a Iml syringe). A sudden dramatic 

increase in the duration of capacitance transient was seen as evidence of the attainment of 

whole-cell configuration, due to charging of the entire cell membrane. Once the whole- 

cell recording configuration was obtained, the cell capacitance and series resistance was 

electronically compensated by controls on the amplifier and linear resistance and 

capacitive currents were eliminated online using a pre-pulse (P/4) procedure. At this 

stage, several minutes were often allowed to enable cell dialysis and current levels to 

stabilize. Once the currents were stable, the experiment was conducted. 

For the voltage clamp recording, a holding potential was required to hold a cell at a 

constant voltage and voltage commands were applied to the cell as steps. Currents were 

typically recorded online at a sampling rate of 1 kHz and filtered through low pass filters 

of 1-2 kHz. 

Finally all data were stored at PC, and analyzed with pClamp software and Origin 6.0. 
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Figure 2.1 A general scheme of voltage clamp recording 
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Enzymatic isolated cells (I) are placed in the bath chamber (2) on the microscope stage. The fire- 

polished (glass capillary) pipette (3) is filled with the intracellular solution and an electrode (4) is 

inserted in it that attached with a pipette holder. 

The pipette is tightly sealed on the cell ºnembrane, thereby creating a low-resistance pathway 

between the recordings the cytoplasm once the membrane is ruptured. The currents are detected 

through measurement of the voltage across a calibrated resistance, Rc (5). A high-gain amplifier 

(Axon 200B) (6) controls the membrane potential (Vm) and converts the current flowing through 

the electrode to an output voltage (Vcmd). The reference electrode (7) is immersed in the bath 

solution. The voltage protocols and data acquisition are delivered by a personal computer (8). An 

example of original recording is shown on the computer screen. The upper trace represents 

currents that are simultaneously generated by the voltage steps showing in the bottom trace. 

1 

8. Computer 
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Tissue loading with Indo-1 

Myometrium strips from neonatal and adult rats were loaded with Indo-1 (AM) at 12.5 

pM. The procedure is as the following: 

50µg Indo-1 was dissolved in 50pl DMSO containing 25% (w/v) of the non-ionic 

detergent pluronic acid (F-127 Molecular Probe, Oregon, USA) to give 1 mM stock 

solution. Pluronic acid is to aid the dispersal of the AM esters in aqueous solution (Tsien 

et al., 1982). A 12.5pM Indo-1 solution was prepared by adding 50µ1 stock solution in 

4ml Krebs solution, and then 4-5 dissected myometrium strips were incubated in this 

solution at room temperature for 3-4 hours on a rotator. Before experiments, the loaded 

strips were placed in Krebs solution to de-esterify for at least 30 minutes. 

The loaded neonatal tissue is shown in Figure 2.2. 
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Figure2.2 CCD image of smooth muscle cells loaded with Indo-1 dissected from 10 

days old rat uteri. Note developing smooth muscle cells can be clearly seen in this 

preparation (indicated by red arrows). ), ex= 350nm, gym= 500nm. 
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Simultaneous measurements of intracellular [Ca2'J1 and tension 

The strips loaded with Indo-1 were then mounted in a small (200 p1) chamber on an 

inverted microscope (Nikon Diaphot) and viewed with a lOx Fluor objective. A metal 

hook was attached to each end of the muscle strips using aluminium foil "T-clip". One 

hook fixed to a tension transducer (Grass FT 03, Massachusetts, USA) and the strips were 

superperfused with oxygenated Krebs solution at a fast flow rate (6 ml min-). Bath 

volume exchange was completed within 3s. Normally the steady passive force was 

determined at 10-20% of the maximal isometric force (Kupittayanant et al., 2001). 

Tissue was then excited (100 W xenon arc lamp) with light of wavelength 340 nm and 

light emitted at wavelengths 400 nm and 500 nm was digitally recorded (Axon, CA) via 

photomultipliers (PMTs). The ratio of 400 nm/500 nm emissions was used as an indicator 

of [Ca2+];, rather than calibrated absolute values of [Ca2+]; (Taggart et al., 1997). 

All the experiments were conducted inside a Faraday cage in a dark room. 

A scheme of the set up used for simultaneous measurement of calcium and tension by 

using Indo-1 is shown in Figure 2.3. 
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Figure 2.3 A schematic diagram of Indo-1 JCa`+l; recording and force measurement. 

The pink colour indicates the position of tissue and the bottom left grey stands hör T-clip used in 

experiments. A Xenon lamp provides the illuminating light and the selected excitation 

wavelength is filtered at 340nm. The exciting light is reflected off and directed towards Indo-I 

loaded tissue by a 400nni dichroic mirror. The emitted light by the fluorescence then transmitted 

by the sliding mirror and hit a 61()nm dichroic mirror (mounted at 45"), which leaded the longer 

wavelength emitted light to lärm an image on the video camera that is displayed on a 

monochrome monitor, and which directed the shorter wavelength emitted light to split either 

400nm and 500nm passing to PMTS. Data is digitally recorded through an amplifier and stored in 

a personal computer. 
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The calibration of calcium ratio and force 

Since it was difficult to measure minimum and maximum fluorescence ratios in the intact 

tissue due to ineffective ionomycin (Austin & Wray, 1995), 5mM MnC12 was then 

applied to tissues for quenching fluorescence and obtaining background fluorescence 

after each experiment. This background fluorescence measured from both wavelength at 

400nm and 500nm was subtracted from obtained data, respectively. Subsequently the 

actual [Ca2+]i ratio is then given as 400/500. 

The electrical signal from the transducer was digitally recorded and converted to force by 

using: N=kg. ms 2, where lkg=9.8N. 

An original recording is shown in Figure 2.4. 
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Tme (s) 

Figure 2.4 An original recording of [Ca2+]i and force measurement using Indo-I 

loading procedure and Axon software 

The upper black trace is the force, the blue trace is 400nm emission signal and the green 

trace is 500nm emission signal, showing opposite directions (mirror image). Ca 2+ ratio is 

obtained as 400nm/500nm using Origin software analysis package. 

Note the tissue movements also can cause the changes of lndo-1 signal as showing in 

original recordings. Therefore, the data without mirror images will be discarded. 
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5. Confocal microscopy study 

A wide field confocal system (Ultraview system) is used in this thesis, shown 

diagrammatically in Figure 2.5. 

How does a confocal microscope work? 

The confocal microscope is popularly used to study Ca2+ activities of biological 

specimens due to its high special resolution and fast-speed imaging capability. 

A confocal system basically consists of a high quality compound microscope with a laser 

illuminator, electronic image detector and computer for image storage and processing, 

with an adjustable confocal pinhole in the imaging plane. 

A conventional wide field (transmitted light) microscope consists of an illuminator (light 

source and condenser), a collecting lens (the objective), an eyepiece lens and a detector 

(the eye usually). This type of microscope is good for looking at thin, mostly transparent 

samples that are loaded with dye to increase contrast relative to the surrounding 

material. The observed images appear to be wider than that the original objects, hence 

they are magnified. 

How does a confocal microscope work? 

As shown in Figure 2.5, a laser is used to provide the excitation light in order to get high 

intensities. The laser light (pink) reflects off a diachronic mirror. From there, the laser 

hits two mirrors that are mounted on motor; these mirrors scan the laser across the sample. 

Dye in the sample fluoresces, and the emitted light (blue) transmitted by the same mirrors 

that are used to scan the excitation light (pink) from the laser. The emitted light passes 

through the dichroic and is focused onto the pinholes. Finally the light that passes 

through the pinhole is measured by a detector, CCD camera (green). 
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Fiure2.5 A scheme of widefield confocal system (Perkin-Elmer, Cambridge, UK) 
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1. An argon laser (yellow) is used to provide the excitation light which excite at 488nm. 2. A 

dichroic mirror reflects excitation and emission lights (purple and blue), and scans the laser 

across the sample. 3. The emitted light (blue) from the tissue loaded with dye passes through the 

mirror. 4. An inverted microscope with 60x oil immersion fluorescence objective (Numerical 

Aperture: 1.4, Nikon) is mounted with an Ultraview LCI spinning disc (Nipkow). 5. The rotating 

microlenses: one for each pinhole ensures that most of the light illuminating the disk is focused 

onto the pinholes. 6. The spinning disc with multiple symmetric pinholes captures images rapidly 

with a minimum of excitation light. 7. Images are captured using an Orca ER sensitive, cooled, 

digital CCD (Hamamatsu Photonics, UK) camera (indicate by green colour) driven by the 

UltraView software. 
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The pinhole present at the imaging plane blocks the out of focus light, which falls mostly 

onto the pinhole barrier. Most of the in focus light will pass through the pinhole. Hence 

the image observed is from in focus light. One problem will be raised: with such a system 

is that only a point of the sample is imaged. Using the Nipkow disc technology, the 

spinning disc consists of a thin wafer with hundreds of pinholes that are arranged in a 

spiral pattern. The UltraView LCI system has greatly improved spiral pinholes by adding 

a collector disk containing microlenses placed in front of the Nipkow disk. One microlen 

for each pinhole ensures that most of the light illuminating the disk is focused onto the 

pinholes. When a portion of the disc is placed in the internal light path of the confocal 

microscope, the spinning disc produces a scanning pattern of the subject. As the subject is 

inspected, light is reflected back through the microscope objective. The light, that was 

reflected from in front of or behind the focal plane of the objective approaches the disc at 

an angle rather than perpendicularly. The pinholes of the disc permit only perpendicularly 

oriented rays of light to penetrate. This enables the microscope to view a very thin optical 

section of tissue, at extremely high speed because it is not limited by the speed of a 

scanning laser. 

The image is also collected by the eyepiece in an identical manner, as is transmitted wide 

field microscopy. 

The sample is conventionally scanned in an x-y direction. 

To scan a three-dimension image volume, not only must the sample be scanned in the x-y 

directions but it must also be rescanned at different position in the z-axis, which is 

achieved by scanning and refocusing. 
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Tissue loading with Fluo-4 

Uterine horns from neonatal rats were loaded with Fluo-4 (cell-permeant acetoxymethyl 

ester, AM) at 15pM. The procedure is as followings: 

50µg Fluo-4 was dissolved in 50µ1 DMSO containing 25% (w/v) of the non-ionic 

detergent pluronic acid (F-127 Molecular Probe, Oregon, USA) to give 1mM stock 

solution. A 15µM Fluo-4 solution was prepared by adding 50pl stock solution in 3.3ml 

Krebs solution, then four dissected myometrium horns were incubated in this solution at 

room temperature for 3-4 hours on a rotator. Before experiments, the loaded horns were 

placed in Krebs solution to de-esterify for at least 30 minutes. 

Measurement of [Ca2+]; 

The Fluo-4 loaded preparation was firmly placed in a chamber which is superfused by the 

solution as shown in Figure 2.5. The chamber then was mounted on the stage of an 

inverted fluorescence microscope equipped with a CCD camera and with an Ultraview 

LCI system as shown in Figure 2.5. The tissue was viewed under an oil-immersion 

objective (NA=1.4) and was illuminated at 488nm and the fluorescence emission at 

520nm was recorded as a relative measurement of [Ca2+];. The size of the observed area 

was 130µm x 100µm and the exposure time was 100ms. 

Image analysis was performed on a network computer using UltraView programme and 

Origin software. The slow decline fluorescence intensity due to photo bleaching of Fluo- 

4 was computably corrected by subtracting background fluorescence from the preparation 

image. [Ca2+]; change was expressed as OF/F where F is the fluorescence intensity when 

the cell is at rest and iF is the change in fluorescence during activity. The [Ca2+]; 

activities were measured in a window of 40s- 90s. Figure 2.6 is a montage image 

showing spontaneous [Ca2+]; activities in neonatal uterus loaded with Fluo-4. 
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Figure 2.6 The stack X-Y images of typical rat neonatal uterine cells 
k ,= 488nm, k 

r. = 51Onm, grey scale. Red asterisks indicate spontaneous ]Ca2+]; activities 

showing increased fluorescence intensities during recording time. 
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6. Immunofluorescences 

Cell isolation 

Same as described in Chapter 2. 

Cell staining 

Coverslips 

1. Prepare pre -washed clean cover slips and apply 100pl 10% poly-L-Lysin for 30 

minutes, then wash with distil water. 

2. Move isolated cells to above cover slips and keep in humid chamber. 

3. Rinse cells with TBS solution 2x; 5mins each, remove excess solution. 

Fixation (Paraformaldehyde-Triton Fixation) 

1. Fix in 3% paraformaldehyde (PFA) for 15 minutes. 

2. Permeabilize with 0.5% Triton X-100 for 15 minutes. 

3. Wash 2x (at least 5 minutes each) with TBS solution. 

4. Apply 5Oµ11 % bovine serum albumin (BSA) plus TBS over coverslips for 30mins. 

Application of Primary Antibody 

1. Dilute primary antibody (anti-Ca, and anti-BK channels) in 1%BSA+TBS to 1: 100 

dilutions. Apply on coverslips over the cells and incubate for 40 minutes at room 

temperature in a humidified chamber. 

2. Wash three times (at least 5 minutes each) with TBS. 

Application of Secondary Antibody 

1. Dilute labelled the secondary antibody (FITC anti-rabbit IgG) to 1: 100 dilution in 1% 

BSA+TBS. 

2. Apply on coverslips and incubate for 40 minutes at room temperature. 

3. Wash three times (at least 5 minutes each) with TBS. 
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1. Mount coverslips with 40µ1 mounting medium moviol and invert onto glass slides. 
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2. Inspect under the confocal microscope at excitation wavelength 488nm and emission 

wavelength 51 Onm. The cell is not only scanned in an x-y direction but also z direction. 

7. Data analysis and statistics 

The voltage patch clamp data was analysed by using pClamp software-clampfit 8.0 and 

the graphs were processed by Microcal Origin Software (Massachusettes, USA). 

The data from [Ca2+]; and force measurement were directly imported to Origin and 

analysed. The detailed data analysis is given in the individual chapter concerned. Data are 

given as mean ± s. e. m and `n' represents the cells or animals. Applying appropriate t test 

(one way) or ANOVA and P values <0.05 are taken to be significant tested significance. 
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There is an association between the hormones and electrical activity in the uterus 

during development and pregnancy. Major changes with development in the 

expression of ion channels have been reported in many cell types. Such changes 

would be expected to play an important role in controlling excitability and function. 

There have been few studies on neonatal smooth muscles. The K channel currents 

are important determinants of smooth muscle membrane potential and excitability. 

In the present study, the outward K+ currents in uterine myometrial cells, 

particularly in the neonatal cells were investigated. At least three outward K+ 

currents, including predominant A currents, TEA sensitive currents and a small 

proportion of Cat+-activated K+ currents, have been found in the neonatal rat 

uterine cells. The predominant fast activating and inactivating A type K+ currents 

were present in most neonatal cells. The recovery from inactivation of A type 

currents was time- and voltage-dependent. However, both of TEA sensitive currents 

and Cat+-activated K+ currents were less expressed in the neonatal cells but they 

were more prominent in the non-pregnant and pregnant cells. In addition, the L- 

type Ca 2+ currents were hardly recorded in the neonatal cells. 

The proportion of each current type varied from cell to cell; possibly because 

myometrial cells had reached different stages of development. These data indicate 

that ion channels are regulated developmentally and highly modulated by sex 

hormones. 
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2. Introduction 

Changes in the myometrial membrane potential fundamentally control uterine activity 

and the action potential is responsible for phasic uterine contraction (Sanborn, 1995; 

Wray, 1993). During the action potential, the influx of Ca2+ and possibly Na+ is 

associated with myometrial membrane depolarisation whereas the efflux of K+ is 

involved with myometrial membrane repolarization and hyperpolarization. 

The voltage-gated K channels are homotetrameric channels (details in Chapter 1), with 

each subunit consisting of six transmembrane domains (S1-S6), a pore-forming region 

(1-15) (Jan & Jan, 1994; Jan & Jan, 1992) and both amino and carboxy termini on the 

intracellular side of the membrane. Four of these individual units assemble around the 

fluid-filled pore to form the channel property. The positively charged S4 region detects 

membrane voltage. Ion selectivity and permeability is determined by the selectivity filter 

lying between S5 and S6 where possesses binding sites for the permeant ion (Khan et al., 

2001). Several subfamilies of voltage-gated K channels named as Kvl. x (shaker), Kv 2. x 

(shah), Kv 3. x (shaw) and Kv4. x (shal) (Hille, 2001) have been reported in smooth 

muscles. The core Kvl. x -Kv4. x subfamily, has an N terminus that determines the 

specificity of subunit assembly and is associated with channel activity and inactivation. 

The C termini have no obvious domain structure in this subfamily, although there is 

commonly a motif that determines the physical location of the channel and its association 

into large signalling complexes (Yellen, 2002). 

Early studies using the double sucrose gap method revealed that with depolarizing pulses 

the early inward current was followed by a late outward current in pregnant rat uterine 

smooth muscle. This outward currents reversal potential was estimated to be -87 mV and 

it was suppressed by tetraethylammonium (TEA) (Muramatsu, et al. 1978). Later studies 

(Mironneau et al., 1981) found that two sets of pharmacologically distinct potassium 



110 
Chapter 3 Voltage-gated K Channels in Uterine Cells 

channels contributed to the outward current in rat uterine myometrium during pregnancy. 

The K channel blocker, 4-aminopyridine (4-AP) specifically suppressed the initial fast 

outward current while the late outward current was more sensitive to TEA. With the 

advantage of patch-clamp techniques, the characteristics of Kv channels have become 

better understood. In cell-attached mode, outward KK current were observed that had a 

conductance of 130-170 pS (Coleman & Parkington, 1987). Also differences were found 

with respect to cells from animals at different oestrus cycle (Boyle et al., 1987). 

Three major components of outward K+ currents in myometrium 

The fast transient K+ current was preferentially expressed in cultures from animals at 

oestrus (Ludmir & Erulkar, 1993; Pragnell et al., 1990; Toro et al., 1990). More detailed 

studies on Kv channels showed that outward K+ currents with an early transient 

component were predominantly present in isolated cells from immature rats (23-26 days 

old) (Erulkar et a1., 1994). 170-estradiol dramatically reduced the probability of 

occurrence of the transient KK currents. In contrast, progesterone had only a slight effect 

(Erulkar et al., 1994). 

A second sustained outward current was uncovered by inactivating the transient current 

with holding the membrane potential at -40 mV and blocking by 1 mM 4-AP. It was 

slower (delayed) component was more sensitive to TEA (Erulkar et al., 1994). 

A third K+ component (Ca2+-activated-K+current) was not recorded as the pipette solution 

included EGTA (Inoue et al., 1993) indicating it was Ca2+ activated current. 

Subsequently this third KK component (Koa) was extensively characterised by many 

researchers in rat, human myometrial cells. 

Rat myometrium possessed ß-adrenergic receptors coupled to a GTP-dependent protein 

that could directly gate Ka channels (Anwer et al., 1992; Toro & Stefani 1991; Toro et 

al., 1990). 



111 
Chapter 3 Voltage-gated K Channels in Uterine Cells 

Since KCa channels are the most important K channels to modulate the excitability of 

myometrium during pregnancy and labour, Kca channels would be necessary to be 

addressed. 

Kca channels 

In cell-attached patches, membrane depolarization activated a large-conductance Kca 

channel (BKca). Iberiotoxin and charybdotoxin, blockers of BKca channels, not only 

produced long closed events in these channels (Anwer et al., 1993; Perez et al., 1993; 

Galvez et al., 1990) but also caused phasic contractions in human myometrial strips and 

increased both the frequency and force of spontaneous contractions in oestrogen-primed 

rat myometrial strips (Perez et al., 1993). These results strongly suggested that the BKc. 

channels might actively participate in the control of human myometrial cell membrane 

potential and [Ca2+]; (Anwer et al., 1993). Generally, the observed conductance of BK 

channel in human myometrial myocytes was 158-261pS (Adelwoehrer & Mahnert, 

1993b). However, during later pregnancy or in labour, the BKoa channels had an identical 

conductance (221 pS) and K channels (142 pS) exhibited no Ca2+ or voltage sensitivity 

(Perez et al., 1993; Khan et al., 1993b). Furthermore, the activity of the BK channels 

from pregnant tissue was inhibited by internal application of barium (Ba2) but not TEA, 

whereas the activity of the Ca2+ insensitive BK channel was sensitive to internal TEA but 

not Bat+, external apamin and 4-AP (Khan et al., 1993b). It appears to be the role of the 

BKCa channel during gestation was more important in providing a Cat+-independent KK 

conductance and allowing cytoplasmic Ca 2+ levels to rise without activating a Cat+- 

dependent outward current, which would tend to oppose depolarisation (Wang et al., 

1998; Zhou et al. 1998; Perez et al., 1993), thus hyperpolarize the membrane of cell and 

reduce excitability of myometrium. 
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Several investigations have showed that BKCa can be modulated by a large number of 

factors: ß-adrenergic agent (Adelwoehrer & Mahnert, 1993; Anwer et al., 1992), protein 

kinase A (Wang et al., 1999; Schopf et al., 1999), Relaxin (Meera et al., 1995), Ca 

(Meera et al., 1996), protein kinase C (Satoh, 1996a; Satoh, 1996b), cAMP kinase and 

cGMP kinase (Zhou et al., 1998; Meera et al., 1996), estradiol (Holdiman et al., 2002; 

Okabe et al., 1999b), nitric oxide (Shimano et al., 2000), and volatile anesthetics (Kafali 

et al., 2002). 

In summary, several classes of KK currents have been reported that including a transient 

outward current K channel which is similar to A type current of neuron (sensitive to 4-AP 

and Ca insensitive) (Connor & Stevens, 1971), delayed rectifier currents including a fast 

activating (Kvj) and a slow activating current (Kvs) and BKa channel (Benkusky et al., 

2002; Benkusky et al., 2000). Estrogen decreases the expression of A type currents and 

increases the expression of delayed rectifier KK currents whereas progesterone has only a 

slight effect. 

The pharmacological profile of Kv channels 

It is generally accepted that Kv channels show distinct pharmacological profile; they are 

often dissociated from one to another in the total outward currents by using drugs, in the 

following general classification: a) A type KK currents can be blocked by 4-AP (Connor 

& Stevens, 1971). b) Delayed rectifier K+ currents are sensitive to TEA (Spruce et al., 

1987; Muraki et al., 1990). c) BKa channels are blocked by TEA, charybdotoxin (ChTX) 

and iberiotoxin (IbTX) (Suarez-Kurtz et a1., 1991), the small-conductance Ca2+ insensitive 

K+ currents are blocked by apamin (Perez et al., 1993). d) Cd 2+ blocks many types of 

voltage-gated Ca channels and, therefore, also indirectly blocks Ka channels (Imaizumi 

et al., 1990). 
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The main aim of this present study therefore is to record and characterise K+ currents in 

uterine single cells from neonatal rats (13-16 days old). Recordings from adult and 

pregnant rats were also obtained to compare with neonates. 
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All experiments were carried out on the uterus of Wistar rat. The uteri from 13-16 days 

old rats, 6 weeks old rats and 19-20 days pregnant rats were dissected to isolate single 

cells. The whole cell voltage patch clamp was applied to isolated uterine cells as 

described in Chapter 2. The principle of recording protocols and currents analysis was 

followed as described by Hille (2001). 

3.1 Junction potential 

A junction potential of -4mV between the bath and pipette solution was calculated by 

using a graphical DOS program (JPCalc) was developed by Peter Barry (Barry, 1994). 

The voltages shown in protocol and figures were not corrected for this. However, the 

value of reversal, half activation and inactivation potentials have subtracted from the 

junction potential. 

3.2 Time of measurement 

Normally K channels have different kinetics; therefore, it is possible to separate K+ 

currents merely by measuring them at a suitable time during a voltage clamp pulse. For 

example, A type current has a rapid activating time and reaches the peak about 5ms at 

+70mV, so current measured at the beginning of 5 ms depolarization will represent nearly 

pure current through A type current while delayed K channels activate around 50ms, as A 

current will have inactivated by that time. 

3.3 Ionic substitution 

Since K channels have the same major permeant ion K+, and replacement of extracellular 

Ca2+ by cadmium (Cd 2) can shift the voltage dependence of many types of channel, 

therefore, by using ionic substitution alone cannot be used to separate KK currents. For 
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this reason it is often necessary to use a combination of methods to separate currents, i. e. 

pharmacological separation. 

3.4 Pharmacological separation 

As described above, many substances such as TEA, 4-AP, iberiotoxin, charybdotoxin, 

apamin, Cs+ and Cd 2+ are known that block K channels. Blockers are used to separate 

currents by one of two ways. First, it may be possible to block all currents except the one 

that is of interest; for example, a high concentration TEA can block most of K channels 

except A type channel. Depending on the range of channels present, this may involve one 

or more blockers, sometimes in combination with ionic substitution. Secondly, a blocker 

specific for the channel of interest may be used; a good example is iberiotoxin, which can 

specifically block BKr channels. Current is recorded in the presence of the blocker and 

subtracted from that in its absence to yield the current required. 

3.5 Voltage pulse protocol 

It is possible to separate currents by choosing a suitable voltage pulse method. A good 

example of a current that may be isolated in this way is A current. The channels carrying 

this current are usually almost fully inactivated at the holding potential close to the 

normal resting potentials. Hyperpolarization removes the inactivation and the channels 

may then be opened by depolarization (Connor & Stevens, 1971). The A current may 

therefore be separated by subtraction of the current obtained in response to a depolarizing 

voltage step from the current recorded when the same step is applied by a hyperpolarizing 

pulse, as shown in Figure 3.1. 
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3.6 Chemicals and solutions 

The recording bath solution contained (mM): 154 NaCl; 5.4 KCI; 1.2 MgSO4; 2 CaCl2; 

11 HEPES; 11.7 Glucose (pH 7.4, adjusted with NaOH). 

Intracellular pipette solution contained (mM): 130 KCI, 15 NaCl, 0.3 MgC12,0.043 CaC12, 

0.1 EGTA; 1 Na2ATP, and 10 HEPES (pH 7.2, adjusted with KOH). When TEA, 4-AP, 

charybdotoxin and iberiotoxin (Calbiochem Corp, San Diego, CA) were used after they 

were dissolved in distilled water and applied externally. The pH of the 4-AP stock 

(100mM) was adjusted to 7.4 using HCI. 

To study the dependence of K channels on Cat+, 2mM Ca2+ was omitted from bath 

solution or replaced with 2mM Cd 2+ in the bath solution, CaC12 and EGTA were 

excluded from the pipette solution and 5mM 1,2-bis (2- aminophenoxy) ethane N, N, N, N- 

tetra-acetic acid (BAPTA) was added. 
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Figure 3.1 Separation of "A" type K+ current (red trace) in a neonatal uterine cell. 

The inset is the protocol used in the experiment. Two black traces (a, b) show currents recorded 

for a 400ms step from a holding potential -8OmV to +60mV with a 400ms prepulse to -90 mV 

(trace a) and to -40mV (trace b), respectively. The obtained current with the step to -4OmV 

prepulse consists almost entirely of delayed K+ current, IK. The step to -90mV prepulse will 

remove the inactivation of "A" current and activates both IK and A-current. A-current (red trace) 

is isolated by subtraction trace b from trace a. 
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4. Analysis of K+ currents 

4.1 Cell capacitance 

One way to describe the expression of channels is by determining the cell membrane 

capacitance Cm, since the value of a capacitor is directly proportional to cell surface area, 

hence, C. is the measure of the quantity of charge that must be moved across unit area of 

the membrane to produce unit change in membrane potential and is measured in farads 

(F). If there is an increase in Cm, it means that the cell membrane area is increased and, 

therefore, the expression of channels is increased as well. 

How to measure the cell capacitance? The theory is as following: 

The current that flows across a capacitor is given by: lc= Cm*dV/dt. Thus, if voltage does 

not change there is no capacitative current flow. The cell membrane also behaves as a 

resistor (symbolized R), which is measured in ohms (SZ) and has resistive properties as 

well. The current that flows across a resistor is given by Ohm's law: IR = V/R, in other 

words, there is only a current if there is a voltage and the two are directly proportional. 

The measured currents can be expressed as: I= Cm*dV/dt + V/R, so if we know the 

voltage command and measure the current that flows across a cell, we can separate the 

capacitative current and the resistive current. When the voltage does not change 

(Cm*dV/dt =0), there is no capacitative current and thus all the current is resistive. At this 

stage we can determine the magnitude of Rsince we know the voltage and just 

measured the current. When the voltage changes the most (Cm*dV/dt : I), there is no net 

applied voltage and thus no resistive current. All the current we are measuring is thus 

capacitative. Therefore, if we know the voltage and the current we can calculate the 

membrane capacitance. In this thesis, the cell capacitance and input resistance were for 

voltage-clamped cell from the current response to a 1OmV hyperpolarzing step applied 



119 
Chapter 3 Voltage-gated K Channels in Uterine Cells 

from a holding potential of -80mV, at which most voltage-gated channels are closed. 

Moreover, the whole-cell current densities can also be calculated as I/Cm (nA/pF). 

The series resistance compensation was not performed in this thesis, because the average 

cell capacitance of neonatal uterine cell was smaller than 10 pF. 

4.2 Current-voltage relations 

The first step in the analysis of an ionic current is often to summarize its voltage 

dependence in the form of a current-voltage (I-P) relation. 

Examples of current-voltage relations for voltage-activated channels are shown in Figure 

3.2 shows I-V relations for the inward currents, peak K+ currents and mean K+ currents, 

of pregnant rat uterine cells. K+ current first becomes measurable at -40 mV (holding 

potential: -6OmV), and increases with further depolarization, both because more channels 

open and because the electrochemical driving force on K+ (the difference between the 

membrane potential and the potassium equilibrium potential) increases. The mean inward 

currents develop at about -3OmV, reach peak around OmV, and decline with further 

positive steps. The mean I-V curve is obtained by averaging currents from the selected 

area. 
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(A) Whole cell currents recorded in response to the depolarizing voltage steps (from 

-40mV to +60mV in IOmV increment) shown above with intracellular solution containing 

131 mM KCI. The initial inward currents (circled in red) can be seen below in the enlarged graph. 

(B) The corresponding current-voltage relations are plotted as the amplitudes of currents against 

membrane potential during voltage steps. 

Inward 
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The way to describe the voltage-dependence of a voltage-activated channel is to study the 

voltage, which affects channel gating independent of its effect on the electrochemical 

driving force. This is achieved by measuring instantaneous (or tail) currents at a fixed 

voltage, so that the driving force is constant. An example as shown in Figure 3.3, a series 

of depolarising pulses (A) leads to activation of K channels, giving rise to the KK currents 

seen in Figure 3.3 (B) Stepping to -4OmV, the number of channels still open to elicit 

instantaneous currents, and then declines exponentially as channels close (Figure 3.3 Q. 

Plotting the instantaneous current against the voltage during the first depolarisation gives 

a measure of the channel open probability as a function of voltage, usually called the 

activation curve (Figure 3.3D). 
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Figure 3.3 Measurement of the activation curve of a delayed rectifier K channel 

using tail currents 

The currents were recorded on a uterine cell from a 15 days old rat. (A) The voltage-clamp 

protocol used: serial depolarising steps followed by return to a potential -4OmV from -30mV to 

+60mV in lOmV increments at a holding potential -80mV. (B) The family of currents were 

obtained using whole cell voltage patch clamp. Note at the end of pulse, the outward tail currents 

occur after the membrane potential is returned to -40 mV. (C) Tail currents were clearly seen 

corresponding to variable voltage steps (dashed arrows). (D)Tail currents were exponentially 

fitted to their decline with time, consequently activation relation was plotted as a fraction of 

maximum tail current at +60mV against membrane potential during voltage steps according to the 

Boltzmann function of equation with a V12 = 29.6 mV and a slope factor = 7.1 mV. 

+6OmV C 
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The activation curve reflects the movement of charges in the voltage-sensitive region of 

the channel protein in the membrane voltage field. It can be fit by a Boltzmann equation 

(1) of the form 
I1 

(1) 
Iman I+ exp [(r11- P)/k] 

where I/Imax is the normalized instantaneous tail current, Vh is the voltage at which half 

activation occurs, and k is a factor determining how steeply the activation curve changes 

with voltage. The Boltzmann equation reveals the voltage-dependence of channel gating, 

the factor k showing the equivalent number of charges on the channel protein that move 

in the membrane voltage field to give rise to channel opening. Activation curves, and the 

parameters Vh and k of the Boltzmann fits to them, are used to describe voltage-activated 

ion channels. 

4.4 Channel inactivation 

Many ion channels, like Na channels Ca and K channels show inactivation as well as 

activation. Inactivation can be studied using two-pulse experiments, also called HH 

model (Hodgkin& Huxley, 1952). The steady-state dependence of inactivation on 

membrane potential, also often called the inactivation curve, can be measured with the 

pulse protocol shown in Figure 3.4. 

The first pulse (prepulse) is made long enough for inactivation to develop fully, and its 

voltage is varied, while the second (test) pulse of fixed size is used to measure the degree 

of inactivation. The current flowing during the test pulse is expressed relative to its size 

in the absence of a prepulse to generate the inactivation curve (Figure 3.4B). In most 

cases channel inactivation is also voltage dependent, and can be fit by a Boltzmann 

function of the same type as that used to fit activation curves. 
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The time course of the development of inactivation at a particular potential can be 

measured using a prepulse of fixed voltage, but whose duration is varied. The membrane 

potential may be returned briefly to the holding level between the pre- and test pulses to 

allow channel activation to return to its resting level. Similarly, recovery from 

inactivation can be studied by varying the duration of the interval between a prepulse and 

a test pulse. 

4.5 Statistics 

Data are given as mean and S. E. M; n represents the number of cells. Cell isolation was 

from at least 3 animals. Significance was tested using appropriate t student tests or 

ANOVA and P values<0.05 considered to be significant. 
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The currents were recorded on a uterine cell from a 15 days old rat. (A) Superimposed current 

traces were elicited during the steady-state protocol (the inset) using whole cell voltage patch 

clamp. The voltage-clamp protocol used: a 50ms step to +60mV after serial inactivating prepulses 

from -lOOmV to -lOmV in lOmV increments at a holding potential -8OmV. (B) The currents 

were exponentially fitted to their decline with time, consequently inactivation curve was plotted 

as a fraction of maximum current at +60mV against membrane potential during prepuleses 

according to the Boltzmann function of equation with a V, n = -74.1 mV and a slope factor = 6.8 

mV. 
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5. Results 

5.1 Cell morphology 

Examples of freshly isolated neonatal and pregnant cells are shown in Figure 4.1. Both 

healthy cells have relative smooth margins, are long and slender with invisible nuclei. 

However, neonatal uterine cells were fragile and became rounded shape with even gentle 

agitation as shown in Figure 3.5(A). Average cell lengths, in 2mM CaC12, adult and 

pregnant cells were much longer that neonatal cells, for example, with 140-240µm for 

pregnant as shown in Figure 3.5 (B) and 40-'90µm for neonates. The maximum diameter 

of individual cell was -20µm for pregnant and -5µm for neonates. It was more difficult 

to isolate cells from neonatal tissues, probably the trauma is greater in the smaller fragile 

tissue (Driska et al., 1999). Also the cells from neonates were not only from longitudinal 

layers but also from circular layers because it was difficult to separate both of layers. 

However, the cells from pregnant were almost isolated from longitudinal layers. 

Only those cells with "good looking", Ca 2+ tolerant and rapid response to agonist (i. e. 

10µM carbachol) were used in experiments. 
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Fizure 3.5 The isolated single cell under a Nikon oil immersion microscope 60x (N. A 

1.4) 

(A) A neonatal uterine cell was captured directly to a computer lilc with a CCD canicra. (13) A 

grey scale immunotluorescent image ol'pregnant uterine cell with anti-Ca channel and anti-rabbit 

(I JIO antibody at excitation wavelength 488nm and emission wavelength 5I0nm. 

4i 
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5.2 The charge carrier 

The charge carrier in my experiments was identified as K+ since: 

1. K+ was the major permeant cation in the intracellular solution. When 130mM KCI was 

replaced with 130mM potassium aspartate, using the tail current instantaneous current- 

voltage relation the calculated reversal potential was similar, -83.8±1.4mV(n=6). This 

value closely agrees with the calculated Nernst potential (see Chapter 1) for K channels 

of -84.6mV at experimental temperature of 36°C. (Nernst Equation: EK = (RT/zF) 

In{[K]°/[K]; }, where EK is the membrane potential when equilibrium occurs, [K]° and 

[K]; denote the potassium concentrations outside and inside, In is the natural logarithm of 

the ratio inside the curly brackets, z is the valence of potassium, T is the temperature, and 

R and F are physical constants. So in this thesis, EK = 26.6 In 1[5.4]/[130])= -84.6mV) 

2. The current did not appear when K+ was replaced with Cs+ in the internal solution, 

indicating that the current was carried by K+ ions. 

3. Outward currents were abolished with 20mM external TEA as shown in Figure 3.6. 
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Figure 3.6 Superimposed K+ currents (dashed traces) were generated at +50mV, 

60mV and +70mV from a holding potential -80mV in a freshly dispersed neonatal 

cell. Addition of 20mM TEA completely abolished above currents. 

+70mV 

-80mV 

-90mV 

Figure 3.7 The above protocol was used to evoke outward K+ currents. Total 

outward K+ currents were evoked by 500ms depolarising pulses varied -4OmV to 

+70 mV in lOmV increments from a holding potential of -80 mV. Note there is a 

lOms-preconditioning step from -80mV to -9OmV that was facilitated to remove K 

inactivation. 
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5.3 Total outward K+ currents in uterine cells 

5.3.1 Cell capacitance 

As described in section 3.1, the cell capacitance measurement would indirectly reflect the 

expression of ion channels. The bigger cell capacitance is measured, the more channels 

are present on cell membrane. Applying 10 mV voltage steps, the obtained mean 

capacitance of neonatal (n=50), non-pregnant (n=40) and pregnant cells (n=10) was 

5.9±0.1 pF, 24.6±3.9 pF and 138.2±8.4 pF, respectively. They were statistically 

significant (P<0.05). It is clearly demonstrated that during uterine development and 

pregnancy, the cell capacitance dramatically increased. 

5.3.2 General recording of outward K+currents 

The general protocol was used as shown in Figure 3.7. 

Neonatal cells 

Two sorts of responses to depolarization were seen in the neonatal cells. 

1) In 43 out of 50 neonatal cells (n=50), the peak K+ currents were activated more 

negative than - 40mV and the steady -state currents were activated at -2OmV showing in 

Figure 3.8 (A) and the I-V relation in Figure 3.8 (B) clearly showed linear voltage 

dependent. From a holding potential of -8OmV, the outward K+ current initiated rapidly 

and reached the peak within 3±0.2ms at +70 mV(n=10) then fell in another milliseconds 

to merge into a second components of K+ currents that rose and declined more slowly. 

The steady-state current was 15 ± 2% (n=20) of the peak current by the end of test pulse 

(500 ms). 

2) In 7 out of 50 cells the K+ currents were activated at -4OmV then declined very slowly 

during test pulses as shown in Figure 3.9 (A) and the I-V relation is shown in Figure 3.9 

(B). The K+ currents rose gradually to reach the peak about 50ms and from OmV the 
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currents exhibited small fluctuations (noisy). The currents well sustained during voltage 

steps. 

The inward currents (the peak amplitude: -O. 1nA at +lOmV) were visible only in one 

neonatal cell (Cm = 8.4 pF). I was not able to record the inward currents in the rest of 

neonatal cells under my experimental conditions. 
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Figure 3.8 (A) An example of the typical outward K' currents in 43 out of 50 neonatal cells. The 

uterine cell (capacitance 7.6 pF) was isolated from a 14 days old rat. (B) IN relation (n=15) 

revealed that the peak currents were detected at -4OmV more negative than that steady-state 

currents which were activated at -20mV. Error bars represent f S. E. M. 
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Figure 3.9 (A) An example of the typical outward K currents in 7 out of 50 neonatal cells. The 

uterine cell (capacitance 5.9 pF) was isolated from a 15 days old rat. Note at the very beginning 

of pulses, 2 cells had small surges (indicated by red arrow) that merged during voltage pulses. (B) 

I-V relations (n=7) for the peak currents and currents at end of pulses plotted against voltage 

steps. Error bars represent t S. E. M. 
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Non pregnant uterine cell 

I recorded three distinct groups of K+ currents: 

1) In 15 out of 40 non-pregnant uterine cells, outward K+ currents had similar populations 

as most of neonatal cells (Figure 3.8) shown in Figure 3.10 (A). They had a rapidly 

activating and inactivating K+ currents that reached peak within 3±0.3 ms (n=15) as well. 

At +5OmV, the channel densities of peak currents and steady-state currents in Figure 3.8 

(neonatal) and Figure 3.10 (non-pregnant) were 263.3±52.2 pA/pF and 52.1±8.1 pA/pF 

(n=15, P<0.05), 12.8±2.1 pA/pF and 23.9±2.9 pA/pF (n=15, P<0.05), respectively. It can 

be clearly seen that components of the rapid activating and inactivating outward KK 

currents largely decreased and components of the steady-state currents increased during 

uterine development. Note the steady-state currents were noisier than that of neonates. 

2) In 15 out of 40 non-pregnant cells (Figure 3.11 A), K+ currents activated at -4OmV and 

reached peak about 1 Oms later, followed by large fluctuations at more positive potentials. 

Similar to Figure 3.10(A), the initial currents were rapid activating, but the amplitude of 

peak current (1.1±0.6 nA) was smaller than that of Figure 3.10 (2.1±0.4 nA) at +50mV, 

and the inactivating time was longer than that of neonatal uterine cells. The components 

of steady-state currents developed abundantly. At +5OmV, the density of steady-state 

current was 9.4±2.7 pA/pF. Currents had frequent and large fluctuations (noisy). 

3) Inl0 out of 40 non-pregnant uterine cells, a third group of K+ outward currents were 

recorded (Figure 3.12). In contrast to the second group shown in Figure 3.11 (A), the 

steady-state currents were generally smooth with little fluctuations. They were all well 

sustained over several hundred milliseconds, and were similar to those found in pregnant 

cells (Figure 3.13). 

The inward currents appeared in 60% of recorded non-pregnant cells (n=40). My 

preliminary data showed that they were activated around -40 mV and they were likely L- 
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type Ca2+ currents because nifedipine could abolish the inward currents. However, the 

inward current in non-pregnant uterine cells (0.2±0.1 nA, n=10) was less visible than that 

of pregnant cells (1.1±0.4 nA, n=10). Nevertheless, the inward currents decreased rapidly 

(run-down process) during experiments. 

Late pregnant uterine cell 

In late-pregnant uterine cells (Figure 3.13) (n=10), the inward currents were activated at 

-40 mV at the very beginning of depolarizing pulses and the outward currents first 

appeared at approximately -30 mV. The outward currents at all voltages were smooth 

with few fluctuations and they rose gradually to reach the peak at 28±3.2 ms (n=10) then 

slowly declined. No fast activating and inactivating outward currents were seen. The 

outward K+ currents were well sustained during 500 ms test pulses. 

In summary, among some similarities in outward K+ currents of neonatal, non-pregnant 

and pregnant uterine cells, there are at least two notable changes present: a) the fast 

activating and inactivating of K+ currents decreased; b) the inward currents and the 

sustained components of K+ increased. 
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Figure 3.10 (A) An example of the typical outward K+ currents in 15 out of 40 non-pregnant 

uterine cells. The cell (capacitance 2lpF) was isolated from a6 weeks old rat. (B) IN relation 

(n=10) revealed that the peak currents were elicited at -4OmV and the steady-state currents which 

developed larger than that of neonates. Error bars represent f S. E. M. 
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Figure 3.11 (A) A typical example of outward K+ currents in 10 out of 40 non-pregnant uterine 

cells. The cell capacitance was 20.4 pF. The peak current was 1.3nA at +60mV. (B) IN relation 

demonstrated that steady-state currents were more evident than that of Figure 3.10 (A). 



Chapter 3 Voltage-gated K Channels in Uterine Cells 

AB -ý Peak currents 
361 Steady-state currents 

pA/pF(n=10) 

18- 

0.5 nAý 
60 -40 -20 0 20 

Vm(mV) 
] OOms 

136 

Figure 3.12 A typical example of third group K+ currents (A) in adult uterine cells. The outward 

K` currents in this cell (25pF) were smooth and the steady-state currents were 70% of the peak 

currents that decayed appreciably during test pulses. The density of peak current at +50mV was 

23.5+4.5 pA/pF (n=10) and the density of steady-state was 13.6+2.5 pA/pF. IN relation (B) 

showed the steady-state currents well developed in this group. 
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Figure 3.13 A typical example of outward K+ currents (A) in a uterine cell from 19 days 

pregnant rat. The outward K+ currents in this cell (130 pF) were smooth and the steady-state 

currents were 60% of the peak currents that decayed appreciably during test pulses. Note the 

inward currents firstly appeared at the beginning of currents. The density of peak current at 

+5OmV was 16.5±2.5 pA/pF (n=6) and the density of steady-state was 11.6±0.9 pA/pF. I-V 

relation (B) revealed similar components of outward K+ currents as in Figure 3.12. Error bars 

represent t S. E. M. 



137 
Chapter 3 Voltage-gated K Channels in Uterine Cells 

5.4 Outward K+ currents in neonates 

Having showed the outward K+ currents in three different preparations above, it is clear 

that the noticeable changes occurred during uterine development and pregnancy. Since 

the outward K+ currents of uterine cells from adult and pregnant rats have been 

extensively studied, in the following sections I will particularly investigated outward K+ 

currents in neonatal cells, and use the data from non-pregnant and pregnant uterine cells 

for comparisons. 

So far, at least 3 types of K+ currents have been recognized in neonatal uterus. 

5.4.1 A type currents 

As described above in the majority of neonatal cells, there were rapid activating and 

inactivating components of K+ currents. Such currents have been described in other cell 

types and are referred to as "transient outward" K+ currents or A type currents. In this 

thesis, the term of A type current is used. 

The characteristics of A type currents have been described as the following according to 

the original description of Connor & Stevens (Connor & Stevens, 1971): a) A type 

currents are inactivated at holding potential -40 mV. b) They are sensitive to 4-AP not 

TEA. c) A pre-hyperpolarising step can remove the inactivation of A currents. 

The separation of A currents from whole outward KK currents has been shown in Figure 

3.1, where A currents (black traces) can be obtained by the subtraction of currents at a 

prepulse to -40 mV from currents at a prepulse to -90 mV. The A currents were analyzed 

only when the amplitude reached the steady state, because the run down process could 

occur during experiments. 

Figure 3.14 shows a superimposed family of currents (at -30 mV, 10 mV and 50 mV) in 

response to 500ms voltage steps from -40 mV to +70mV in 10 mV increments from a 
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holding potential of -4OmV (lower lighter traces) and a holding potential of -8OmV 

(upper lighter traces), respectively. Subtracting the two current traces resulted in "A" 

currents which are represented by dark traces in Figure 3.14 (A). 

Activation kinetics and voltage dependence 

The A currents were strongly voltage-dependent as shown in Figure 3.14(A), the more 

positive depolarizing pulses were applied and the more currents were activated. Thus, 

using protocol above the generated A currents at +70 mV would best present their kinetic 

characteristic. 

At +70mV, the time to peak was 1.1±0.5ms (n=12) and peak current was 2.1±0.6 nA 

(n=12). Measuring the time to raise from 10% to 90% of the peak value currents assessed 

activation kinetics. Figure 3.14 (B) was plotted with the time to rise from 10% to 90% of 

the peak value against the voltage used to elicit currents. It clearly shows that the faster 

activation kinetics of A currents were observed at voltages ranging from -40 to +70mV 

(the time to peak current ranged around 0.5 ms). 

Inactivation kinetics and voltage dependence 

After reaching a peak, A currents decayed (inactivated) rapidly. The inactivation of A 

currents was rather complicated. The time constant of A type currents inactivation at 

+70mV was best fitted by two-exponentials with Boltzman function and revealed two 

types of cells (Figure 3.15A); one (red trace) with slower inactivation time constants 

24±1.9ms and 3.3±0.5 ms (n=7), another (black trace) with fast inactivation constants 

14.1±2.2 ms and 1.1±0.2 ms (n=7). Figure 3.15 (B) shows both of A currents were 

voltage dependent and the fast inactivating A current showed steeper I-V relation than 

that slow one. 
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Figure 3.14 (A) A currents can be isolated by subtracting currents evoked at a holding potential 

of -40 mV from a holding potential of -90 mV (see text). (B) The time to rise from 10% to 90% 

of the peak value is plotted against the voltage used to elicit currents. To find the 10-90% rise 

time, the peak is first found; then the points to the left of the peak are scanned until the points that 

are 90% and 10% of the peak amplitude (relative to the baseline region or to zero) are found. The 

width in time between these two points is the 10-90% rise time. 
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Figure 3.15 (A) Superimposed A currents with similar amplitudes about 2.7 nA at voltage 

+70mV were generated by the recording protocol (inset). A type currents were the results of 

subtracting currents elicited at a holding potential of -40mV from a holding potential of -8OmV. 
According to the time constant of inactivation, A currents were divided into 2 groups, which 

including fast inactivating A currents (black trace) and slow inactivating A currents (red trace). 

(B) I-V relations of 2 groups of A currents. The normalised mean peak currents are plotted 

against voltages. Note A current with fast inactivation (black) was likely activated more negative 
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potential than -40mV. 
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The voltage dependence of inactivation was studied by giving hyperpolarizing prepulses 

of 500ms duration from -120 mV to 10 mV followed by pulses to +60 mV. As we have 

known that A currents would activate at more negative potential and inactivate at more 

positive potential, therefore, the applied prepulses were presumably long enough to 

remove the inactivation of A type K+ channels. Figure 3.16(A) clearly shows the 

inactivation of currents is voltage dependent. The over lapped red traces show the peak 

currents fitted with a Boltzmann distribution. 

From Figure 3.16 (B), it can be seen that A currents were inactivated at range 

-83 mV to -49 mV with the mean voltage at -61±2.6 mV (n=10), which was more 

negative than that previously reported in 23-26 days rat uterus (Erulkar et al., 1994). The 

variations of inactivation potential were large suggesting that the A currents may be from 

different populations. 

The time and voltage dependence of inactivation 

The recovery from inactivation of "A" currents was dependent on both time and voltage. 

The time dependence of recovery from inactivation was studied using a two-pulse 

recovery protocol, which was separated by a hyperpolarizing voltage step that increased 

in duration from 25 to 350 ms (Figure 3.17A, inset). An example of superimposed 

currents responses from the recovery protocol with hyperpolarizing step to -100 mV is 

shown in Figure 3.17(A). It can be seen that the longer the duration of hyperpolarization, 

the greater the amplitude of the A current. Thus, the recovery from inactivation of A 

currents is time dependent. 

The voltage dependence of recovery from inactivation currents was investigated using the 

protocol with hyperpolarising voltage steps ranging from -60 mV to -100 mV for 

duration of 350 ms (Figure 3.17B, inset). An example of superimposed currents is shown 

in Figure 3.17(B). It shows that the recovery from inactivation was faster and most 



Chapter 3 Voltage-gated K Channels in Uterine Cells 
141 

complete at more negative potentials. At -60 mV, approximately 85±12% (n=6) (compare 

with the currents at -100mV) of the inactivating A currents had not recovered after 350ms. 

It suggests that the holding potential of -60 mV may partially reveal A currents and more 

negative potential is required when we study A currents. The time and voltage 

dependence of recovery from inactivation of A currents have been described in smooth 

muscle cells of small intestine (Lee et al., 2002), granul cells (Bardoni & Belluzzi, 1993), 

murine gastric antrum (Amberg et al., 2002a), murine colonic myocytes (Amberg et al., 

2002b), mouse cerebellar Purkinje cells (Sacco & Tempia, 2002) and neurons (Jagger & 

Housley, 2002) but not in uterine cells. 
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Figure 3.16 Voltage-dependent inactivation of A currents 
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The inset is the protocol: prepulses of 500ms duration varied -120 mV to +10 mV in 10 mV steps 

followed by 100 ms pulses from a holding potential of -8OmV. (A) The family of currents 

(dashed black traces) at +60 fitted with a Boltzmann distribution (overlapped red traces). (B) 

Relation between prepulses (Vpp) and the normalised mean peak currents. The inactivation was 
half-maximal at - 61±2.6 mV, and the slope factor was 10±2.4 mV (n=10). 
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Figure 3.17 Time and voltage dependence of recovery from inactivation 

(A) Superimposed currents generated the protocol (on the top of currents) show the time course 

of recovery from inactivation following a -100 mV hyperpolarization that was incremented from 

25 ms to 350 ms. Red arrow points to the current recovery from inactivation at 350 ins. (B) 

Superimposed currents from a protocol (on the top of currents) where the recovery duration was 

held constantly at 350 ms and the recovery hyperpolariztion was incremented from - 100 mV to - 
60 mV. Red arrow points to the current recovery from inactivation from -100 mV. 
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Pharmacological properties of "A" currents 

The pharmacological properties of A currents was exmained by 4-AP, TEA, Ca2+ and 

Cd2+. 

4 -AP 

The effects of 4-AP are shown in Figure 3.18. In neonatal cells, 0.5 mM 4-AP, 2mM 4- 

AP and 5mM 4-AP reversibly blocked the peak A currents by 15 ± 4% (n=10), 40 ± 9% 

(n=13) and 60 ± 15% (n=7), respectively. However, 4-AP did not preferentially block A 

currents but also inhibited sustained components of K+ currents as shown in Figure 

3.18(A). This finding is similar to the effects of 4-AP on the nonpregnant rat uterus 

(Wang et al., 1998), which is consistent with 4-AP actions on Kv channels. Therefore, 

the evaluation of the relative roles of A currents and sustained components of KK currents 

does not seem to be possible by using single K channel blocker 4-AP, and additional 

blockers are necessary. 

TEA 

TEA is often used to block voltage-operated K channels. A type currents are reported to 

be insensitive to TEA (Amberg et al., 2003; Connor & Stevens, 1971). However, A 

currents can be inhibited by TEA in neonatal rat primary auditory neurones (Jagger & 

Housley, 2002) and neonatal rat aortic mycytes (Belevych et al., 2002). Thus, I examined 

the effects of TEA on A currents in neonatal cells. For better comparison with 4-AP, 

again, Figure 3.19 shows 2mM 4-AP reduced about 40% of peak current in comparison 

with control currents at +70 mV; however, additional application of 5mM TEA blocked 

80 ± 12% (n=12) of sustained component. Higher concentrations of TEA (>10 mM) were 

able to reduce A currents of neonatal cells as well (data not shown), suggesting that the A 

currents are more sensitive to 4-AP and less sensitive to TEA. 
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Ca 2+ 
sensitivity 

The Ca2+ sensitivity of A type currents was tested by replacing 2mM Ca2+ with 2 mM 

Cd2+, and by adding 5 mM BAPTA in the intracellular solution. 

Figure 3.20 (A) shows an example of effects of 2mM Cd 2+ on A currents at +20 mV and 

-20 mV (L-type Ca channel will open and reach its maximal amplitude). Slightly 

decreased currents (dashed traces) (6±1.5% of control, n=4) were subtracted point by 

point from control currents (black traces) to give the resulting Cd 2+ sensitive currents (red 

traces). This consisted of two components: an inward currents and outward currents. I-V 

relation over -40 mV to +70 mV (Figure 3.20B) revealed that Cd 2+ insensitive I-V was 

linear relation (dashed curve); the Cd 2+ sensitive I-V relation across the voltage range of - 

40 mV to +70 mV composed two components: an inward bell-shaped relation and an 

outward linear relation. 

Since Cd 2+ can shift membrane potential to more positive values (Follmer et al., 1992; 

Smirnov & Aaronson, 1992), therefore, Cd 2+ can not be accounted as an A currents 

inhibitor. In conclusion, A currents in neonatal uterine cells were Ca 2+ insensitive. 
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Figure 3.18 Dose-dependent effect of 4-AP on A current 
An example of dose dependent effect of 4-AP. (A) Superimposed A currents (same cell) at +70 

mV were blocked by 0.5 mM, 2 mM and 5 mM of 4-AP as indicated in a dose dependent manner. 

(B) IN relation shows that 5 mM 4-AP block almost 50% of peak A current. Averaged peak 

currents (n=6) are plotted against varied voltage steps. 
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Figure 3.19 Effects of 5 mM TEA on Ki currents of neonatal uterine cells 

(A) Superimposed K+ currents at + 70 mV. 2 mM 4-AP (blue trace) reduced 30 % of the peak 

current (black trace). Note the sustained component of K+ current was barely affected. (B) I-V 

curves of peak and sustained currents after 2 mM 4-AP (blue) and additional 5 mM TEA (red). 

Note the addition of 5 mM TEA markedly blocked the sustained component of K+ but only 

slightly effected peak current. 
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Effects of temperature on A currents 

Finally, the influence of experimental temperature on A currents also was studied in 

neonatal cells. All the experiments described above were performed at 35-36 °C to keep 

normal physiological conditions where the time to peak at +70 mV is 1.1±0.5 ms (n=12). 

However, when the recordings were made at room temperature, the time to peak was 

2.3±0.4ms (n=6, P<0.05). 

Figure 3.21 shows a superimposed family of A currents at + 70 mV obtained as the bath 

temperature was increased. Figure 3.21(A) shows the steady-state amplitude of A current 

was increased during the increments of temperature (1°C per minute), and the time to 

peak was decreased. 

However, in Figure 3.21(B), the amplitude of A current initially decreased at 210C and 

22°C and reached the steady state with further increases of temperature (26-28°C). This is 

because the currents were taken instantaneously (in 2 minutes) after the penetration of 

recording pipette. Nevertheless, the time to peak was shortened during increases of 

temperature. 

This run-down process of K+ currents has been reported previously in uterine myocytes 

(Piedras-Renteria et al., 1991), Xenopus oocytes (Robertson et al., 1996) and vascular 

smooth muscle cells (Lorenz et al., 1994). The phenomenon could be related to the 

removal via the patch pipette of some important internal constituent or cytosolic factors 

regulate channel activity or stability (Hattori et al., 2003; Hao et al., 1999; Hao et al., 

1998; Belles et al., 1988). 
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Figure 3.20 Effects of 2 mM Cdz+ on A currents at +20 mV and -20 mV 
(A) Superimposed A currents shows control (black traces), after 2 mM Cd 2+ (dashed traces) and 

subtracted Cd 2+ sensitive currents (red traces). Note at -20 mV, subtracted current initially is 

inward then outward. (B) Peak I-V relation for control currents (black), Cd 2+ insensitive currents 

(dashed black) and Cd 2+ sensitive currents (red) over voltage range of -40 mV to +70 mV. 
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Figure 3.21 The kinetics of A currents are faster at higher temperatures 

(A) Superimposed steady state A currents at +70 mV with time to peak 2.5 ms, 2.2 ms, 1.6 ms 1.2 

ms during temperature increments (B) Superimposed A currents at +70 mV with time to peak 2.4 

ms, 2.2 ms, 1.6 ms 1.5 ms, 1.2 ms during incremented temperatures from 21°C to 28°C. Note the 

decay of steady state current at 28"C (red trace) is slightly steeper than that at 26°C. 
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5.4.2 TEA sensitive currents 

As shown in Figure 3.19, TEA mainly blocks sustained components of K+ currents and 

the high concentration of 4-AP has similar effect, therefore, TEA sensitive currents were 

studied from the recorded outward K+ currents without visible A currents before and after 

2 mM TEA in this thesis. 

Figure 3.22(A) shows the superimposed currents recorded at +70 mV before and after 

externally adding 2mM TEA and 10 mM TEA. It clearly demonstrates that the effect of 

TEA on outward K+ currents was dose-dependent and 2mM TEA blocked 60±15 % (n=5) 

of currents. It can be noticed that 2 mM TEA almost abolished the noisiness of K+ current. 

In agreement with previous report (Piedras-Renteria et al., 1991), TEA at this 

concentration can block the Cat+-activated K+ currents as well. 

It also can be noticed that the application of 2mM TEA unmasked very slowly activating 

(time to peak >100ms) and noninactivating currents, which were slightly resistant to TEA. 

I-V relations (Figure 3.22B) revealed that TEA sensitive currents were voltage dependent 

and TEA did not significantly alter the activation potential (-40 mV). 
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Figure 3.22 TEA sensitive currents in neonatal cells (n=5) 

(A) Superimposed K+ currents from a neonatal uterine cell (6.7 pF) at +70 mV. Depolarizing test 

pulses varied -40 mV to +70 mV in l OmV increments from a holding potential of -80 mV were 

applied. 2mM TEA and 10mM TEA blocked currents in a dose-dependent manner. Note the 

control current has large fluctuations and the current was smoother with slow activation after 
2mM TEA. (B) I-V relations for peak currents from control (n=5) and after 2mM TEA. Error bars 

represent S. E. M. 
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Figure 3.23 Voltage dependent activation of delayed rectifier K+ current 
(A) An example of tail currents in a uterine cell from 14 days old rat. A series of depolarising 

pulses varied -30 mV to +60 mV leads at a holding potential of -40 mV to activation of K 

channels, jumping to step -40mV, the number of channels still open to elicit tail currents, and 

then declines exponentially as channels close. (B) The activation curve is plotted as Boltzmann 

distribution function with half activation at 17.1 mV and a slope factor of 7.6 mV. 
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Delayed rectifier K" currents 

I have never obtained outward tail currents from the group of cell exhibiting outward K 

currents of A type currents using the protocol demonstrated in Figure 3.3 (A), therefore, 

in consistence with previous report (Folander et al., 1990; Boyle et al., 1987a) it is 

reasonable to consider the recorded outward tail currents (Figure 3.23A) were mainly 

from delayed rectifier K channels. 

The name of delayed rectifier K channel was given because it changes the membrane 

conductance with a delay after a depolarizing voltage step (Hille, 2001). Classically, the 

activation of delayed rectifier K channels is explored using outward tail currents fitted 

with Boltzmann distribution function (see Method, Chapter 3). It was difficult to obtain 

tail currents of delayed rectifier K channel in neonatal uterine cells as A currents are 

predominant. Only 5 cells showed tail currents. An example of tail currents is shown in 

Figure 3.23(A) where the protocol is similar to the Figure 3.3. The activation curve in 

Figure 3.23(B) was averaged from 5 cells. The fitted tail currents gave average values of 

half-activation potential was 17.1 ± 4.3 mV (n=5), the slope factor was 7.6mV. However, 

the variations are large, possibly due to diversity of K channels. 

As shown in Figure 3.22(A), TEA sensitive currents well maintained over long duration 

of 500 ms depolarizing pulses. 
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5.43 Cat+-activated K+ currents 

Cat+-activated K+ channels (Ke channels) are voltage-dependent and activated by pM or 

less internal Cat+. Large conductance Kca channel (BKca channel) blockers 

charybdotoxin (ChTX) and iberiotoxin (IbTX) (Suarez-Kurtz et al., 1991) inhibited Kca 

channels in non-pregnant rat uterus and small conductance Cat+-activated KK channel 

(SK channel) blocker, apamin inhibited Kr channels in pregnant uterine cells suggesting 

that BK channels and SK channels are prominent in non-pregnant and pregnant rat uterus, 

respectively (Wang et al., 1998). However, no description of Cat+-activated K+ channels 

has been found from neonatal rat uterus. 

BK4Ca channels are generally investigated using single channel recording method since it 

is easier to monitor Ca2+ concentration and calculate channel open probability. However, 

the voltage clamp (whole-cell) is used in this thesis because it is difficult to achieve 

inside-out patch on neonatal cells. Typically, BKca channels start showing fluctuations 

about 0 mV (Figure 3.24A, red trace) since they are activated by increases of cytoplasmic 

free [Ca2+];. 

I have found that normally large A currents were not accompanied by the noisy outward 

K currents (an indication of BKca channels) where the sustained components were 

comparatively smooth. 

Only 4 out of 50 recorded cells showed outward KK currents with fluctuations. In the 

typical examples shown in Figure 3.24(A), families of currents were evoked by holding at 

-80 mV and stepping to potentials ranging from -40 to +70mV for 500 ms. This resulted 

in outward currents with fluctuations at potentials positive to -30 mV. They were well 

sustained and declined slowly during the 500ms pulse. Unfortunately, both of ChTX and 

IbTX were not examined due to their unavailability. 
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However, considering their effects on outward K+ currents in neonatal cells, they were 

tested on four neonatal cells at concentration of 400nM, respectively. In one of four 

examined cells, ChTX slightly reduced the amplitude of outward K+ currents (red dashed 

traces) as shown in Figure 3.25(A) and had no effects on the other three cells. 

In one of four cells, IbTX had a similar effect to ChTX and did not have inhibition on 

two cells. However, IbTX almost abolished the sustained component of K+ currents and 

greatly reduced A currents (red dashed traces) in one cell shown in Figure 3.25(B). 

No inward K+ currents were tested. 

In summary, three types of outward KK currents have been identified in neonatal cells by 

using whole cell patch clamp and pharmacological methods. The fast activating and 

inactivating A type K+ currents are dominant in neonatal uterine cells. 
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(A) The outward currents were evoked in neonatal cells by holding the cell at -80mV and 
stepping to test potentials ranging from -40 to +70 mV. This evoked sustained 
components of outward K+ current with large fluctuations. The red trace was activated at 
0 mV. (B) IN relation revealed that linear current-voltage dependence of BKCa channels. 
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Figure 3.25 Effects of ChTX and IbTX on outward K currents from neonatal 
uterine cells 

(A) Block of outward K+ currents by 400 nM ChTX. Superimposed currents at 0 mV, +30 mV 

and +50 mV (holding potential: -80 mV) were recorded from a uterine cell (7.6pF) from a 15 

days old rat before (black traces) and after (red dashed traces) 400 nM ChTX. (B) Block of 

outward K+ currents by 400 nM IbTX. Superimposed currents at 0 mV, +30 mV and +50 mV 

(holding potential: -80 mV) were recorded from a uterine cell (6.9 pF) from a 14 days old rat 

before (black traces) and after 400 nM lbTX. Note 400 nM IbTX appreciably decreased "A" 

currents and the sustained components during voltage increments. 
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6. Discussion 

Voltage-gated K+ currents are thought to play a role in setting the resting membrane 

potential and regulating uterine excitability (Khan et al., 2001). Morphological studies of 

development have revealed that neonatal, adult and pregnant uterus is different with 

respect to structure (Arens et al., 2000). Presumably, the expression of ion channels 

might be different as well. 

In the present study, among several similarities in the outward K+ currents of myometrial 

cells from neonatal, non-pregnant and pregnant rat, the noticeable differences occurred: a) 

the initial inward currents appreciably increased during development and reached the 

peak amplitude during pregnancy; b) the proportion of A type currents which were 

present in the majority of neonatal cells declined dramatically through puberty to 

adulthood; c) and the sustained properties of outward K+ currents greatly developed in 

the non-pregnant and pregnant cells. 

Isolated neonatal uterine cells 

This is first time neonatal uterine cells have been studied. The neonatal cells are small 

and fragile, thus making it difficult to isolate them in a healthy state and to maintain 

patches. However, as the data shown healthy cells could be patched and produce good 

recordings. 

The isolation of cells is critical for the patch clamp recording. The most important step is 

to choose an appropriate combination of enzymes. As previously reported (Driska et al., 

1999), papain was demonstrated to produce the functionally viable, dissociated neonatal 

uterine cells. However, some evidence suggested that papain also can modify the 

inactivation of channels (Matteson & Carmeliet, 1988). 

Trituration can be a crucial procedure as well. The gentle trituration with a 10 ml pipette 

could break up the tissue fragments following incubation in the dissociation mix and 
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harvest uterine cells with a good quality. If done too vigorously, cells will be destroyed 

with lowering viability; too weakly and tissue fragments will be left intact lowering yield. 

The cell capacitance appreciably increased during uterine development and pregnancy. 

Capacitance measurements suggest the onset of surface expression of the channel protein 

in neonatal cells and a subsequent steep increase in non-pregnant cells as well as a further 

increase in pregnant cells. 

In terms of channel density (pA/pF), the highest value measured at +70 mV with peak 

current was found in neonatal cells and the lowest value was found in pregnant 

myometrial cells. Probably because it is essential that Kv channels with higher peak 

currents could set the membrane potential at negative values to dampen the excitability of 

uterus and precede myogenesis. 

During myogenesis, proliferating myoblasts withdraw from the cell cycle and fuse to 

form an ordered array of large multinucleated fibers (Fischer-Lougheed et al., 2001; 

Bijlenga et al., 1998). Recent study has suggested that Kv subunits are differentially 

regulated in skeletal muscle tissues during post-natal development and myogenesis 

(Grande et al., 2003). Differential expression of Kv channels also have been found in 

bovine pulmonary artery (Coppock & Tamkun, 2001; Coppock et al., 2001), mouse 

skeletal muscle (Lesage et al., 1992) and rat aortic smooth muscle (Gomez et al., 2000). 

Several experiments have revealed that the shift of Kv subfamily is closely related to the 

muscle developmental stage. For example, Kv 02.1 was associated with myogenesis in 

skeletal muscle (Grande et al., 2003) and Kv1.5 channel is associated with human glial 

cell proliferation (Preussat et al., 2003). In heart, the Kv 1.5 channel expression may 

underlie the developmental regulation of ultrarapid delayed rectifier, while Kv 1.4 

channel does not contribute to the postnatal increase in transient outward KK currents (Ito) 

(Guo et al., 1997a; Guo et al., 1997b; Guo et al., 1997c). The higher the density of Kv 
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channels contributes to human myoblast fusion as well (Bijlenga et al., 1998). It is likely 

that Kv channels contribute to the developmental myogenesis of uterus. 

Comparison of outward K+ currents between neonatal, non-pregnant and pregnant 

myometrial cells 

The striking difference of total outward K+ currents between neonatal, non-pregnant and 

pregnant uterus is that rapid activating and inactivating, voltage-gated A currents are 

predominant in neonatal cells and decline in non-pregnant and pregnant cells. 

A currents are thought to be involved with human uterine cell proliferation (Khan et al., 

2001; Erulkar et al., 1993). The inactivation potential of A currents from neonates is 

more negative than that from 23-26 days rat (-61 mV compare to -48 mV) (Erulkar et al., 

1994). This may indicate that the resting potential in neonatal uterine cells is 

comparatively more negative. 

The A type currents have been described extensively in non-smooth muscle and smooth 

muscle tissues. In neurons, hyperpolarization-activated A currents are thought to regulate 

firing frequency (Chen & Tsai, 2000; Kelly et al., 1995; Schild et al., 1993), influence 

cell proliferation or differentiation (Wang et al., 2003) and have age-dependent 

expression (Klee et al., 1997). In neonatal rat primary auditory neurones, the A currents 

heterogeneously expressed and they dominated the repolarization phase of action 

potential (Jagger & Housley, 2002). A currents are also present in mouse cerebellar 

Purkinje cells (Sacco & Tempia, 2002), atrial and ventricular myocytes and responsible 

for the initial repolarization of cardiac action potential(Li et al., 2001; Guo et al., 1999; 

Barry & Nerbonne, 1996). 

A currents have been identified in large number of smooth muscles including rat 

pulmonary arterial cells (Yuan et al., 1998), guinea-pig colonic myocytes (Vogalis & 

Lang, 1994), guinea-pig ureter cells (Imaizumi et al., 1990), murine colonic myocytes 
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(Amberg et al., 2002b), murine gastric antrum (Amberg et al., 2002a), rat vas deferens 

cells (Harhun et al., 2003), mouse small intestine cells (Lee et al., 2002) and pregnant 

human myometrium (Knock et al., 1999). 

Most of the A currents described in smooth muscle are sensitive to 4-AP and all the A 

currents have noticeable negative inactivation potentials. The resting potentials of uterus 

lie between -45 and -80 mV from human (Khan et al., 2001), and is estimated to range 

between -35 and -60 mV in rat (Sanborn, 2000). The measured inactivation potentials of 

A currents in uterus range between -48 and -83 mV. Therefore, A channels are likely to 

be unavailable at resting membrane potentials, due to the pronounced steady-state 

inactivation and A channels will become available only when the membrane potential 

becomes sufficiently negative to remove inactivation. It could be, therefore, predicted 

that the A type K+ currents help to maintain membrane potential and regulate excitability 

of uterus. 

Heterogeneous expression of A currents 

To date, there is no detailed kinetic study of A currents from uterus. My results have 

suggested that there are at least two populations of A currents in neonatal uterus; one 

with fast inactivation and another with slower inactivation. Their physiological 

significance is unclear. Heterogeneous expression of A currents has been reported in 

several tissues. It has been demonstrated that the different population of cells may 

involve with diversity of channels (Lee et al., 2002; Ohya et al., 1997; Serodio et al., 

1996). There is evidence that A currents are more abundant in circular smooth muscle 

cells from opossum esophageal (Akbarali et al., 1995), human jejunal (Duridanova et al., 

1997a), and newborn rat ileum (Smirnov et al., 1992a). Heterogeneous A currents in 

isolated neonatal uterine cells may arise because the longitudinal layer and the circular 

layer of uterus are visibly indistinguishable. 
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The pharmacological property of A currents are also variable, for an example, in their 

sensitivity to 4-AP, with A currents in small intestine cells (Lee et al., 2002) and guinea- 

pig gastric antrum (Noack et al., 1992) being reported as insensitive to 4-AP. 

Heterogeneous A currents may have physiological implications. In mouse small intestine 

cells there are two populations of A currents were identified, one with a fast rate of 

inactivation and another with a slow rate of inactivation. Because the A current are able 

to response to fast velocities of depolarization and have short latencies for recovery from 

inactivation, this suggests that it could modulate the frequency of fast electrical events, 

such as action potential. The slow A current may serve as a frequency filter for action 

potentials since only electrical events are large enough (high amplitude), fast enough 

(high rate of depolarization), long enough (long duration) and frequent enough (high 

frequency) would overcome the inhibitory influence of A currents. The fast A currents 

are likely to be more involved with modulation of the threshold for action potential 

generation, since the long duration of depolarization (plateau) will inactivate A current 

before repolarizing (Lee et al., 2002). Does this hypothesis apply to neonatal uterus? 

Previous experiments have revealed that spontaneous contractions are present in the 10- 

day neonatal uterus, although they are not as large or as regular as those present in adult 

tissues (Noble & Wray, 2002a). Morphologically speaking, the neonatal uterus is at the 

stage where it is still undergoing fundamentally development, and functionally is 

relatively quiescent. Hence, it is reasonable to hypothesize that the A currents are not 

only involved with uterine cell proliferation but also taking part in maintaining membrane 

resting potential by dampening firing frequency, although it requires further experimental 

investigations by measuring action potentials and resting potentials from neonatal uterus. 
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Developmental regulation of ion channels 

As well as A type currents, other voltage-gated K channels including Cat+-sensitive K+ 

channels and Cat+-insensitive K+ channels are developmentally regulated in rat colonic 

smooth muscle cells (Xiong et al., 1995) and aortic myocytes (Belevych et al., 2002; 

Gomez et al., 2000) as well as in coronary smooth muscle (Marijic et al., 2001). 

My results are consistent with previous reports that the sustained components of outward 

K+ currents, which are thought to be generated by the delayed rectifier K channels and 

Cat+-activated K+ channels and sensitive to TEA, increased during uterine development 

and become predominant during pregnancy in rat myometrium (Piedras-Renteria et al., 

1991; Wang et al., 1998; Erulkar et al., 1994) and human myometrium (Knock et al., 

1999; Ludmir & Erulkar, 1993). It is believed that the role of delayed rectifier K+ current 

in controlling the hyperpolarization or repolarization of the cell membrane depends on 

their kinetic property such as activation or inactivation potential and time course. For 

example, in non-pregnant rat uterus, the slow delayed rectifier K+ currents was activated 

at potentials about -10 mV and its slower time course make it a more suitable candidate 

for repolarization (Piedras-Renteria et al., 1991). 

The Cat+-activated K+ current is activated only positive to 0 mV, the amplitude and 

activation threshold of this current is influenced by Ca2+ influx through Ca channels, it is 

believed to play a role in the termination of action potentials in the contracting 

myometrium (Parkington & Coleman, 1988), and may contribute to setting the resting 

membrane potential (Anwer et al., 1993). However, Cat+-activated K+ channels become 

less sensitive to Ca during end term of pregnancy (Khan et al., 2001; Wang et al., 1998; 

Khan et al., 1997; Khan et al., 1993b). With a fixed level of [Ca2+];, Cat+-activated K+ 

channels behave like delayed rectifier K channels, activating with depolarization (Hille, 

2001). 
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ChTX and IbTX are the peptidyl toxins from the scorpion, block several Cat+-activated 

K+ channels and also voltage-gated K channels (Wang et al., 1998; Garcia et al., 1995; 

Miller et al., 1985). IbTX almost abolished the sustained component of K+ currents and 

greatly reduced A currents. This is surprising because IbTX possesses four more acidic 

and one less basic amino acid residue than does ChTX, making this toxin much less 

positively charged than the other peptide and more specific to block Cat+-activated K+ 

channels. It does not block other types of voltage-dependent ion channels, especially 

other types of K channels that are sensitive to inhibition by ChTX (Galvez et al., 1990). 

However, it may suggest that myometrial A currents originated from more than a single 

channel type (Wang et al., 1998). 

As it has been mentioned in result section, most neonatal cells demonstrated 4-AP 

sensitive A currents as the predominant voltage-gated current and there is a small 

proportion of Cat+-activated K+ current, so a detailed characterization of delayed rectifier 

K+ current was not carried out in the present study. 

Diversity of voltage-gated K channels in uterus 

It is generally accepted that in smooth muscle, Kv channels a-subunits with A type 

characteristics are from Shaker (Kvl. 4), Shaw (Kv3.4), and Shal (Kv4.1, Kv4.2, and 

Kv4.3). Kv1.4 and Kv 4 channels are responsible for the typical A type conductance 

susceptible to 4-AP in wide range of tissues, whereas Kv3.4 channels are mainly 

expressed in skeletal muscle but also in the central nervous system (Amberg et al., 2003; 

Anwer et al., 1993). The accessory Kv channels ß-subunits which confer A-type 

properties are important to kinetic features of A-type K currents as well (Rettig et al., 

1994; Heinemann et al., 1994). In uterine myometrium, it is likely that Kv4.3 gene may 

be one of the major molecular constituents of A type currents (Song et al., 2001). 

However, Wang et al has argued that since 4-AP had no preferential effect on the A 
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currents suggesting the native A-type channels might be closer to rKvl. 4 than to rKv3.3 

or rKv3.4, and in late-pregnant myocytes, then gating and pharmacological properties of 

native K channels resembled those of cloned rKvl. 1,1.2,1.6 channels (Wang et al., 1998). 

It has been suggested that the diverse expression of delayed rectifier K channels is 

responsible for differences in electrical excitability and also for the variation of the 

electrophysiological and pharmacological phenotypes as tonic and phasic smooth muscle 

cells (Ohya et al., 2000). 

Hormonal modulation 

Hormonal regulation of uterine ion channels has been the subject of several implications. 

Circulating levels of 170-estradiol would be expected to strongly decrease the expression 

of A type currents during the transition from a non-pregnant to a late pregnant state 

(Anwer et al., 1993; Ludmir & Erulkar, 1993; Toro et al., 1990b; Boyle et al., 1987). 

However, progesterone had no effect on rat uterus but shifted inactivation of A currents 

and increased the amplitude of outward potassium currents in cultured human uterine 

cells. Neither 17beta-estradiol nor progesterone had any effect on the K current when 

applied acutely (Knock et al., 2001; Erulkar et al., 1994). When the polyadenylated RNA 

from the uteri of estrogen-treated rats was injected into Xenopus oocytes, a novel slow 

Kv current with relatively negative activation potential was expressed. This current was 

not observed in oocytes injected with RNA from several other excitable tissues, including 

rat brain and uterine smooth muscle from ovariectomized rats not treated with estrogen 

(Boyle et al., 1987a). It is not surprising that Ca-activated K currents are regulated by 

170-estradiol as well. 

For example, the a subunit transcript (Holdiman et al., 2002) and 01 subunits transcripts 

of Cat+-activated K+ channel are regulated during gestation, and 01 subunits transcripts 

are with peak expression at day 14 of pregnancy in mouse myometrium (Benkusky et al., 
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2002). But progesterone and acute estradiol exposure has no effect on 01 transcript 

expression. However, estradiol at high concentrations (> 3 microM) acutely inhibited 

both inward and outward K+ currents in a voltage-dependent manner and removal of 

estradiol restored the amplitude of the outward but not of the inward current in pregnant 

rat myometrium (Okabe et al., 1999b). There is a discrepancy in regarding of expression 

of Cat+-activated K+ currents during the end of pregnancy between rat and mouse (Song 

et al., 1999). This may reflect tissue-specific expression of K channels and the specie- 

specific sensitivity of hormonal regulation (Yellen, 2002; Mottes & Iverson, 1995; 

Radovick et al., 1994) in different experimental preparations. 

The development of Ca 2+ currents 

Calcium influx through voltage-gated membrane channels plays a crucial role in a variety 

of intracellular processes. The age-related changes of Ca channel currents were noticed in 

freshly isolated single smooth muscle cells in rat (Xiong et al., 1993). Because it was 

difficult to record Ca2+ currents from the neonatal cells, and my data also showed that the 

noticeable increased expression of Ca2+ currents occurred during rat uterine adulthood, 

suggesting that Ca channels are developmentally regulated. 

Linsdell & Moody found that the development of electrical excitability involves complex 

coordinated changes in ion channel activity, and part of this coordination appeared to be 

due to the fact that the expression of some channels was dependent on electrical activity 

mediated by other channel types (Linsdell & Moody, 1995). They pointed out that the 

initial expression of K+, Na+, and Ca2+ currents was followed by a brief period during 

which the densities of K+ currents decreased, while at the same time Na+ and Ca2+ current 

densities continued to increase, which may increase electrical excitability during this time 

and these effects of electrical activity appeared to be mediated via activation of voltage- 

gated Ca channels in embryonic Xenopus skeletal muscle. Recently, Yu et al. found that 
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capacitative Ca2+ entry through store-operated Ca channels up-regulated and that was 

associated with pulmonary artery smooth muscle cell proliferation and growth. 

Thus, excluding the technical possibility (i. e. the currents were too small to be recorded 

under my experimental conditions) the developmental modulation may be involved with 

the expression of Cat+currents in the uterine cells. 

In summary, at least three outward K+ currents including predominant A currents, TEA 

sensitive currents and a small proportion of Cat+-activated K+ currents have been found 

in neonatal rat uterine cells. They are regulated developmentally and highly modulated by 

sex hormones. 
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1. Abstract 

The aims of this study were: 1) to compare the spontaneous contractions of the 

neonatal myometrium with the non-pregnant myometrium; 2) to determine the 

contribution of L-type Ca channels in the spontaneous contractions of myometrium; 

3) to investigate the importance of K+ currents in the spontaneous contractile 

activity and effects of ion channel blockers. It was found that the regular 

spontaneous contractions only occurred in 59 f 9% (n= 70) of neonatal uterine 

strips and in 88 ± 5% (n= 40) of non-pregnant uterine strips. However, the neonatal 

myometrium exhibited premature pattern of contractile activity. The rhythmic 

spontaneous contractions are preceded by increases in [Ca2+];. The inhibitions of K 

channels significantly influence the amplitude, frequency, and durations of 

spontaneous contractions of uterine myometrium in a dose dependent manner. For 

example, 0.5 mM 4-AP had little effect on the non-pregnant myometrium; however, 

5mM 4-AP resulted in the significant increases of duration (0.9 ± 0.2 min vs 0.5 ± 0.1 

min, P<0.05) and amplitude of contraction (138 ±5% of control, P<0.05). At the 

concentration 5 mM of TEA appeared to be more potent to augment the frequency 

(320 ± 46 % of control, P<0.05) rather than to the amplitude (128 f 10 %, P<0.05) 

in both of tissues (n=3). The inhibition of BKca channel blocker was tissue-specific; 

in the presence of 10 nM IbTX, 4 out of 6 non-pregnant preparations produced a 

significant increase in amplitude of spontaneous contractions (20 ± 4.8 % of control, 

P<0.05) and [Ca2+]1(18 ± 4.2 % of control, P<0.05), however, it had little effect on 

the neonatal myometrium. There data suggest that there are differences between the 

neonatal and non-pregnant myometrium. 
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2. Introduction 

As shown in Chapter 3 using patch clamped cells, there is differential expression of 

outward K+ currents in rat uterus between neonatal, non-pregnant and pregnant cells. 

However, the several disadvantages of the single cell model are principally derived from 

the isolation process itself. For example, isolated cells, lacking connections to other cells 

and bathed in artificial extracellular and intracellular media (i. e. solutions) used in 

experiments, may not respond exactly as cells in tissues. Hence, intact tissues were used 

to investigate the effects of ion channel blockers on uterine spontaneous contractions. 

I will particularly focus on the neonatal uterus and compare with the non-pregnant rat 

uterus to study the developmental changes of ion channels in uterus. 

2.1 Uterine contractility 

As described in Chapter 1, contractions in the uterus are spontaneously active and 

myogenic. The spontaneous contractions are preceded by action potentials, and agonists 

can alter the calibre of contractions by effecting the frequency of the action potentials and 

the train duration (Wray, 1993). The phasic and tonic contractions of smooth muscle are 

stimulated by increased cytoplasmic [Ca2+];. [Ca2+]; increase may occur due to Ca2+ entry 

from outside the membrane through dihydropyridine (DHPs) sensitive voltage-dependent 

Ca channels during action potential; it may also occur due to Ca 2+ release from the SR of 

smooth muscle (Carsten & Miller, 1987). Ca2+ release from the SR is activated by Ca 2+ 

gated ryanodine (RyR) channels or G-protein coupled IP3 activation of IP3 receptors 

channels. Ca2+ directly regulates contraction through the activation of Cat+/calmodulin- 

dependent myosin light chain kinase (MLCK). Force in smooth muscle may also be 

modulated via Ca2+ independent pathways and can be regulated by the stimulation of a G- 
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protein-coupled receptor, which in turn can activate its downstream factor Rho-associated 

kinase ( Wray et al., 2001; Lee et al., 2001; Sanborn et al., 1998). 

The relaxation of uterus is achieved by termination of Ca2+ entry and subsequent 

dephosphorylation of myosin light chains (Sanborn, 1995). 

The Ca2+ entry via L-type Ca channels is curtailed by at least two mechanisms: 

inactivation of the Ca channels and repolarization the membrane potential. Repolarization 

will occur as Ca2+ entry decreases and K channels activity are stimulated (Wray et al., 

2003). 

It has been found that uterine smooth muscle was highly excitable (Boyle et al., 1987a). 

However, action potential in neonatal uterus is unknown. Recently, Noble & Wray 

reported that spontaneous contractions are present in the 10- day neonatal rat uterus, 

although they are not as large or as regular as those present in adult tissues (Noble & 

Wray, 2002a). External Ca2+ entry via L-type Ca channels is the sole source of Cat' and 

is essential for the uterine spontaneous activity (Wray et al., 2003). The SR had more 

releasable Ca2+ and contributed more to the response to agonists in neonatal compared to 

adult tissues (Noble & Wray, 2002a). 

2.2 Developmental regulation of myometrial contractions 

Studies have been shown that the contraction and relaxation of smooth muscles could be 

regulated developmentally (Evans et al., 1998). For examples, Cornfield et al. (2000) 

have shown that sensitivity and capacity of pulmonary artery smooth muscle cells 

response to hypoxia increases with maturation and these maturation-related increases 

might relate to pulmonary vascular tone during development. The tolerance to hypoxia in 

neonatal smooth muscle is much better than adult and there are developmental changes in 

intracellular pH buffering power in smooth muscles (Bullock et al., 1998). Morphological 
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studies of development also have revealed that neonatal and adult uterus is different with 

respect to structure because the neonatal smooth muscle cells are in undifferentiated or 

underdeveloped state (Brody & Cunha, 1989). The contractile responses of isolated adult 

and neonatal strips of smooth muscle to various agonists and to nerve stimulation is 

developmentally regulated as previously reported (Noble & Wray, 2002a). It is likely that 

ion channels are involved with contractile responses. However, there is nothing known 

about ion channels in neonatal uterus. 

2.3 Effect of ion channel blockers on uterine contractility 

2.3.1 Ca channel blocker 

Several Ca channels exist in different tissues as shown in Chapterl. Two types of Ca 

channels are expressed in the myometrium, including L-type Ca voltage sensitive 

channels and T-type voltage-inactivated channels (Sanborn, 2000; Sanborn, 1995; 

Sperelakis et al., 1992; Inoue et al., 1990; Ohya & Sperelakis, 1989; Jmari et al., 1986). 

These channels can be inactivated by membrane potential changes and increased 

intracellular Ca (Jmari et al., 1986), and they are blocked by Mgt+, Mn2+, Coe+, Ni+ and 

dihydropyridines such as nifedipine (Sanborn, 1995; Fisher & Grotta, 1993; Ohya & 

Sperelakis, 1989; Jmari et al., 1987). The inactivation of Ca channels or blockade of Ca 

channels substantially inhibits uterine contractions (Noble & Wray, 2002a; Poli et al., 

1990). 

Another Ca2+ entry, such as capacitative calcium entry, has recently been described 

present in myometrial cells (Young et al., 2001b; Monga et al., 1999). Trp family are 

plasma membrane proteins, which are implicated in Ca2+ entry into cells in response to 

signals resulting from IP3 generation and/ or intracellular Ca2+ store depletion (Yang et al., 

2002; Sanborn, 2000). It has been found that nifedipine block of capacitative calcium 
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entry occurred at concentrations similar to those required to block L-type voltage- 

activated calcium channels (Young et al., 2001b). 

2.3.2 Na channel blocker 

Na channels are present in non-pregnant (Yoshino et al., 1997) and pregnant human 

(Young & Herndon-Smith, 1991) and rat uterus (Sperelakis et al., 1992; Ohya & 

Sperelakis, 1989), respectively. However, the ratio of densities of peak Na+ current/ Ca 2+ 

current increases from the non-pregnant state to pregnant state at term. Since fast kinetic 

Na channels may presumably spread uterine action potential (Sperelakis et a1.1992; Inoue 

& Sperelakis, 1991) and serve as facilities to the pregnant uterus near term. 

Tetrodotoxin (TTX) blocks Na channel of uterus in dose dependent manner (Yoshino et 

al., 1997; Sperelakis et al., 1992; Young & Herndon-Smith, 1991; Ohya & Sperelakis, 

1989). 

TTX had no effect on phasic contractions, whereas nifedipine produced a significant, 

dose-related inhibition of the phasic contractile activity (Phillippe & Basa, 1997). 

Therefore, TTX was not tested in this study. 

2.3.3 K channel blockers 

As discussed earlier, the pharmacological properties of voltage-gated K+ currents are 

usually tested by 4-aminopyridine (4-AP), tetraethylammonium (TEA) and Cat+- 

activated K+ channel blockers such as charybdotoxin (ChTX) and iberiotoxin (IbTX). 

It was suggested that 4-AP specifically suppressed the fast outward current while the late 

outward current was more sensitive to TEA, indicating that two sets of pharmacologically 

distinct potassium channels contribute to the outward current in intact myometrium from 

pregnant rat (Inoue et al., 1993; Mironneau et al., 1981; Mironneau et al., 1980; 

Mironneau & Savineau, 1980). In guinea pig, uterus is relatively insensitive to ChTX, but 
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the application of low concentration of ChTX and IbTX to other smooth muscles has 

different effects (Suarez-Kurtz et al., 1991). For example, ChTX (10-100 nM) produces a 

concentration-dependent increase in contractility in bladder and taenia coli tissues. IbTX 

(10-100 nM) and TEA, which blocks Cat+-activated K+ channels at low (0.1-3 mM) 

concentrations, both increase the myogenic activity of bladder, but not portal vein. In 

addition, IbTX causes a sustained contracture of aorta (Suarez-Kurtz et at, 1991). 

In addition, ATP sensitive K channels are expressed in many smooth muscle tissues, 

e. g. cultured myotomal muscle cells of Xenopus embryos (Honore & Lazdunski, 1995), 

rat colonic cells (Pluja et at, 1998), rat brain stem vessels (Toyoda et at, 1997) and 

human uterine arteries (Nelson et at, 1993). They are voltage independent and blocked 

by internal ATP, have an inward rectification at positive potentials and are inhibited by 

glibenclamide. It was suggested that nitric oxide relaxation was involved with ATP 

sensitive K channels in human non-pregnant uterus (Modzelewska et at, 1998). 

The aims of experiments presented in this chapter were to observe the development of 

contractile activity in rat uterus particularly neonatal rat uterus and compare the effects of 

uterine strips responding to ion channel blockers between neonatal and non-pregnant rats. 
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3. Method 

Animals and tissues 

In this chapter, myometrial tissues from neonatal (13-16 days old) and non-pregnant (6 

weeks old) rats were examined, it was because rat uterus displays a distinct longitudinal 

myometrial layer by day 15 and the cyclic ovarian activity of rat uterus starts around day 

40 (Brody & Cunha, 1989). As described in Chapter 2, it is impossible to separate the 

longitudinal layers from the circular layers in neonatal uterus; therefore, the whole 

uterine horns were carefully dissected and cleaned, then loaded with 12.5pM Indo-1. 

However, non-pregnant uterine horns are too thick to perform fluorescent microscopy 

and hence, only myometrial strips from the longitudinal layer were loaded with 12.5 pM 

Indo-1. In all cases, muscle strips with -5 mm x 0.5 mm x 2mm were used. 

Simultaneous measurement of calcium and tension 

It is essential to establish the regular spontaneous contractions for studying the changes 

of amplitude, duration and frequency in uterine smooth muscle. Therefore, the loaded 

tissues were mounted in the bath with aluminium clips and maintained in physiological 

salt solutions at room temperature for 1-2 hours to equilibrate. After stable spontaneous 

contractions had been established, the uterine strips were superfused at a temperature of 

33°C and the different channel blockers were applied. The measurements were made 

before and after drug addition. Details of the methodology for simultaneous measurement 

of calcium and tension are given in Chapter 2. 

Chemicals 

All chemicals were purchased from Sigma (Dorset, UK), except for glibenclamide which 

was purchased from Alexis (Nottingham, UK). 

Glibenclamide and nifedipine were dissolved in 100% ethanol at a concentration of 1mM 

and 10 mM, respectively. 4-AP was dissolved in distilled water at a concentration of 0.5 
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M with pH 7.4, adjusted with HCI. ChTX and IbTX were dissolved in distilled water to a 

final concentration of 1µM, respectively. These stock solutions were diluted to the 

desired concentrations with the physiological salt solution. 

Statistics 

The data are expressed as mean ± S. E. M and 'n' represents the number of samples. 

Uterine strips were taken from 30 of neonatal rats and 20 of non-pregnant rats. Statistical 

significance was tested with the Student's t-test on paired or unpaired samples, at 0.05 

levels. 
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4. Results 

4.1 Spontaneous contractions of neonatal and non-pregnant uterine strips 

Does Indo-1 loading make a difference? 

Uterine strips from neonatal and non-pregnant rats showed spontaneous contractions in 

samples whether Indo-1 loading or not. However, the regular spontaneous contractions 

only occurred in 59 ± 9% (n= 70) of neonatal uterine strips and in 88 ± 5% (n= 40) of 

non-pregnant uterine strips. Only those tissues established regular spontaneous 

contractions were studied in this chapter. 

For both neonatal and non-pregnant uterus no significant differences of the frequency, 

amplitude and duration of spontaneous contractions from loaded (n=15, P>0.05) and 

unloaded (n=15, P>0.05) tissues were found in strips. These data are shown in Table 4.1 

and representative traces from unloaded tissues are shown in Figure 4.1. Thus, Indo-1 

loading had no effect on spontaneous contractile activity. 

Differences of contractile activity in neonatal and non-pregnant uterus 

Table 4.1 also clearly demonstrates that the frequency, amplitude and duration of 

contractions were significantly different between neonatal and non-pregnant strips (both 

loaded and unloaded). The most marked difference in contractile activity was in the 

amplitude of spontaneous contractions; thus was much more greatly developed in adult 

uterine myometrium (5.9 ± 2.1 mN vs 0.6 ± 0.2 mN, P<0.05; 5.6 ± 2.4 mN vs 0.6 ± 0.3 

mN, P<0.05). Figure 4.1 shows typical recordings from the unloaded strips. 

The duration of spontaneous contraction was measured from the onset of contraction to 

the cessation of contraction. The durations of spontaneous contractions in majority of 

neonatal myometrial strips (Figure 4.1 A) appeared to be more variable than that in non- 

pregnant myometrial strips (Figure 4.1 B). As clearly shown in Figure 4.1, the complex 
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forms of contractions were often seen in the neonatal but not in the non-pregnant tissues. 

It may suggest that rhythmic spontaneous contractions in non-pregnant strips were better 

synchronised than that of neonatal strips. 
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Muscle strips Numbers Frequency, Amplitude Duration 

C/10 min (m N) (min) 

NP 15 8.4±3.4 5.9±2.1 0.3±0.1 

NP(loaded) 15 9.1±3.1 5.6±2.4 0.3±0.1 

Neo 15 3.6±1.3 0.6±0.3 0.6±0.2 

Neo (loaded) 15 3.8 ± 1.5 0.6 ± 0.2 0.5 ± 0.3 
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Table 4.1 Characteristics of contractions observed in neonatal and non-pregnant rat 

uterus. 

Values are Means ± S. E. M; NP, non-pregnant; Neo, neonatal; C/10min, contractions per 

10 minutes. Loading with Indo-1 had no significant effect on any of the parameter of 

contraction in either tissue (n=15, P>0.05). The frequency and amplitude of the 

contractions were significantly different between neonatal and non-pregnant uterus (n=30, 

P<0.05). 
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Figure 4.1 Spontaneous contractions of rat myometrium 

The representative traces were recorded from unloaded neonatal myometrium (A) and non- 

pregnant myometrium (B). Note the duration of contraction from neonatal myometrium is longer 

than that from non-pregnant myometrium at the similar amplitude of contraction. 
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4.2 The relation between [Ca2+]; and force 

As mentioned earlier, the uterus is a myogenic organ which is spontaneously active. 

Simultaneous measurements of [Ca2+]i and force were used to reveal the relation between 

the two during spontaneous activity. It was found that all spontaneous contractions 

(Figure 4.2 A) were preceded by increases in [Ca2+]L They show most clearly in Figure 

4.2 where the [Ca2+]; and force records have been superimposed (D). The increases in 

[Ca2+]; are indicated as increased Indo-1 ratio (Figure 4.2 C) with opposite changes in the 

400 nm and 500 nm of the Indo-1 emission signals (Figure 4.2 B). 

The time to peak was measured from the onset of contraction to the peak amplitude of 

ration and force. For 10 preparations, the time to peak of the Indo-I ratio (5.1 ± 2.9s vs 

10.3 ± 3.2 s, P<0.05) and force (9.4 ± 2.1s vs 17.2 ± 6.6s, P<0.05) was faster in the non- 

pregnant myometrium than that of neonatal myometrium, respectively. It also can be seen 

that the peak of force in non-pregnant and neonatal myometrium respectively occurred 

around 4s and 7s after [Ca2+]; reached peak. This implies that the spontaneous 

contractions of non-pregnant myometrium initiated rapidly and the durations of 

contraction were shorter. 

Thus, it is clearly demonstrated that the rise of [Ca2+]; is always prior to spontaneous 

contraction and changes of [Ca2+]; mirror force in all cases. In another words, there is a 

good correlation between [Ca2+]; and force in both of pregnant and neonatal uterine 

myometrium. 
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Figure 4.2 Simultaneous measurements of spontaneous contraction and ICa2+]; 

Rhythmic spontaneous contractions of non-pregnant myometrium (A) are preceded by the 

increases of [Ca2+], (superimposed traces D). The lndo-1 ratio (C) represents the changes of 

[Ca24], which are measured by opposite changes in 400 nm and 500 nm emission signals (B). 
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4.3 Effects of L-type Ca channel blocker on myometrial contractile activity 
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To determine whether spontaneous contractions are dependent on Ca2+ entry, nifedipine, 

an L-type Ca channel blocker, was applied to uterine myometrium. 

As it can be seen in Figure 4.3,10 pM nifedipine rapidly abolished all spontaneous 

contractions in 5 preparations of non-pregnant myometrium (Figure 4.3 A) as well as in 4 

preparations of neonatal myometrium (Figure 4.3 B). This means the external Ca2+ entry, 

essentially via L-type Ca channel, was the only source for producing spontaneous 

contractions. 
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In the presence of 10 pM nifedipine as indicated, spontaneous contractile activity was completely 

i both of neonatal myometrium (A) and non-pregnant (B). 
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4.4 Effects of K channel blockers on myometrial spontaneous contraction 

4 -AP 

Using whole cell patch clamp, 4-AP has been found to block A type currents and delayed 

rectifier outward KK currents of uterine myometrial cells in a dose dependent manner. For 

better understanding effects of K channel blockers on the intact tissues, the 

concentrations used in the single cell recordings were applied to the intact tissues as well. 

The response to 4-AP in intact uterine strips was also found to be dose dependent. 

Firstly, experiments were carried out in 17 neonatal strips and 12 non-pregnant strips 

with the low concentration (0.5 mM) of 4-AP. 

In the presence of 0.5 mM 4-AP, spontaneous contractions of neonatal samples increased 

in force amplitude of 15.6 ± 5.3 % of control (n=7, P<0.05) and frequency increased up 

to 4.6 ± 1.3 contractions /10 min (n=7, P<0.05) (Figure 4.4). It also can be seen that 

changes in force were accompanied by corresponding changes in [Ca2+];. However, 

measured increase in the Indo-1 ratio rapidly and gradually reached to a plateau phase 

during 15 minutes of application time (Figure 4.4, red trace). Basal [Ca2+]; returned to the 

control baseline value after washout of 4-AP. In the 5 out of 17 samples, 0.5 mM 4-AP 

slightly increased in frequency (1.3 ± 0.5 contractions /10 min, P>0.05) and with little 

changes in their amplitude, an example is shown in Figure 4.4 (B). In another 5 out of 17 

samples, there was no significant effect. 

In the presence of 0.5 mM 4-AP, the frequency of spontaneous contractions in 2 out of 

12 non-pregnant strips was increased up to 12.3 ± 0.9 contractions/ 10 min and however, 

the other 9 samples were not significantly affected. It may indicate the concentration of 

0.5 mM was not efficient enough to block the outward K+ currents in the intact tissues. 

At higher concentrations (2-10 mM) of 4-AP greatly induced the pronounced increases 

of amplitude, [Ca2+]; baseline and frequency in both of neonatal and non-pregnant 
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myometrial strips. An example in the presence of 5 mM 4-AP and 5 mM TEA is shown 

together in Figure 4.5 for the better comparison. 
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Figure 4.4 Typical recording of force and Indo-1 ratio of neonatal myometrium 

before and after 0.5 mM 4-AP 

Application of 0.5 mM 4-AP greatly increased in force and baseline [Ca 2+]; (A) but slightly 

increased in frequency of spontaneous contractile activity not force (B). 



Chapter 4 Contractile Activity and Ca2+ Signaling in Myometrium 
184 

TEA 

0.5 mM of TEA was demonstrated significantly to inhibit the sustained components of 

outward KK currents in uterine cells as shown in Chapter 3. Therefore, I started from this 

concentration. 9 and 6 samples from neonatal and non-pregnant myometrium, was 

examined, respectively. In 4 out 9 neonatal strips and 3 of 3 non-pregnant strips, 0.5 mM 

of TEA slightly increased in frequency (Figure 4.5 A) or force (Figure 4.5 B) of 

spontaneous contractions, and rest of samples had no effect. The effects on spontaneous 

contractions were not consistent. 

Therefore, a higher concentrations ranged 2-10mM of TEA was tested. Dose-dependent 

effects on both of force and [Ca2+]; were found. 

I compared the inhibition of 4-AP with TEA at the same concentration of 5 mM, because 

the consistent results could be relatively obtained at this concentration. 
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Figure 4.5 Typical recordings of force and Indo-1 ratio of uterine myometrium 

before and after 0.5 mM TEA 

Application of 0.5 mM TEA slightly increased in frequency of spontaneous contractile activity (A) 

or increased in force (B). 
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A comparison effect of 4 -AP and TEA 

5mM 4-AP resulted in the significant increases of duration (85 ± 24% of control, P<0.05) 

and amplitude of contraction (138 ±5% of control, P<0.05). However, at the 

concentration 5 mM of TEA appeared to be more potent to augment the frequency (320 ± 

46 % of control, P<0.05) rather than to the amplitude (128 ± 10 %, P<0.05) in both of 

tissues (n=3). 

An example is demonstrated in Figure 4.6, where shows typical recordings of 

spontaneous contractions from non-pregnant myometrium before and after 5 mM of 4-AP 

and TEA (Figure 4.6 A) and superimposed traces (Figure 4.6 B). For the better 

comparison, the force was substantially normalised as shown in Figure 4.6. 
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Figure 4.6 Representative traces of effects of 5 mM 4-AP and TEA on spontaneous 

contractile activity of non-pregnant myometrium 
5 mM TEA (A, top trace) and 4-AP (A, bottom trace) induced increases in force and frequency of 

spontaneous contractions, respectively. Superimposed traces (B) shows that 5 mM TEA 

decreased in duration of contraction but 5 mM 4-AP had an opposite effect on duration. 
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Iberiotoxin 

Iberiotoxin (IbTX) was used to investigate the effect of inhibition of BK channel in 

uterine tissues. 1 out of 6 neonatal and 4 out of 6 non-pregnant preparations produced a 

significant increase in amplitude of spontaneous contractions (20 ± 4.8 % of control, P< 

0.05) and [Ca2+]; (18 ± 4.2 % of control, P<0.05) in the presence of 10 nM IbTX (Figure 

4.7 A). Figure 4.7 (B) shows superimposed traces of spontaneous contractions and [Ca2+]; 

before and after 10 nM IbTX. It clearly can be seen that the myometrial contractions were 

preceded by the [Ca2+]; and 10 nM IbTX did not dramatically influence on frequency and 

duration. 

Clibenclamide 

To study whether glibenclamide, a specific ATP sensitive potassium channel blocker, 

would affect the spontaneous contractions of myometrium, 8 neonatal and 5 non-pregnant 

preparations were examined. The low concentration (1-10 pM) of glibenclamide was 

believed to block the ATP channels in non-pregnant human uterus (Modzelewska et al., 

1998). 

In the presence of 1 pM glibenclamide (Figure 4.8 A), no effects have been found in both 

tissues on previous measurements. However, my preliminary data showed that 5 pM of 

glibenclamide (Figure 4.8 B) likely increased the frequency of contractions in both of 

tissues (n=2). 
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Figure 4.7 Representative traces showing the effect of 10 nM iberiotoxin on 

contractile activity of non-pregnant myometrium 

Spontaneous contractions were indicated before and after 10 nM iberiotoxin was added 

(A). Force and Indo-1 ratio was significantly augmented by 10 nM iberiotoxin. It can be 

better seen in superimposed traces (B). 
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Figure 4.8 Representative traces depicting the effect of glibenclamide on 

spontaneous contractions 
Glibenclamide was added to the superfused solution as indicated. In the presence of I µM (A) 

and 5µM (B) glibenclamide, Indo-1 ratio and normalised force was hardly affected. The 

concentration of 5 µM caused slightly instaneous increase in frequency. 
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5 uM glibenclamide 



191 
Chapter 4 Contractile Activity and Caz+ Signaling in Myometrium 

5. Discussion 

The data presented in this study demonstrate that the neonatal uterine myometrium can 

produce spontaneous contractions without any nervous or hormonal stimulation, although 

the frequency, duration and amplitude of contractions are significantly different from 

non-pregnant myometrium. 

Developments of uterine spontaneous contractions 

No publications have been found showing that pacemaker cells exist in uterus, but 

preliminary data in our lab have shown that some morphological pacemaker-like cells 

from pregnant human and rat are possibly involved with the rhythmic spontaneous 

depolarization because they appear to provoke "slow electric waves". Similar to non- 

pregnant and pregnant preparations, neonatal uterine strips likely have pacemaker cells as 

well, since they are spontaneously active and independent of any external input. It is 

suggested that in interstitial cells of mice the pacemaker component of the slow waves 

can be identified in neonates as early as 6 hr after birth. The developmental pacemaker 

cells were functioned as, in newborn, unfed neonates, action potentials of interstitial 

tissues were irregular in frequency, six hours after birth, slow-wave activity appeared at a 

regular frequency and amplitude (Liu et al., 1998). Developmental changes also occurred 

in spontaneous activity in the base and dome of bladders of rats. Spontaneous activity 

was not detected in strips from 1-5 day-old rats; but was observed in 50% of strips from 

6-7 day-old rats and was prominent in muscle strips from 2 week-old animals (Szell et al., 

2003). 

In this study 13-16 days old rats were used and uteri at this stage morphologically began 

to developments different smooth muscle layers as mentioned before. The pattern of 

spontaneous contractions of neonatal myometrium showed some characteristics that were 
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different from adults, including irregular frequency and amplitude. It may suggest that 

there are immature pacemaker cells existing in the neonatal uterus, although comparing 

with non-pregnant myometrium from 6 weeks old rats, these functional differences may 

be partly due to the anatomical incompletion of neonatal uterus. For example, the 

longitudinal layer of uterus from 15 days old rat only was found to compose of a very 

thin clump of cells in comparison with adult rats and the cells of circular layers are more 

abundant than that of the longitudinal layer (Brody & Cunha, 1989). 

Spontaneous activity of smooth muscle in the circular layer is found to be different from 

the longitudinal layer in pregnant rat myometrium (Okabe et al., 1999b) and rat colon 

(Pluja et al., 2001). 

The communications between cells presumably are supposed to be poor during the 

developmental period. Therefore, the spontaneous activity in neonatal myometrium is not 

well developed and coordinated as in non-pregnant myometrium. In addition, changes in 

smooth-muscle phenotype were found to occur prenatally by switching myosin heavy 

chain isoforms (MHC) from MHC-ß to MHC-SM2 which may signal completion of 

organ development and preparation for adult function, and pregnancy resulted in further 

modifications in myometrial proteins (Arens et al., 2000). 

[Ca2+]; and force 

The nature of spontaneous contraction in uterus is similar to the gut where shows 

rhythmic electric fluctuations in the membrane potential of smooth muscle cell. An action 

potential which is triggered by the depolarization of plasma membrane- that is, by a shift 

in the membrane potential to a less negative value, is responsible for a contraction of 

uterine cell. The depolarization phase of action potential is usually mediated by the flow 

of extracellular Cat+. In agreement with a previous study on the neonatal uterus (Noble & 

Wray, 2002a), the data presented here indicate that external Ca2+ entry is the sole source 
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of Ca 2+ and is essential for the spontaneous activity of rat uterus, because nifedipine can 

immediately abolish all contractions. It is also consistent with those results from pregnant 

human myometrium that Ca2+ influx plays an important role in initiating the contractile 

activity of uterine smooth muscle (Poli et al., 1990). Thus, it would seem that throughout 

the animal life, spontaneous contractions of uterus are totally dependent upon Ca2+ entry 

through L-type Ca channels. 

It is unclear that whether rhythmic contractile activity in neonatal myometrium is largely 

dependent on L-type Ca channel, because it was extremely difficult to record Ca2+ 

currents from neonatal myometrial cells using conventional patch clamp technique. The 

absence of Ca channels was also found in neonatal rat aortic myocytes, where Ca 2+ 

currents were undetectable even in presence of the dihydropyridine (DHP) agonist Bay K 

8644 (Quignard et al., 1996). However, the failure of recording could be due to the 

damage of cell membrane during enzymatic isolation. 

The capacitative Ca2+ entry has been suggested in many tissues including uterine smooth 

muscle (Yang et al., 2002; Monga et al., 1999). It is interesting that nifedipine not only 

blocks Ca channels but also capacitative Ca2+ entry in cultured human uterine cells 

(Young et al., 2001b). However, only depletion of the SR Ca 2+ stores can activate the 

capacitative Ca2+ currents. Thus, further study is required to clarify these issues. 

Response of neonatal and non-pregnant myometrium to K channel blockers 

Membrane depolarization and hyperpolarization through inhibition and activation of K 

channels are important mechanisms regulating smooth muscle contraction and relaxation. 

The overall hypothesis of this study was to examine the extent to which K channels 

regulate baseline [Ca2+]; and to correlate the previous findings of single cells to functional 

responses in intact uterine myometrium. 
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The results indicate that neonatal myometrium is comparatively more sensitive to 0.5 

mM 4-AP and TEA. It may be because the concentration of 0.5 mM was not sufficient to 

affect spontaneous contractions of non-pregnant myometrium or may be because "A" 

type currents are predominant in neonatal myometrium. The concentration of more than 5 

mM was found to be effective for both of myometrium, and both of 4-AP and TEA were 

significantly dose-dependent. 

As mentioned before, voltage-gated K channels (Kv channels) are sensitive to both of 4- 

AP and TEA in uterus. In this study, 4-AP and TEA were demonstrated to induce 

increases in force and baseline [Ca2+]; mainly due to inhibition of Kv channels resulting 

in membrane depolarization. As expected, the inhibition of voltage-gated K channels " 

with 4-AP and TEA would also result in positive inotropic and chronotropic effects on 

the spontaneous contractions. For example, 4-AP was found to depolarize the resting 

membrane on all uterine circular myometrium from pregnant rats and TEA did not affect 

the resting potential but increased action potential size and depolarization rate (Wilde & 

Marshall, 1988). In the present study, 4-AP but TEA caused a graded increase in the 

duration of the contractions in a dose-dependent manner in both of neonatal and non- 

pregnant myometrium. This phenomenon has not been reported in rat intact uterine 

myometrium. However, in the presence of 5 mM 4-AP guinea-pig mesotubarium not only 

produced the increase of duration but also evoked a contracture in Ca2+ free solution 

containing 1 mM EGTA (Lydrup, 1991). This is because 4-AP additionally can induce 

the release of acetylcholine which is partially blocked by atropine and reduced by 

tetrodotoxin and nifedipine (Li et al., 1998; Cheng et al., 1989; Gonzalez & Morales- 

Aguilera, 1989; Gonzalez & Morales-Aguilera, 1985; Boev et al., 1985). This means that 

uterine myometrium may have similar actions as sympathetic ganglion cells showing a 

long lasting depolarization following exposure to neurotransmitter acetylcholine (in the 
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presence of 4-AP) or to various peptide hormones (Hille, 2001). In addition, 4-AP and 

TEA were also found to form the gap junctions in canine tracheal smooth muscle(Kannan 

& Daniel, 1978). In conclusion, it appears that the inhibitory actions of 4-AP and TEA 

are complex and differently mediated. 

IbTX induced increases in amplitude of [Ca2+]; and force in non-pregnant myometrium 

indicating that Cat+-activated K+ channels are involved with the regulation of resting 

[Ca2+]; via depolarization path way. This is consistent with the previous finding in human 

myometrium (Anwer et al., 1993). However, IbTX had little effect on neonatal 

myometrium. This is not surprising because Cat+-activated K+ currents were hardly 

recorded in neonatal uterine cells. 

The inhibition of ATP sensitive channels by glibenclamide is postulated to lead the 

depolarization of cells (Luzi & Pozza, 1997). There was no effect on baseline [Ca2+]; 

suggesting that ATP sensitive channels do not regulate resting membrane potentials in 

both of preparations in rat uterus. However, there were not enough data to draw a 

conclusion that the higher concentration of glibenclamide can regulate spontaneous 

contractions, because 10µM of glibenclamide were found to be effective in non-pregnant 

rat uterus (Piper et al., 1990). Also it has to be considered that in vitro experiments 

glucose concentration (11.7mM) is maintained relatively high and constant, which should 

result in a high intracellular ATP concentration. This in turn, induces the close of the 

ATP sensitive channels, and therefore it could be the reason that ATP channel blocker is 

not effective. 

In summary, rhythmic spontaneous contractions exist in both of neonatal and non- 

pregnant uterus and they are preceded by increases in [Ca2+];. The inhibition of K 

channels significantly influences the amplitude, frequency, and duration of spontaneous 

contractions of uterine myometrium. However, the neonatal myometrium exhibit 
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premature pattern of contractile activity. There are differences between isolated cells and 

intact tissues in responding to different K channel blockers. 
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1. Abstract 

As studied before, L-type Ca 2+ currents and large conductance Ca 2+-activated K+ 

currents were hardly recorded in the neonatal cells. Recently, it was suggested that 

Ca channels are contained in caveolae. Therefore, the immunofluorescent labelling 

and confocal laser microscopy were used to investigate the expression and location 

of above membrane proteins in the neonatal cells and also in the pregnant cells for 

comparison. The auxiliary ß subunit of L-type Ca channel, a subunit of large 

conductance Cat+-activated K+ channels (maxi-K channels), and caveolin were 

examined. In the neonatal cells, three proteins were weakly detected; however, they 

were strongly present in the pregnant cells and peripherally distributed. 
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As described in Chapter 3& Chapter 4, there are remarkable changes in expression of 

Ca2+ and K+ currents during rat uterine development and pregnancy. 

The contractile responses to high KCl and agonists were found to be dependent upon 

influx of Ca2+ in uterine smooth muscle (Amedee et al., 1986; Ichida et al., 1984). 

Several pathways are believed to contribute to Ca2+ entry including voltage-gated L-type 

channels and Ca 2+ entry in response to intracellular Ca2+ store depletion (Sanborn, 2000). 

L-type Ca channels are activated by spontaneous pacemaker activity or by hormonal or 

neuronal stimulation and inactivated by internal Ca2+ concentration and membrane 

potential (Wray et al., 2003; Wray, 1993). 

Cat+-activated K+ channels (also named Maxi-K channels) are highly expressed in non- 

pregnant human (Perez et al., 1993) and pregnant human myometrium (Khan et al., 1997; 

Khan et al., 1993b), rat uterine smooth muscle (Piedras-Renteria et al., 1991) and pig 

myometrium (Toro et al., 1990a), and they play a key role in the maintenance of uterine 

tone by regulating membrane potential and intracellular Ca2+ (Anwer et al., 1993). 

Ion channels in the uterus are strongly regulated by hormone (Ludmir & Erulkar, 1993). 

oestrogen treated rats resulted in an increase in calcium channel density (Ruzycky et al., 

1987; Batra, 1987; Ishii et al., 1986), moreover, Yamamoto, et al. demonstrated that 

estrogens influenced the voltage dependency and the whole cell conductance of Ca 

channels of pregnant rat myometrial cells (Yamamoto, 1995). However, progesterone 

might increase the Ca2+ storage in the intracellular sites (Ishii et al., 1986). Recently, 

Helguera, et al. noticed that a subunits of L-type Ca channel in uterine smooth muscle 

were regulated by sex hormone in a tissue-specific manner after comparing with different 

tissues and stages of rat. Moreover, the expression of a subunits was dependent on the 

ratio of progesterone/I 7beta-estradiol (Helguera et al., 2002). 
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Wang et al. reported that maxi-K channels in "late-pregnant" rats (days 17-21) have a 

diminished apparent Ca2+ sensitivity and contributed less to the total K+ current when 

compared to non-pregnant myocytes; however, a decrease in channel density was not 

apparent (Wang et al., 1998). A detailed study revealed an increase of maxi-K channel 

protein throughout gestation and multiple isoforms of the maxi-K channel were present in 

the mouse myometrium and were regulated differentially during gestation (Benkusky et 

al., 2000). Moreover, using immunohistochemical analysis demonstrated that 01 subunit 

of maxi-K channel was increased during gestation and up-regulation of the 01 transcript 

occurred with 4-day exposure to 17beta-estradiol but not progesterone, and acute 

estradiol exposure had no effect on 01 transcript expression (Benkusky et al., 2002). 

Immunohistochemistry studies also showed that the a subunit of Maxi-K channels was 

significantly higher in pregnant women who were not undergoing labour, than in those 

who were undergoing labour (Chanrachakul et al., 2003). 

Taken together, all these observations suggest that isoform(s) or auxiliary subunits of Ca 

channels and maxi-K channels are differently expressed at different stage. 

Since I have investigated ion channels at the "micro" level (single cell) using patch clamp 

technique and at the "macro" level (intact tissue) using simultaneous [Ca2+]; and force 

measurement, I considered that it would be interesting to try and visualise changes of ion 

channels using cell immunofluorescence microscopy. This work was also undertaken to 

help resolving the different conclusions concerning Ca channels observed in previous 

studies. 

The general principle of immunofluorescent method is to localise proteins within cells by 

binding with antibodies. The key to the process is to use a fluorescent dye that is 

covalently attached to the antibody. When a light illuminates the fluorescent dye, it 
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absorbs the light and emits a different colour light which is visible. Therefore, the protein 

of interest can be easily recognized and detected by a fluorescent microscope. 

In this chapter, I will focus on neonatal and pregnant rat uterine cells, because proteins in 

pregnant cells are good candidates to be visualized due to their abundance. 

The aim of the experiments was to localize a subunit of maxi-K channel and 01 subunit 

of Ca channel in those cells. This is because the 01 auxiliary subunit of L-type Ca 

channel has been demonstrated to play fundamental roles in channel kinetic activities, its 

tissue-specific distribution would be assumed to be significantly different at different 

developmental stages; the pore-forming a subunit of BKca was initially thought to share 

the characteristic of 6 transmembrane organisation of Kv channels, however, it is now 

considered to have an additional 2 transmembrane domain with an extracellular N- 

terminus and intracellular C-terminus. 

In addition, an antibody against caveolin, which has a variety of cellular functions, 

including calcium uptake and signal transduction (Hagiwara et al., 2002; Turi et al., 2001; 

Taggart et al., 2000), was chosen to be immunolocalized as well. As mentioned in 

Chapter 1, if Ca channels are contained in caveolae, then a similar diminution of the two 

would be anticipated in Chapter 4. That is, it was very difficult to record any inward L. - 

type Ca2+ currents in the isolated cells, but force was critically dependent upon L-type 

Ca2+ entry. Therefore, it was necessary to investigate the expression of caveolin in the 

neonatal cells. 
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3. Materials and methods 

3.1 Cell preparation 

Freshly isolated single smooth muscle cells were prepared from the longitudinal layer of 

pregnant (19-21 days pregnant) and neonatal (13-16 days old) Wistar rat uteri as 

described in Chapter 2. 

3.2 Antibodies 

The human Maxi-K channel a subunit, Ca channel 01 subunit monoclonal antibody and 

rabbit caveolin polyclonal antibody were purchased from BD Transdution Laboratories 

(Lexington, KY, USA). The bound antibodies were detected with fluorescein 

isothiocyanate (FITC)-Conjugated goat anti-rabbit IgG (TACO Inc., Burlingame, CA, 

USA) as the secondary antibody. 

Control experiments were included to determine that the normal background staining 

levels of the secondary antibodies in the absence of primary antibodies were observed. 

Thus, sham-treated cells were exposed to an identical procedure in the absence of 

primary antibodies. Non-specific staining was excluded from the experiments. 

3.3 Cell immunostaining 

The detailed procedure is described in Chapter 2. 

3.4 Imaging system 

A wide field confocal laser scanning microscopy (Perkin-Elmer, Cambridge, UK) was 

visualised using a Nikon microscope on an UltraView LCI system (Nipkow) grouped 

with an Orca ER sensitive, cooled, digital CCD camera (Hamamatsu Photonics, UK) 

driven by the UltraView software. The sample was excited at excitation wavelength 488 
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nm and at emission wavelength 510 nm and scanned in X-Y direction as well as z 

direction (in 5 pm depth). 

Results are expressed as average pixel intensity (as shown in green). 

4. Results 

4.1 L-type Ca channel 

Confocal immunofluoresent microscopy of fixed uterine myometrial cells labelled with 

anti-ßl Ca channel antibody illustrated in the Figure 5.1. The staining patterns in the cell 

can be viewed through consecutive sections throughout the cell depth as indicated from 

12 serial and 9 serial Z sections of a single pregnant cell (Fig 5.1 A) and neonatal cell 

(Fig 5.1 B), respectively. 

In the pregnant cell, ßl staining is located predominantly close to the plasma membrane, 

with some intracellular evidence in the central part of cell indicating the nuclear staining 

by the anti- ßl antibody (1-6). The strong intensity of ßl staining was distributed 

peripherally. 

Viewing consecutive sections through the neonatal cell depth, ßl staining was also 

localised at the cell extremities. However, a weaker intensity of ßl staining, compared to 

the pregnant cells, was significantly noticeable. In the central part of cell, the intracellular 

staining was hardly detected. 

The issue has to be raised that ßl staining was observed in large population of pregnant 

cells while small population of immunolabeled cells (based on one cover slip) showed the 

intensity of fluorescence. 

Thus, there is ßl subunit of the Ca channel was clearly shown in pregnant cells but not in 

the neonatal cells. 
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Figure 5.1 Localization of 01 subunit of L-type Ca channel in uterine cells 

Freshly isolated cells were labelled with anti-f31 Ca channel antibody followed by fixed in 

paraformaldehyde and permeabilized as described in Chapter 2. Twelve and nine confocal serial 

z sections (0.5 pin apart) of a pregnant cell (A) and neonatal cell (B) illustrate immunofluorescent 

01 staining (in green), respectively. Note the area of intensity staining at the central of the 

pregnant cell marked by red arrows is nucleus. 
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Similar to anti-01 staining, the anti-a maxi-K channel staining was peripherally localised. 

12 serial and 9 serial Z sections of a single pregnant cell (Fig 5.2 A) and neonatal cell 

(Fig 5.2 B) respectively represented the pattern of fluorescent staining. 

In the pregnant cell, a staining was well located along the plasma membrane throughout 

the cell depth, with little intracellular evidence and the intensity of a staining showed 

slightly spotty. However, the fluorescence intensity of a staining was weakly detected 

and spotted peripherally in the neonatal cells. In the majority of observed neonatal cells, 

no staining was detected. 

Thus, a subunit of maxi-K channels was predominant in the pregnant cells but was little 

expressed in the neonatal cells. 
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Figure 5.2 Localization of Maxi-K channels a subunit in uterine cells 

Cells were probed with anti-a Maxi-K channel antibody followed by FITC-conjugated anti-rabbit 

IgG secondary antibody and examined by laser confocal microscopy. Twelve and nine confocal 

serial z sections (0.5 Nm apart) of a pregnant cell (A) and neonatal cell (B) represent 

immunofluorescent a staining (in green), respectively. Red arrows denote areas of spotted 

intensity staining. 
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The distribution of anti-caveolin antibody was illustrated using the same imaging method, 

that was 12 of serial Z sections in the pregnant cell (Figure 5.3 A) and 9 of serial Z 

sections in the neonatal cell (Figure 5.3 B) throughout the cell depth. The labelled 

pregnant cell and neonatal cell significantly had a spotty appearance of fluorescence, 

which localised close to plasma membrane. Intracellular staining was absent. 

Comparing with anti-Ca channel ßl antibody and anti-Maxi-K a antibody staining, the 

distribution of caveolin staining was relatively visible in the majority of observed 

neonatal cells. 
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Figure 5.3 Localization of caveolin in uterine cells 

Cells were detected with anti-caveolin antibody followed by FITC-conjugated anti-rabbit IgG 

secondary antibody and examined by laser confocal microscopy. From the cell top to bottom, 

twelve and nine confocal serial z sections (0.5 pm apart) of a pregnant cell (A) and neonatal cell 

(B) respectively demonstrate caveolin staining as dots (in green). The intensity of 

immunofluorescence shows peripheral distributions in plasma membrane of both of cells. 
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5. Discussion 

The advantage of immunofluorescent probes is that they can be used to visualise the 

location of protein and facilitate the understanding of cytoskeletal function as well as cell 

and organelle movement. 

It is generally accepted that Ca channels are present in the plasma membrane (Bodelsson 

et al., 1992; Godfraind & Wibo, 1985). Four ß subunit isoforms associate with L-type Ca 

channels in mammalian; the majority of ß subunit-associated L-type channels are 

associated with 03 and 04 subunits, whereas ßlb and 02 are present in a smaller fraction 

of channel complexes (Pichler et al., 1997). However, only 02 and ß3 were present in 

porcine uterus (Reimer et al., 2000). Recently, Kamp et al. suggest that the cardiac Ca 

channel al C-subunit can exhibit voltage-dependent facilitation only when co-expressed 

with an auxiliary ß-subunit and that this facilitation is independent of G protein pathways 

(Kamp et al., 2000). Moreover, it has been found that the relative expression of two 

isoforms of pore-forming a subunit (al C-long subunit and al C-short subunit) is 

regulated by sex hormones in a tissue-specific manner (Helguera et al., 2002). 

Imaging distribution of 01 Ca channel subunit in the uterine cell in the present study 

revealed that the higher intensity of 01 staining was peripherally, localised close to the 

plasma membrane. It is reasonable to presume that auxiliary 01 subunit may have a 

functional role in generation of voltage dependence of Ca channels and may be 

modulated by sex hormone in the rat uterus. Therefore, this could partially explain the 

abundance of ß1 staining was present in the pregnant cells, but the absence of ß1 staining 

existed in the majority of neonatal cells. This result was consistent with what I had 

expected, because little Ca2+ currents could be recorded from the neonatal cells. 

Maxi-K channels are ubiquitously distributed among tissues, except in heart myocytes 

(Toro et al., 1998). Similar to the L-type Ca channel, the a subunit is a member of the slo 
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Maxi-K channel gene family and forms the ion conduction pore; the ß subunit is a 

structurally unique, membrane-spanning protein that contributes to channel gating and 

pharmacology (Kaczorowski et al., 1996; McManus et al., 1995; Knaus et al., 1994). 

Expressed rat and mouse ß subunits increase the apparent Ca2+ sensitivity of the human 

Maxi-K channel a subunit (Jiang et al., 1999). 

In agreement with previous reports, a staining of the pregnant cell also demonstrated that 

the distribution of a subunit was peripheral and abundant. Since the activation of Maxi-K 

channel requires micromolar Cat+, this suggests that co-localization with Ca2+ conducting 

proteins in the plasma membrane or internal stores may be necessary for the channel. 

Recently, Young et al. using video-fluorescence imaging and cell-attached 

electrophysiology indicated that in the cultured human uterine cells there was a 

subplasmalemmal space in which the calcium concentration was high (Young et al., 

2001 a). Taken together, the speculation would be that Maxi-channels may be clustered 

with Ca2+ conducting proteins. If this is a case, the clustered channels reflect on the 

intensity of immunofluorescence of labelled cell would have spotty appearance as shown 

in the pregnant cell. However, they were not obviously present in the anti-a subunit 

labelled neonatal cells. It may because that a subunit of Maxi-K channel is also 

potentially controlled by sex hormone in uterine myometrium. For example, the staining 

intensity of a subunit was found not only high in non-pregnant rat uterus also in early 

(day 6) and late (day 18) pregnancy, but was drastically reduced close to term (day 21) 

(Song et al., 1999). The labelled uterine cells performed in this experiment were from 18- 

19 days pregnant rat and neonatal rats (13-16 days old). Thus, these data are consistent 

with other studies (Song et al., 1999). 
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Caveolin 

Caveolae are omega-shaped plasma membrane invaginations 50-100 nm in diameter that 

is present in the majority of cell types (Turf et al., 2001). Evidence have showed that 

caveolin, a scaffolding protein that is the principle component of caveolae, is involved in 

cell proliferation, organizing and compartmentalizing signal transducing molecules and 

the expression levels of caveolins are tissue-specific (Taggart, 2001; Lee et al., 2001; 

Scherer et al., 1997). Loss of caveolae induces a severe cardiomyopathy (Park et al., 

2002), vascular dysfunction and pulmonary defect (Razani et al., 2002; Drab et al., 2001). 

However, Bayer-Garner et al. argued that both benign and malignant smooth muscle 

tumors and tumors comprised of adipocytes expressed caveolins and caveolin down- 

regulation may not contribute to the pathogenesis of liposarcomas and leiomyosarcomas 

(Bayer-Garner et al., 2002). Nevertheless, both of neonatal and the pregnant cells are at 

the stage where undergo morphological changes, and oestrogen and progesterone, while 

regulating uterine functions, presumably would regulate the number of caveolae and the 

level of caveolin. For example, in the myometrium of ovariectomised rats, 17beta- 

estradiol treatment had a reduced membrane caveolin-1 and caveolin-2 content; 

progesterone alone did not cause any substantial change, but prevented the effect of 

oestrogen (Turf et al., 2001). Also, during the first half of pregnancy the expression of 

caveolin was found to be suppressed, but it gradually increased until delivery (Turf et al., 

2001). The striking characteristic of anti-caveolin staining in both types of uterine cells 

was that it was apparently dotted. It expectedly had a similar description as in the skeletal 

muscle cells labelled caveolin-3 (Hagiwara et al., 2002). 

Issues have to be addressed here that all these data are preliminary and not quantified. 

The experiments were attempted to investigate the location of Cat+, Cat+-activated K+ 

channels and caveolins in uterine cells, particularly in neonatal cells. The results 
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presented here may only serve as an inspiration to visualise the locations of membrane 

proteins. Several disadvantages must be considered: 1) Large signal variation and noise 

could be induced by small amounts of material which are magnified by microscope optics. 

2) The signal intensity can be dramatically affected by the small shifts in the focal plane. 

3) The procedure of fluorescence fixation, bleaching and quenching may damage the 

binding sites of proteins. 4) Antibodies can be species specific (Murray et al., 2002). 

However, most of these factors are unlikely to have influenced my results. To confirm 

two or more specific proteins sharing the same location, double or multiple 

immunofluorescent labelling must be employed and the intensity of staining must be 

quantified. For example, if Maxi-K channels localise to the Ca 2+ release channels of 

sarcoplasmic reticulum Ca2+ stores, the staining intensity of labelled Maxi-K protein and 

Ca2+ release channel protein should be closely apposed to each other. 

In summary, using immunofluorescence microscopy revealed that L-type Ca channel, 

Maxi-K channel and caveolae distribute peripherally in the plasma membrane. Further 

study is required to clarify the co-localization of ion channels and the relations between 

the ion channels and cell organelles. 
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1. Abstract 

Ca2+ waves have been characterized in many tissues but not the uterus, to date. Waves 

that occur within the bounds of a single cell are termed intracellular Ca2+ waves, and 

waves that communicate with neighbouring cells are named intercellular Ca2+ waves. 

Generation of a Ca2+ wave may be a result of multiple cellular signalling events and, 

consequently, is a mechanism of signal integration and processing. To investigate Ca 2+ 

waves in uterine myometrium, intact tissues loaded with Fluo-4 and fluorescence 

microscopy with a designed chamber were used in this study. Spontaneous 

intracellular Ca 2+ waves were present in neonatal but not in adult rat uterus. Wave 

speeds were unaffected by the inhibition of Ca2+ entry indicating that the source of the 

Ca 2+ is the SR, via InsP3 receptors alone, Cat+-induced Ca 2+ release receptors alone, 

or both together. TTX had no effect on the intracellular Ca2+ waves. 

Intercellular Ca2+ waves existed in both neonatal and adult tissues. The tissue-level 

Ca2+ signalling was associated with myometrial electrical excitability and 

contractions, as the intercellular Ca2+ waves propagate slowly through the bundles; 

myocytes are recruited to participate in the contraction. The gap junction inhibitor, 

18f -glycyrrhetinic acid completely abolished intercellular Ca 2+ waves. The 

physiological role of Ca2+ waves is not clear, however, the presence of intracellular 

Ca 2+ waves may be important to the cell proliferation and muscle growth in neonatal 

uterus. 
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2. Introduction 

Intracellular (within cell) and intercellular Ca2+ (cell to cell) waves have been described in 

several tissues (Jaffe, 2002), in cultured human myocytes (Young & Hession, 1997) and 

cultured colonic smooth muscle cells (Young et al., 1996). 

Ca2+ waves can occur spontaneously (Hashitani et al., 2001; Stevens et al., 2000) or in 

response to stimuli by the different agents, such as oxytocin (Young & Zhang, 2001), ATP 

(Mahoney et al., 1993), or mechanic stimuli (Young et al., 1999), etc. 

It is generally accepted that RyR and InsP3R are responsible for the complex 

spatiotemporal patterns of intracellular Ca2+ waves and oscillations (Berridge, 1993). For 

example, in situ vascular smooth muscle cells both caffeine (sensitive to RyR) and 

phenylephrine (sensitive to IP3) induced asynchronous intracellular Ca2+ waves were 

observed and these Ca2+ waves were associated with muscle constrictions via differential 

mechanisms (Ruehlmann et al., 2000). Moreover, the application of 2-aminoethoxyphenyl 

borate (2-APB) to antagonize InsP3R can prevent the initiation and abolish tonic 

constriction of the venous smooth muscle and store-operated channels were required for 

phenylephrine-mediated [Ca2+]; oscillations (Lee et al., 2002). In cultured human uterine 

myocytes intracellular Ca2+ waves were induced by the release of free calcium from SR 

into the cytosol via InsP3R as well (Young & Hession, 1996). In addition, advance 

treatment of the cells with ryanodine or ruthenium red failed to change oxytocin-stimulated 

wave velocities from control values suggesting that calcium release from SR could use 

either InsP3Rs alone or RyRs alone, or both together (Young & Zhang, 2001). However, as 

cultured cells differ markedly from native cells, it is difficult to relate this information to 

intact myometrium. 

The mechanism of intercellular Ca2+ waves is complicated. The experimental evidence 

shows that the initial Ca2+ wave could be mediated by a passive diffusion of IP3, but not 
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Cat+, through gap junctions. This remains the preferred hypothesis for the mechanism 

underlying mechanically-stimulated intercellular Ca2+ waves and Ca2+ oscillations (Sneyd 

et al., 1998). However, Young, et al. recently showed that in cultured human uterine 

myocytes prostaglandin was critically involved in the mechanism of fast intercellular Ca 2+ 

waves (>100 pm/s) which were induced by mechanic stimuli (Young et al., 2002). 

However, there is little known about Ca2+ waves in intact uterus and nothing concerning 

neonatal uterus, where a role in gene activation may be predicted. Recent work has shown 

that the SR was an enhanced role in neonatal compared to adult rat uterus (Noble & Wray, 

2002a). Given the importance of the SR in the generation of Ca2+ waves in other tissues, I 

hypothesized that they would be present in neonatal uterus. 
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3. Methods 

Solution and chemicals 

All drugs were purchased from Sigma. Normal physiological salt solution (Krebs) was 

described in Chapter 2. Fluo-4 AM and pluronic acid were purchased from Molecular 

Probe and dissolved in dimeth sulfoxide (DMSO), as well as cyclopiazonic (CPA) and 

ryanodine. Nifedipine and 183-Glycyrrhetinic acid were dissolved in ethanol and made 

stock solution at 1mM concentration. Caffeine and carbacol were solubilized in Krebs 

solution. 

Preparation of tissue 

Briefly, the whole uterine horns (10-15mm x -P2mm) from 12-15 days old rats were 

carefully dissected. Then the tissues were loaded with 2 ml of Krebs solution containing 

15µM Fluo-4 AM with pluronic acid (0.3%) and DMSO (1.5%) for 3 --4 hours, at room 

temperature. After the loading, the tissues were rinsed for 30 minutes and maintained in 

Krebs solution. For comparison, the intact uterine tissues (10 mm x 2mm) dissected from 4 

weeks old rat were also loaded with 15µM Fluo-4 AM. 

For confocal experiments, the stainless steel pin (20mm x 1mm) was inserted into the 

lumen through the long axis of loaded neonatal uterine horn, gently fixed against the 

coverslip (22 x 22 mm), and finally mounted on the stage of an inverted Olympus 

fluorescent microscope then left to equilibrate for 30 minutes (as shown in Figure 2.5). 

However, tissues from 4 weeks old rat were flatly placed on the coverslip by fixing up two 

ends with pins. The bathing chamber was constantly perfused with the experimental 

solutions that were administrated by a fast application system (within 2 seconds). 
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Confocal studies and data analysis 

As shown in Figure 2.5, Ca 2+ wave activity was examined in whole uterine horns on an 

Ultraview LCI spinning (Nipcow) disc, using a wide field (Perkin-Elmer, Cambridge, UK) 

grouped with an Orca ER cooled CCD Camera (Hamamatsu Photonics, UK), and a 60x oil 

immersion objective (N. A. 1.4). This system provides a relative large area (full frame: 

130µm X100 pm) for the acquisition of images, with a low intensity laser illumination. The 

rate of microscope observation was 20-50 frames/s and recordings were made for 1-2 

minutes. All the frames were transferred and stored in the computer hard drive for later 

analysis. 

The wave analysis lines were selected to be parallel with the long axis of the cell. All 

experiment was performed at room temperature. The data are given as means ± S. E. M, `n' 

refers to the number of preparations. Significance was tested by the means of Student's t 

test or one way ANOVA. P values <0.05 were considered significant. 
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4. Results 

Confocal microscopy 

I was able to distinguish three layers in the neonatal uterus, however, only the longitudinal 

layer was analysed in this study. The spindle shaped longitudinal cells on average 50 ± 

6µm (n=18) long with a maximum diameter of -. 6pm (at the level of nucleus) could be 

clearly seen in every preparation, as shown in Figure 6.1. The time courses of changes in 

[Ca2+]; were measured within individual cells as well as in the total imaging frame. A 

progressive rise in [Ca2+]; termed Ca2+ waves was characterised. 

Both intracellular and intercellular Ca2+ waves were present in neonatal uteri. 

4.1 Intracellular Ca 2+ waves 

Intracellular Ca2+ waves were not present in the intact uterine tissues from 4 weeks old rats, 

even in the presence of agonist, 10 pM carbachol (Cch). 

However, Ca2+ waves occurred spontaneously in neonatal uterus. The majority of 

intracellular Ca2+ waves were initiated independently in individual cells and could spread 

longitudinally within cell (Figure 6.2). The direction of waves was different in each cell but 

within a particular cell, it remained the same during experiments. Some waves (-10% of 

observed waves) appeared to be initiated from the adjacent cells displayed a second wave 

propagating in a different direction. The prevalence of intracellular Ca2+ waves varied 

between preparations, with some preparations showing activity in most of cells, while in 

others, only small bundles of cells were active. The intracellular Ca2+ waves were 

asynchronous in the smooth muscle bundle and not associated with contraction and their 

amplitudes were usually variable. 
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Figure 6.1 Ca 2+ waves in the neonatal uterus 
(A) Pseudo-colour X-Y images of typical fluo-4 loaded longitudinal myometrium from a 12 days 

old rat. Spindle shaped myometrial cells can be clearly visualized. (B) Montage images taken from 

the outlined interest region in (A), showing spontaneous intracellular Ca" waves (red arrows) in the 

neonatal myometrium. The cell in the dashed cycle with intracellular Ca 2+ waves was taken as an 

example to analysis shown in Figure 6.2. 
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Figure 6.2 Intracellular Ca 2+ NýaNes in a myometrial cell frone 12 days old rat 

(A) Greyscale X-Y montage images of a myometrial cell (taken from Figure 6.1 B) showing the 

Ca" wave reached its peak in series region (the wave started from the red region). (B) Temporal 

characteristics of the Ca'' wave recorded from the interest regions (the initial region represented in 

red) indicated in (A), showing a progressive rise in [Ca24];. 
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Figure 6.3 show the velocity of intracellular Ca2+ waves was not significantly different 

irrespective of application of blockers. The velocity of spontaneous intracellular Ca 2+ waves was 

27.9±9.4 pm/s (n=12) and the frequency of spontaneous intracellular Ca 2+ waves was 0.54±0.06 Hz 

(n=8). 

1µM nifedipine, L-type Ca2+ channel blocker did not abolish the intracellular Ca2+ waves. 

The velocity of Ca 2+ waves in the presence of 1µM nifedipine was 16.1±1.6 pm/s (n=12). 

However, the decrease in the frequency of waves but not velocity was observed. This is 

consistent with the results reported in other tissues (Yoshimatsu et al., 2000) suggesting 

that external Ca2+ entry was not involved with propagating Ca2+ waves but may take part in 

refilling the intracellular Ca2+ store. 

To elucidate the effect of agonist-carbachol on intracellular waves, the preparations were 

pre-treated with lpM nifedipine to eliminate the agonist induced contractions and prevent 

tissue movement. The velocity of Ca2+ waves in the presence of 10 pM Cch (in the 

presence of 1µM nifedipine) was 25.1±3.3 }cm/s (n=10). The application of 10 pM Cch 

appreciably increased the frequency of intracellular waves without changes of amplitude. 

The frequency of intracellular Ca2+ waves in the presence of 1pM nifedipine and 10µM 

Cch (in the presence of nifedipine) was significantly different (0.23±0.03 Hz vs 0.36±0.04 

Hz, t test: P<0.05). 

The gap junction inhibitor, 10µM18ß-glycyrrhetinic acid (GA) greatly reduced the 

frequency of waves suggesting that gap junction may contribute to the intracellular Ca2+ 

waves in neonatal uteri. 

In addition, 1I M TTX had no effect on the Ca2+ waves indicating that intracellular waves 

are not regulated by neural activity. 

The details of the mean value of velocity and frequency with variable amplitude in the 

presence of nifedipine, Cch and GA are given in Figure 6.3 and Figure 6.4. 
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My preliminary data showed that there were fewer occurrences of intracellular waves were 

observed in preparations treated with 20µM ryanodine (n=10) and in most of preparations 

the Ca2+ waves were abolished, and 10mM caffeine had little effect on the intracellular 

Ca2+ waves. Nevertheless, in all of observed preparations, spontaneous Ca2+ waves or 

agonist-induced Ca2+ waves were completely abolished by emptying the SR, with 20pM 

cyclopiazonic acid (CPA) (n=6). 

These results suggest that release of Ca2+ from IP3-sensitive intracellular stores contributes 

to the generation and propagation of intracellular Ca 2+ waves. 
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Figure 6.3 Summarized velocities of intracellular Ca2+ waves in neonatal uteri 

The velocity of spontaneous intracellular Ca2+ waves was 27.9±9.4 pm/s (n=12). The velocity of 
Ca 2+ waves in the presence of 1µM nifedipine, 10 pM Cch (in the presence of 1µM nifedipine ) and 

10µM180-Glycyrrhetinic acid was 16.1±1.6 pm/s (n=12), 25.1±3.3 pm/s (n=10) and 16.1±2.8 pm/s 
(n=6), respectively. One way ANOVA test at 0.05 level was not significantly different. However, in 

the presence of nifedipine, the velocity was increased by carbachol (16.1±1.6pm/s vs 25.1±3.3pm/s, 

t test: P<0.05). Intracellular waves were not inhibited either by 1µM nifedipine or by 10µM 18(3- 

Glycyrrhetinic acid. 
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Figure 6.4 Summarized frequencies of intracellular Ca 2+ waves in neonatal uteri 

The frequency of spontaneous intracellular Ca 2+ waves was 0.54±0.06 Hz (n=8), in the presence of 

1µM nifedipine, 10µM Cch and 10µM180-Glycyrrhetinic acid was 0.23±0.03 Hz (n=15), 

0.36±0.04 Hz (n=20) and 0.25±0.04 Hz (n=10), respectively. One way ANOVA test at P<0.05 was 

significantly different. In the presence of nifidipine, the frequency was increased by carbachol 
(0.23±0.03 Hz vs 0.36±0.04 Hz, P<0.05); neither nifedipine nor 183-Glycyrrhetinic acid inhibited 

intracellular Ca 2+ waves. The frequency was significantly decreased in the presence of GA 

(0.54±0.06/s vs 0.25±0.04/s, P<0.05). 
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4.2 Intercellular Ca 2+ waves 

In longitudinal smooth muscle, the intracellular Ca2+ waves were associated with 

quiescence of the preparations while the intercellular Ca2+ waves were usually associated 

with the contraction of preparations. 

Intercellular Ca2+ waves occurred spontaneously or could be synchronously generated by 

40mM KCl depolarisation in neonatal and 4 weeks old rat uterus. They were associated 

with contractions. The waves were completely blocked by 1pM nifedipine and 180- 

Glycyrrhetinic acid (n = 6). The changes of [Ca2+]; in longitudinal direction showed rapid 

"burst like" pattern and reached peak in . -60ms while in circumferential direction the 

spread was slower and sequential that was similar to the description in the murine large 

intestine (Hennig et al., 2002). The addition of 1pM TTX completely blocked the 

intercellular Ca2+ waves implying that neural activity was involved in Ca2+ wave 

propagation from cell to cell. 

Being accompanied by vigorous contractions during intercellular Ca2+ waves, I was not 

able to measure the length and width of longitudinal smooth muscle and calculate the 

velocity and amplitude of intercellular Ca2+ waves. 
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5. Discussion 

This is the first report about Ca2+ waves in neonatal uterine smooth muscle in situ. By using 

the entire uterine horns, was able to visualise the structures of neonatal uteri and to 

maintain the physiological environment for studying Ca2+ waves. 

Ca 2+ entry 

Studies on Ca2+ waves (both intra-and inter) in different smooth muscles have shown that 

L-type Ca channel plays an important role in recruiting Ca2+ from the extracellular space to 

refill the SR Ca2+ store (Jorgensen et al., 2003; Yoshimatsu et al., 2000). My experiment 

indeed confirmed this finding by application of 1pM nifedipine that induced the decreases 

in frequency of the intracellular Ca2+ waves and completely abolished the intercellular Ca2+ 

waves. This result also suggests that Ca2+ entry is crucial for the myometrial contractions 

but not intracellular Ca2+ waves. This is because the velocity of intracellular Ca 2+ waves 

was not affected in the presence of nifedipine, and the waves were not abolished. 

As showed before, Ca2+ currents were rarely recorded in isolated uterine single cells from 

neonatal rats whereas capacitative entry has been suggested in the study of neonatal intact 

preparation (Noble, 2002b). Recently, there was evidence showing that the capacitative 

Ca2+ entry may involve Ca2+ waves (Lee et al., 2002). Moreover, nifedipine could block 

capacitative channels (Young et al., 2001). Thus, the role of capacitative Ca2+ entry in 

taking part of Ca2+ waves cannot be excluded in neonatal uterus. 

Intracellular Ca 2+ stores and Ca 2+ release channels 

As mentioned earlier, there are at least three important intracellular Ca2+ stores which are 

related to Ca2+ waves have been described in the different muscles, including SR, 

mitochondria and nucleus. However, neither mitochondria nor nucleus in uterine 

myometrium is likely associated with Ca2+ waves because emptying SR by CPA can 

always abolish the Ca2+ waves. 
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It is generally accepted that there are two Ca2+ release pathways in uterine myometrium: 

Ca2+ induce Ca2+ release (CICR) via RyRs and IP3 induce Ca2+ release (IICR) via InsP3Rs 

(Wray et al., 2002). Our previous finding (Noble & Wray, 2002a) showed that neonatal 

uterus had a releasable SR and was capable to respond to agonists producing contractions 

suggesting that at least InsP3Rs exist in the neonatal uterus. My preliminary data showed 

that ryanodine appeared to decrease the occurrences of intracellular Ca2+ waves indicating 

that CICR pathway was likely involved in generation of Ca2+ waves. In the small 

population of cells ryanodine failed to abolish waves, it may be because the concentration 

was not high enough to diffuse into the myometrium. Nevertheless, CICR may also play a 

role in generation of Ca2+ waves. Moreover, Cch greatly increased the frequency of in the 

presence of nifedipine. Taken together, it can be concluded that both CICR and IICR may 

be featuring in Ca2+ waves in neonatal uterus, and in particular, IICR plays an important 

role in modulation of Ca2+ waves. 

Since the gap junction inhibitor decreased the frequency but not the velocity of intracellular 

Ca2+ waves, it indicates that some intracellular Ca2+ waves may be from adjacent cells. This 

is consistent with the appearance of the preparation as shown in Figure 6.2. 

Intercellular Ca 2+ waves and gap junction 

Intercellular Ca2+ waves appeared to be associated with myometrial action potentials that 

propagated rapidly from cell to cell in both longitudinal and circumferential axes of the 

longitudinal smooth muscle. The inhibition by 180-Glycyrrhetinic acid implies the 

participation of gap junctions in the propagation of calcium waves because 180- 

Glycyrrhetinic acid reduced contractions. These results are consistent with other studies 

suggesting that spontaneous action potentials and associated Ca2+ waves occur almost 

simultaneously along the smooth muscle bundles and then propagate to the other boundary 

through gap junctions (Hashitani et al., 2001). Moreover, Neuhaus, et al. demonstrated that 
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Ca2+ waves propagated in declining amplitude and Ca 2+ signal was probably transmitted by 

a diffusible factor (Neuhaus et al., 2002). My data showed that TTX blocked all 

intercellular Ca2+ wave activity. This may indicate that neural release of neurotransmitter is 

important in the generation of these waves as shown in murine intestine smooth muscle 

(Stevens et al., 2000). 

Physiological implications of Ca 2+ waves 

As mentioned, neonatal uterus is in a proliferative stage where hormones constantly 

accelerate phenotypic alterations. Spontaneous intracellular Ca2+ waves were extremely 

active in neonatal preparations (especially the youngest one, e. g. 12 days compare to 15 

days) and they were not observed in the uterus from adult and pregnant rats. This indicates 

that these Ca2+ events play an important physiological role in modulation of cell 

dedifferentiation. This could be possible because many growth factors utilize the 

messenger InsP3 to set up prolonged Ca2+ signals which are often organized in an 

oscillatory pattern (Berridge, 1995). 

Intracellular Ca2+ waves may also activate Cat+-activated ion channels such as Kca 

(expressed in a small proportion of neonatal cells shown in Chapter 3) and C1c8, although 

there is little studied in neonatal uterus. However, there could be a possible balance 

between outward and inward currents activated by intracellular Ca 2+ waves, that helps reset 

the membrane potential following periodic bursts of intercellular Ca2+ wave activity 

(Hennig et al., 2002). 

Intercellular Ca2+ waves are associated with contractions in neonatal and 4 weeks old 

myometrium and gap junctions are crucial for the propagation of these waves. It suggests 

that intercellular Ca2+ waves may be functionally more important in the developed uterine 

myometrium where the coordination between adjacent cells via gap junctions is required to 

effectively spread action potentials through large number of cells. It remains a puzzle why 
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the adult myometrium showed no waves or local Ca2+ release events. This is also the 

consistent of others in my group. 

However, the data present here are preliminary and incomplete, further detailed study is 

needed to characterize intracellular and intercellular Ca2+ waves in uterine myometrial at 

different stages. 

In summary, intracellular and intercellular Ca2+ waves are both observed in neonatal and 4 

weeks old rat uterus in situ. The dependence of extracellular Ca2+ is different in two waves; 

Ca2+ release from SR via CICR and IICR pathways results in intracellular Ca2+ waves and 

extracellular Ca2+ is essential for generation of intercellular Ca2+ waves. Intracellular Ca 2+ 

waves spontaneously occur in neonatal preparations while intercellular Ca2+ waves are 

present in both of preparations. Intracellular Ca2+ waves spread within the quiescent 

neonatal cells but intercellular Ca2+ waves propagate across many neighbouring cells and 

associated with myometrial contractions. 



Chapter 7 Final Discussion 

Chapter 7 

231 

Final Discussion 



Chapter 7 Final Discussion 
232 

Contributions of ion channels to the uterine myometrial development 

Morphological, functional, molecular and cell biology studies have revealed the 

phenotypic state of smooth muscle cells is characterized by expression of a unique set of 

structural, contractile, and receptor proteins and isoforms that correlate with differing 

patterns of gene expression (Halayko & Solway, 2001). The interaction between the 

extracellular environment and intracellular signalling involves specialized membrane ion 

channels (Hille et al., 2001). 

The aim of my work was to investigate the properties of ion channels in developing 

uterine smooth muscle. I have found there are differences in the expression of ion 

channels that may have functional consequences. 

L-type calcium channels 

Ca channels are essential for excitation-contraction coupling and muscle development. 

Using patch clamp, I failed to characterize Ca channels in the neonatal myometrium but 

prominent Ca channels were recorded in the pregnant myometrium under the same 

experimental conditions. Moreover, the simultaneous measurement of force and [Ca2+]; 

suggested that Ca2+ entry via L-type Ca channels is the only source to be responsible for 

the uterine myometrial contractility. Thus, it is clear that Ca channels existed in the 

neonatal myometrium; however, their expression on the neonatal cell membrane was 

poor. 

Recently, Kawanabe et al., (2002) noticed that in addition to the voltage operated Ca 

channel, another two types of Cat+-permeable nonselective cation channels (NSCC-1 and 

NSCC-2) and a store-operated Ca channel are also essential formitogenesis in endothelin- 

induced mitogenic response in carotid artery vascular smooth muscle cells. 
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Capacitative (store-operated) Ca 2+ entry 

Recent studies have suggested that capacitative (store-operated) Ca2+ entry also play an 

important role in the smooth muscle cell proliferation (Yu et al., 2003). This Ca2+ entry 

has been indicated in the neonatal myometrium (Noble & Wray, 2002b). The exact 

mechanism linking the filling state of the SR is unclear. However, studies suggest that 

depletion of the store will lead to a physical coupling between the SR and plasma 

membrane Ca2+ entry channels or the release of a substance (Randriamampita & Tsien, 

1993) that diffuses to the cell membrane and activates Ca2+ entry. Trp proteins are the 

potential candidates to form homo- and heteroligomeric channel structures of capacitative 

Ca2+ entry (Putney, Jr. et al., 2001). 

To date, few studies have been carried out to investigate capacitative Ca 2+ entry in the 

uterus. Nevertheless, I believe that these nonselective cation channels, if they are active 

under physiological conditions, are likely to provide the supplementary Ca2+ for the 

developing myometrium or to favour membrane depolarization with Ca2+ entry 

subsequently occurring via voltage-gated ion channels. 

K channels 

The control of uterine actively involves alteration in K channel activity and expression. 

Similarly, uterine growth may require changes in the activity of potassium channels. 

Pharmacological inhibition of K channels activity can cause cell cycle arrest (Day et al., 

1993). Several roles for K channels in cell proliferation have been proposed. For example, 

a change in K channel activity can cause a change in cell membrane potential that can 

then alter the activity of other voltage-gated ion channels, such as Ca channels (Day et al., 

1998). Another possible role for the K channel is the cell volume homeostasis. For 

example, a cell swelling-induced Cl' current is regulated by the cell cycle at the time 

when the K channel is active (Kolajova et al., 2001). 
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It has been demonstrated that K channel activity oscillates in phase with the 

developmental cell cycles, even oscillates with a cell cycle periodicity in embryos from 

which the nucleus has been removed (Day et al., 2001). 

Thus, it appears that the major contribution of K channel activity to the cell proliferation 

and myometrial growth is to set the cell membrane potential such that transmembrane ion 

channels are active. It is clear that remodelling K channels in myometrium is mainly 

modulated by sex hormones. Not surprisingly, different expressions of K channels are 

found in uterine myometrium at different stages. For example, the fast activating and 

inactivating outward A type K channels dramatically decrease during myometrial 

development, but slower activating and sustained components of outward K channels 

increase in the developed myometrium. In the case of neonatal myometrium, the 

predominant A type currents may act as a "filter" (fast activated at the negative potential) 

which constantly dampens the excitability of cell membrane to keep the functional 

quiescence and benefit the myometrial development. Changes of K channel activity 

during pregnancy are therefore, in parallel of changes in the cell membrane potential to 

increase contractility of myometrium for the labour. 

Ca 2+ signalling in developing uterine myometrium 

Many growth factors utilize the messenger InsP3 to set up prolonged calcium signals, 

often organized in an oscillatory pattern (Berridge, 1995). The one important function of 

these repetitive Ca2+ signals is to take part in the cell cycle by triggering the response of 

genes and complete the cell cycle by stimulating events at mitosis (Berridge, 1995). 

To generate repetitive calcium spikes requires both the entry of external calcium and its 

release from internal stores via CICR and/or IICR pathways. The molecular processes 

underlying Ca2+ release in uterine smooth muscles are still poorly understood. Recently, 
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the intracellular Ca2+ wave was demonstrated in cultured uterine myocytes that is induced 

by the release of free calcium from SR into the cytosol of the cell via InsP3 receptors 

(Young, 2002). However, there is little known about Ca2+ waves in intact uterus. 

Using a wide-field confocal system I have observed spontaneous intracellular Ca 2+ waves 

in the Fluo-4 loaded uterine preparations from 12-15 days rats. Those preliminary data 

suggest that the spontaneous Ca 2+ wave is the result of Ca2+ release from InsP3-gated 

intracellular stores. The external Ca2+ entry was involved in refilling the intracellular Ca2+ 

store but not in the generation of intracellular Ca2+ waves. As discussed in Chapter 1, 

slower Ca2+ signalling responses are controlled by repetitive global Ca2+ transients or 

intracellular Ca2+ waves (Berridge et al., 2003), therefore, a role of Ca 2+ waves in gene 

activation may be hypothesized in the neonatal uterus. 

I believe that that InsP3R isoforms are developmentally modulated in uterine 

myometrium. For example, there was a switch from the type 3 InsP3 receptor with low 

affinity for InsP3 to the higher-affinity typel receptor in the developing vascular smooth 

muscle (Tasker et al., 1999). Thus, InsP3-induced Ca2+ release may be important in the 

muscle growth (Talon et al., 2002) but the down regulated the global Ca2+ signalling 

occurred during prolonged hormonal stimulation (Tovey et al., 2001). This could be the 

reason that Ca2+ waves have not been reported in the adult uterine myometrium from any 

species studied so far. Moreover, InsP3R isoforms could be up-regulated during 

pregnancy to be coincided with an increase of the PLC cascade (Mesonero et al., 2000). 

Conclusions 

This research interests were to investigate ion channels in developing myometrial cells 

and clarify their physiological significance in the regulation of muscle growth and 

contractile activity during development. The goals were achieved by using whole cell 
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patch clamp, simultaneous force and [Ca2+]; measurements and confocal microscopic 

methods. 

My findings shed a light on the contractile activity and ionic dependence of the action 

potentials occurring in the developing myometrium. It appears that ionic activities are 

fine-tuned to carry out certain developmental functions (e. g. cell proliferation) and are 

therefore generally not compatible with the mature physiological function of the 

developed myometrium. For this reason, the patterns of spontaneous contractile activity 

in the developing myometrium are complex and different from the mature myometrium. 

Moreover, ion channels in early stages of development (e. g. A type K channels) that are 

either not retained in the mature cell or whose properties are greatly changed during later 

differentiation (e. g. hypertrophied myometrium during pregnancy). 

Additionally, my preliminary studies also have shown that InsP3 receptors are 

functionally coupled to the SR in the neonatal myometrium and produce intracellular 

Ca2+ waves. Thus, my future research interests would be: 1) to study cellular and 

molecular mechanisms underlying the regulation of Ca2+ release and Cat+-activated ion 

channels in uterus, and 2) to determine the contribution of Ca2+ signalling in the 

myometrial contractility and diverse physiological functions. 
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REVIEW ARTICLE 

Calcium Signaling and Uterine Contractility 
Susan Wray, PhD, K. Jones, PhD, S. Kupittayanant, PhD, Y. Li, MD, A. Matthew, BSc, 

E. Monir-Bishty, MD, K. Noble, BVSc, S. J. Pierce, MD, S. Quenby, MD, and 
A. V. Shmygol, DSc 

Changes in Ca2+ signals within the myornetrium have important functional consequences, as they determine 

contractility. We show that the basic phasic nature of uterine contractions, which is essential for successful 
labor, is critically dependent on Ca2+ influx through voltage gated L-type Caz+ channels, and hence in 

turn, on membrane potential. Thus changes in ion channel expression around term will play an important 

role in governing uterine excitability and contractility. There remains uncertainty about which channels are 
present in human myometrium and the nature of the pacemaker mechanism that initiates the action potential. 
The sarcoplasmic reticulum may augment, to a small extent, the necessary increase in [Ca2+] for contraction 

when agonists stimulate the uterus, but its main role appears to be to control excitability, acting as a negative 
feedback mechanism to limit contractions. Myosin light chain kinase activity and phosphorylation of myosin 

are essential components in the pathway of uterine contraction, once Ca2' has been elevated. Modulation 

of myosin light chain phosphatase activity can also influence contractions, but the effects are small compared 

with those modulating myosin light chain kinase. Cat+-sensitizing pathways may not be utilized much in 

modulating normal phasic uterine activity, and caution is needed in extrapolating from in vitro experiments 
to in vivo conditions, especially because there may be redundant pathways. 73iere is a need to study 

appropriate physiologic preparations, but these are not always available (eg, preterm laboring myometrium) 

and to combinefurutional studies with modem molecular approaches, to advance our understanding to a new 
level, from which better therapeutics will be developed. (J Soc Gynecol Ittvestig 2003; 10: 252-64) 

Copyright C 2003 by the Society for Gynecologic Investigation. 

KEY woRDS: Myometrium, contractions, agonists, sarcoplasmic reticulum, ion channels. 

n this review we will discuss current knowledge of calcium 
and uterine contractility and highlight areas where impor- 

tant questions remain to be answered, with emphasis on 
human myometrium. The questions are important because of 
their pertinence to the control of excitability and contraction 
in the myometrium. As is well documented, there is much to 
be learned if we are to make a greater clinical impact on 

preterm and dysfunctional labors. Because the mechanisms 
controlling contraction are not yet known, improvements in 

the morbidity of both mothers and their offspring who have 

suffered dysfunctional labors are not forthcoming. Premature 
labor accounts for 6-10% of all pregnancies and is the largest 

cause of perinatal morbidity and mortality. '-3 Again, in order 

to create clinical impact on the outcome for these labors, the 

mechanisms of contraction need to be better understood. 
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OVERVIEW OF CONTRACTION 
Myometrial contractions are phasic in nature. Although their 
frequency, duration, and intensity are varied, it is essential that 
there are periods of relaxation between contractions. Experi- 

ments on animal uteri show that if contraction is maintained 
(ie, tonic in nature), fetal death ensues. This is understandable 
when one appreciates that contractions occlude blood vessels 
within the myometrium. 4 If blood flow to the uterus decreases 
it will naturally decrease blood flow and oxygenation to the 
fetus. Hence, during normal human labor there are transient 
alterations of fetal oxygenation with each contraction. ' Fetal 
distress, however, can occur quickly if contractions are too 
prolonged, strong, or frequent. These periods of reduced 
blood flow also lead to alteration of metabolites (eg, [ATP] and 
[H+J) in the myometrium and can severely compromise con- 
traction. 4 6A decrease in pH can profoundly depress uterine 
contractility. 78 Thus phasic, regular contractions are essential 
to successful labor. What mechanisms then bring this about? 

The basic mechanism that results in phasic activity is alter- 

ation of the 'potential across the surface membrane of the 

myometrial cells. This is because the most important factor 

controlling force in the myometriuni is the concentration of 
intracellular calcium ions [Ca2+], 9 and membrane potential is 

the major factor governing Ca2+ entry into the cell and hence 
107r 5576/03/$30.00 
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action potentials in the myometrium is not known. 12,13 This 
remains one of the most important areas to be elucidated for 

control of normal and abnormal uterine activity to be under- 
stood and controlled. Recent work has led to pacemaker cells 
being uncovered in urethra and portal vein smooth mus- 
cles. 14"5 Thus it may be that significant progress can be made 
in understanding the mechanism of contractility in the uterus, 
if such specialized pacemaking cells are indeed present. 
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Figure 1. A) Simultaneous measurements of intracellular Ca tran- 
sients (Indo-1 ratio) and uterine contractions in pregnant human 
uterus and the effect of abolishing Ca entry. B) The effect of inhib- 
iting MLCK with wortmanin (4 t. M, human uterus). Note loss of 
force at unchanged [Ca]. Reprinted with permission from Pflugers 
Archive for Longbottom ER, Lucias MJM, Kupittayanant S, Badrick 
E, Shmigol A. Wray S. The effects of inhibiting myosin light chain 
kinase on contraction and calcium signalling in human and rat myo- 
metrium. Pflugers Arch 2000; 440: 315-21. 

[Ca2+];. As will be discussed later, other mechanisms (eg, 

calcium sensitization) may modulate this process, but it is 

essential that the fundamental mechanism is appreciated and 
understood. Contractions cease abruptly if Ca2+ entry is pre- 
vented (Figure 1). How then does membrane potential change 
and influence Ca2+ entry? 

Excitability 
Most of our recent knowledge concerning the membrane 
potential and action potentials in myometrium has come from 

the work of Parkington and Coleman. 1° They have shown that 
there is a progressive increase in the frequency of spontaneous 
contractions and a decrease in the negative potential of the 
membrane (from -70 to -55 mV) during the last trimester of 
human pregnancy, " along with an increase in the number of 
samples displaying action potentials. The membrane potential 
in uterine smooth muscle cells is not stable, and in some cells, 
termed pacemakers, a spontaneous depolarization of the mem- 
brane occurs. The exact nature of the membrane currents and 
channels leading to this depolarization and subsequent firing of 

Gap junctions 
Excitation produced in a pacemaker cell must be communi- 
cated to neighboring cells to be effective. This is achieved by 

gap junctions, ie, cell-to-cell bridges present in the myome- 
trium. Much work by Garfield and colleaguest6 and others'7'18 
has shown that the onset of labor is associated with an increase 
in gap junctions between smooth muscle cells. In the uterus 
connexin 43 (Cx43) appears to be the most abundant con- 
nexin, but others, including Cx45 and Cx26, have been iden- 

tified19"2° and might be gestationally regulated. Stretch on the 
myometrial cell membrane also increases the number of gap 
junctions and connexins, 21,22 although a recent report failed to 
show an increase in Cx43 and Cx26 in twin compared with 
singleton pregnancies. 23 

Potassium Channels 
As with other excitable tissues, resting membrane potential is 
largely set by the K+ conductance of the membrane. 12 There 

are many different types of K+ channels and isoforms of each 
type of channel. The pregnant uterus has a variety of K+ 
channels, including voltage-gated, Cat+-gated, and ATP- 
gated channels. 24 Their expression and distribution change 
with gestation and at term 24-27 and between the adult and 
neonate 28 These alterations of K+ channel expression and 
activity will have profound implications for the control of 
uterine contractility. The main effect of increased K+ conduc- 
tance is to decrease excitability, as the membrane potential will 
tend toward the K+ reversal potential of approximately -90 
mV and make depolarization and firing of action potentials less 
likely. Thus periods of relaxation in the uterine contraction 
cycle are likely to be associated with increased K+ conductance 
and periods of (relative) quiescence throughout gestation, with 
increased K+ channel expression. Conversely, for the increase 
in force needed for phasic activity, their activity needs to be 
inhibited or overridden, and periods of increased uterine ac- 
tivity (labor) will be associated with their decreased dr altered 
expression. There is experimental evidence to support all these 
proposals, as described above. 

L-Type Calcium Channels 
Irrespective of the mechanisms that underlie the firing of 
action potentials, the result is a depolarization and opening of 
voltage-gated L-type Ca2+ channels (now also referred to as 
Cav 1.2 channels). The opening leads to a flood of Ca2+ into 
the cell and, ultimately, contraction. Thus, the major source of 
Ca 2+ for contraction is the extracellular fluid. Entry of Ca2+ 
down its electrochemical gradient occurs when the membrane 
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depolarizes to around -40 mV and L-type Ca2+ channels 
open29 The Ca2+ channel has a pore-forming al-subunit and 
several auxiliary subunits, including the ß subunit on the 
cytoplasmic side3'')-32 and an a2/8 subunit located extncellu- 
larly. 33 In the rat uterus, but not brain, progesterone has been 

shown to modulate the expression of et-subunit, but the phys- 
iologic relevance of this is not known 

.m Rendt et a135 have 

shown, however, that progesterone increases the Ca2+ cur- 
rent. Inactivation of these channels (often by Ca2+ itself) and 
repolarization of the membrane by outward current due to K+ 
channels opening terminates the Ca2+ entry, and relaxation 
will occur. Hence there are cycles of increasing and decreasing 
[Ca2+]; and contraction, as shown in Figure 1. 

Modulation of Ca 2+ Channels 
The L-type Ca2+ channel is regulated by a wide variety of 
second messengers, eg, protein kinase A. C, G (PKA, PKC, 
PKG) that are produced when agonists bind to receptors on 
the myometrial membrane. 32 As expected from the preceding 
description, this modulation of the channel will influence 

uterine force. PKA is expressed ubiquitously in smooth mus- 
cles and is formed when ß-agonist receptors are stimulated, as 
this activates Gs proteins, and their Gas subunit stimulates 
adenyl (A) cyclase. This will elevate cyclic adenosine mono- 
phosphate (cAMP) levels, which in turn activate PKA. That 
kinase phosphorylates Ca2+ channel subunits and activates the 

channel (although this may still be regarded as controversial, 
see 32). The stimulation of the Ca2+ current is only modest 
compared with that which occurs in cardiac muscle, where 
ß-adrenoceptor stimulation is a major mechanism increasing 

contractility. In smooth muscle, where adrenyl cyclase is asso- 

ciated with relaxation, this stimulation of the Ca2+ channel 

appears paradoxical. As will be discussed later, this small Ca 2+ 

increase might activate K+ channels, as Ca2+ sparks from the 

sarcoplasmic reticulum (SR) do, and thereby promote relax- 

ation rather than contraction. PKG is formed when guanyl 

cyclase (G-cyclase) is activated, eg, by nitric oxide, and in turn 

produces PKG. In vascular smooth muscle this is a well- 
documented route for relaxation, as PKG inhibits the Ca2+ 

channel by phosphorylation of the a, -subunit 
36 PKC isoforms 

are numerous (at least 11 so far), but almost all are activated by 

diacylglycerol, which is formed, along with inositol trisphos- 

phate (IP3), when agonists bind to G-coupled receptors. In 

smooth muscles, including the uterus, PKC enhances the Ca2+ 

current, 
37 and this can be regarded as part of the repertoire of 

mechanisms by which agonists activate the uterus. 
In conclusion, although these kinases can all influence Ca2+ 

channel activity, there is still a lack of detail concerning the 

mechanism by which they do this. In addition it is not always 

easy to dissociate an action of these kinases on the Ca2+ 

channel from other effects ofagonists binding, eg, IP3 produc- 

tion, particularly if the elevation of Ca2+ inactivates the chan- 

nel, and from possible direct effects of G protein subunits on 

the channel. 

CALCIUM CHANNEL ANTAGONIST 
AND TOCOLYSIS 

If voltage-gated channels are blocked by antagonists such as 
nifedipine, intracellular Ca2+ transients and contractions can 
be abolished 38-40; removal of external Ca2+ also abolishes 
contractions (see Figure 1). 9 Hence, there is interest in using 
such drugs to treat potential pretenn labor. 4' The challenge is 

to target the uterine smooth muscle cells, as many other cell 
types express the channels30 and, in particular, to avoid relax- 
ation of blood vessels and inadequate uteri ne-placental perfu- 
sion. Magnesium, the most common tocolytic in the United 
States, works, at least in part, by blocking competitively the 
Ca 2+ channels; however, it is not favored in other countries 
such as the United Kingdom because of side effects. Current 

trials that focused on nifedipine, a blocker of the Ca2+ channel, 
appear very encouraging, in terms of both delaying delivery 

and neonatal outcome 42.43 The most widely used tocolytics in 

the United Kingdom are beta-mimetic agents such as ritrod- 
ine, which work by increasing cAMP levels, which in rum 
affect cell signaling, as discussed later. They have been shown 
to delay delivery beyond 48 hours compared with controls but 
have not been shown to improve perinatal outcome. 44 They 

also have a high frequency of unpleasant and even fatal ma- 
ternal side effects. Newer treatments such as the oxytocin 
antagonist, atosiban, although an effective tocolytic agent and 
well tolerated, show no beneficial effect on perinatal out- 
come. 45 Much interest therefore lies in the development of 
improved tocolytics, including Ca2+ channel blockers, as these 
are effective and well tolerated. Interestingly, in cultured uter- 
ine cells, nifedipine has been reported to block another Ca2+ 

entry mechanism, which is discussed later, store-operated en- 
try. This would therefore add to its usefulness as a tocolytic a6 

Similarly, nimesulide, a cyclooxygenase-2 inhibitor, also works 
in part by its Ca2+ channel antagonistic properties 47.49 

Other Inward Currents 

Notwithstanding the preeminent role of the voltage-gated 
L-type Ca2+ channel to Ca2+ entry and contraction in the 
myometrium, other depolarizing currents have been described, 

although not always in detail. Of course, inward current by 

producing depolarization will also lead to the opening of 
L-type Ca2+ currents; hence there will be a synergy in their 
effects. T-type Ca2+ channels are also voltage sensitive but 

open at more negative potentials than L-type Ca2+ channels 
(-60 mV compared with -40 mV, respectively), have a 
smaller conductance, and have peak currents at around -30 
mV compared with + 10 mV for L-type channels. 49 They have 

been shown to be present in human uterine cells50'51 but not 

those of the rat. 52 The presence of T-type Ca2+ channels is 

potentially very interesting as they have been associated with 

action potential transmission and pacemaker activity. 49"sis3 

One problem hampering further investigation of a role for 

T-type Ca2+ channels has been a lack of selective antagonists, 
until recently. 54 It would therefore seem timely to investigate 
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1 
the. functional role of these currents in human myometrium, ,.. C$z. 
with a view to targeting them for tocolysis. 

Smooth muscle cells do not normally possess fast Na+ 
channels. However tetrodotoxin-sensitive Na+ channels have Cf N been found in cells from pregnant rat uterus, " and their U* number increased with gestation. A role in the spread of 
excitation and increasing spike frequency may be suggested for Ca2' 
ýNa 

channels but does not appear to have been tested thus far 
in human myometrium. Although Na+ channel inhibition by 
ptrodotoxin in nonpregnant rat uterus had no effect on oxy- 

, tocin or high K`-stimulated contractions, " a tetrodotoxin- swýu. . o.. w.. 
insensitive class of Na' channels exists, and an unusual form of 

, 
Na-+- channel has been reported in mouse uterus. 59 Thus, 
further data are required to properly address the role of Na+ Channels in the uterus. Figure 2. Excitation-contraction coupling. P= phosphate group; 

PMCA = plasma membrane Ca ATPase; SOC = store-operated Ca Another putative pacemaker current in cardiac muscle is an 
inward 

current activated by hypcrpolarization and named entry. 

unny current or (F. 60 This current has been found in pregnant 
rat uterine cellsbt but at much lower density than in cardiac variants, 67 which could affect cross-bridge cycling and hence 

ells. It has been suggested that it could contribute to sponta- contractility of the pregnant myometrium. For relaxation to 
ieous activity because it is activated at resting membrane occur the myosin light chains are dephosphorylated by myosin 
potentials. 62 light chain phosphatase (MLCP), and as Ca2+ decreases, 

Another potentially important current in the uterus is the MLCK is no longer activated. These reactions cause the delay 

nonspecific cation channel current that has been well described between the increase in Ca2+ and force rising and, as will be 

with agonist stimulation in vascular smooth muscle. 63 These shown, the modulation of force. 

channels are permeable to Ca2+ and may be related to the 
store-operated, transient receptor potential protein, described 
later_63 Calcium entry associated with store depletion will also 
cause an inward current, I., but this is small and often 
difficult to record. Calcium-activated chloride (Clc, ) channels 
have been described in rat myometrium stimulated with oxy- 
tocin. 64 These channels therefore may be activated by Ca2+ 

release from the SR. In preliminary experiments we found that 
extracellular Ca2+ entry can also activate these channels. In- 

creasing the intracellular Ca2+ concentration in cells held 

under voltage clamp conditions gives rise to a chloride current 
proportional to the Caz+ current. 65 The current is abolished 
by niflumic acid, an inhibitor of chloride channels. Activation 

of Clc, channels will lead to depolarization, as Cl- leaves the 
cell- Hence these channels may also play an important role in 

governing excitability of the myometrium. Despite this, fun- 
damental questions remain to be answered, such as (1) are they 
present in human myometrium and (2) what happens to uter- 
ine contractility if they are inhibited? 

Biochemical Pathways to Contraction 

The steps between an increase in [Ca2+]; and contraction are 
(1) formation of Cat+-calmodulin, (2) activation of myosin 
light-chain kinase (MLCK), (3) phosphorylation of the light 

chains of myosin, and (4) interaction with actin and ATP 

hydrolysis (Figure 2). A study by Word and colleagues66 has 

shown that although the size of the uterine myocytes increases 

5-10-fold in pregnant women, the amount of contractile pro- 
tein per cross sectional area remains constant, as does the 

content of actin and myosin. There might be more subtle 

changes occurring, such as up-regulation of different splice 

Calmodulin 
Calmodulin is a ubiquitous Ca2+ binding protein. 8 In addi- 
tion to activating MLCK in the uterus, it has been reported to 
be useful and more specific than desmin in distinguishing 

endometrial from smooth muscle tumors in the uterus, 69,70 to 
negatively regulate matrix metalloproteinase turnover in uter- 
ine cervical fibroblasts, 70 and to activate the uterine plasm a 
membrane Ca-adenosine triphosphatase (ATPasc) 7' Studies in 

other smooth muscles have reported that recruitment of a 
slowly diffusible component of total cytosolic calmodulin takes 
around 200 milliseconds. 72 Calmodulin can bind four Ca2+ 
ions but may have two already bound at the c-terminal binding 

sites under resting conditions (ie, low [Ca2+ja 73'74 Indeed 
Wilson and colleagues75 recently suggested a novel scheme 
whereby a portion of calmodulin is tightly bound to the 
myofilaments, and the Ca 2+ for contraction diffuses to this site. 
The Ca-calmodulin interaction introduces a significant delay 
between [Ca2+j; increase and the ensuing increase of force. 
The activation of MLCK after Ca-calmodulin binding is also 
relatively slow and could be one of the rate-limiting steps in 
contraction along with recruitment and diffusion of calmod- 
ulin. 76 There appear to be few studies using inhibitors of 
calmodulin in the uterus, but a reduction in force has been 

reported" along with reduced gap junction communication 78 

and activity of Ca-activated K+ channels 79 

Myosin Light Chain Kinase 
With four Ca" bound and the c-terminal of calmodulin 
bound to MLCK at the n-terminal of MLCK's calmodulin- 
binding domain, conformational changes lead to the formation 
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of activated MLCK. Tissues other than smooth muscle contain 
the smooth muscle MLCK gene, but it is found in the highest 
amounts in smooth muscle. As pointed out by Kamm and 
Stull, S° other muscle kinases are related to the MLCK family, 
including titin and twitchin kinases. Adult smooth muscles 
express the short form of MLCK, whereas embryonic smooth 
muscles express the longer form, 8° which might account for 
some of the differences between adults and neonates. "' A third 
transcript of the gene results in the expression of telokin, which 
appears to modulate contraction independently (see 82). The 
activity of MLCK is reported not to differ between pregnant 
and nonpregnant women. 66 

The regulatory light chains of myosin are the only target for 
MLCK; hence, it is extremely specific, unlike many kinases, 
and Ca-calmodulin binding is the only known physiologic 
activator. If MLCK is activated proteolytically in skinned cells, 
then it can phosphorylate myosin light chains without an 
increase in [Ca2+);, and force is produced. Thus there is a very 
direct and specific link from elevating [Ca2+); to phosphory- 
lating myosin light chains and contraction. The phosphoryla- 
tion of Ser-19 on myosin light chains is the end product of 
MLCK activity and leads to myosin ATPase activation by actin 
(see Figure 2). 

Modulation of Myosin Light Chain Kinase 
in rat and human uterus we have shown that inhibition of 
MLCK by wortmannin and ML-9 decreases and eventually 
abolishes contractions. 83 This was the case irrespective of 
whether force was produced spontaneously or by oxytocin 
stimulation. As expected, this reduction of force occurred 
without a reduction in either the Ca2+ current or [Ca2+],. 
Thus MLCK activity is clearly essential for uterine smooth 
muscle contraction. Furthermore, no alternative force-produc- 
ing pathway was able to produce force, despite the presence of 
a normal elevation of [Ca2+];. Thus just as with extracellular 
Ca2+ entry through L-type Ca2+ channels, activation of 
MLCK is essential if the uterus is to produce phasic contrac- 
tions. Just as L-type Ca2+ entry can be modulated, so too can 
MLCK. 

Phosphorylation of specific sites on MLCK affects its activ- 
ity. In particular, phosphorylation of a serine residue by cal- 
cium calmodulin kinase II, PKA, or PKC greatly reduces its 

activity by increasing the amount of Ca-calmodulin required 
to activate it 10-fold. 80 Conversely MAP kinase-ERK phos- 
phorylate a proline residue and increase its Vom. In this way 
the phosphorylation of myosin light chains will also be affected 
and, consequently, contraction. The reduction in activity via 
CAM kinase II may be part of a temporal feedback mechanism 
limiting contractions, as Ca2+ first activates MLCK via cal- 
modulin and then inactivates it via CAM kinase 11.84 The 

mechanisms of relaxation of the uterus by ß agonist probably 
include PKC phosphorylation of MLCK, as discussed later. 
However, relaxation can occur without MLCK phosphoryla- 
tion. Furthermore, MLCK is dephosphorylated by MLCP, and 
thus agonists that inhibit MLCP and increase force (see next 
section) increase MLCK phosphorylation. 85 There might be 

no simple relation between MLCK phosphorylation and con- 
traction or relaxation of the uterus. It is now necessary to 
examine how the light chains are dephosphorylated and relax- 
ation occurs. 

Pathways to Relaxation 
There are two possible processes at work, which might overlap 
but should be considered separately. The first concerns how 
the phasic increase in force is reversed, ie, acute actions. The 
second, discussed later, concerns the mechanisms producing 
the general quiescence of the uterus during gestation compared 
with the laboring uterus, ie, chronic action. 

For relaxation to occur the signal to Ca2+ entry should be 
terminated, and myosin light chains should become dephos- 
phorylated. As discussed earlier, changes in membrane poten- 
tial lead to the opening of L-type Ca2+ channels and Ca2+ 
entry. This entry is curtailed by at least two mechanisms- 
inactivation of the Ca2+ channels and repolarization of the 
membrane potential. These processes are interlinked, ie, repo- 
larization of the membrane will reduce Ca2+ entry because of 
deactivation of the channels even if no inactivation had oc- 
curred. Inactivation will reduce depolarization of the mein- 
brane because of a reduction in inward (depolarizing) current. 
There are two chief mechanisms of Ca2+ channel inactivation: 
Ca2+ dependent and voltage/time dependent. 86 Both mech- 
anisms are present in uterine cells. 51,87,88 Repolarization will 
occur as Ca2+ entry decreases and K+ channel activity is 
stimulated, as discussed earlier. Activation of Ca 2+ 

-dependent 
K+ channels by propagating Ca2+ waves has been recorded in 
human myometrial cells by using a combination of patch 
clamping and digital imaging. 46 There was a time delay be- 
tween the peak of the Ca2+ wave and the actual increase in the 
K+ channel activity. 

Figure 1 shows the close correlation of the tine-course of 
the decrease in [Ca2+]; and force during relaxation. When 
[Ca2+], starts to decrease the Ca-calmodulin activation of 
MLCK is stopped as Ca2+ dissociates from calmodulin. The 
phosphorylated light chains are dephosphorylated by MLCP. 
Haeberle and colleagues89 were the first to demonstrate in 
skinned uterus that dephosphorylation of myosin light chains 
by MLCP produces relaxation. MLCP does not depend on 
Ca2+ for its activation, but its activity is regulated by phos- 
phorylation of one of its three subunits, the 110-130-kDa 
myosin phosphatase targeting subunit (MYPT). The other two 
subunits are the 37-kDa catalytic subunit and a 20-kDa subunit 
of unknown function. Dephosphorylation of Ser-19 results in 
a much reduced (100 times) myosin ATPase rate, and hence 

cross-bridge cycling returns to basal levels. There is significant 
interest in the regulation of MLCP via phosphorylation of 
MYPT, as this is now considered a physiologically important 

route for calcium sensitization (see next section). MYI'T has 
two isoforms that are developmentally regulated and tissue 
specific 90.9' but the importance of this for control of uterine 
activity is yet to be determined. 
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Ca 2+ Sensitization 
Thus far we have described mechanisms that will produce an 
alteration of contractility by altering [Ca2+],. However, an- 
other potential mechanism exists for modulating force, ie, 
altering the relationship between [Caz+]; and the myofila- 
ments, so that more (desensitized) or less (sensitized) [Ca2+]; is 
needed to produce a set amount of force. The current view is 
that contraction is a result of the balance of activity of MLCK 
and MLCP (Figure 2). This activity can be modulated, in both 
cases by phosphorylation and with the consequence ofdecreas- 
ing enzymatic activity. From Figure 2 it can be appreciated that 
a decrease in MLCK activity will reduce force and that the 
mechanisms bringing this about have already been discussed. 
Decreased MLCP activity will enhance force, and MLCP 
phosphorylation is considered key to many sensitization mech- 
anisms, the details of which are still to be elucidated. 92 

There are serine and threonine residues in the targeting 
subunit MYPT which, upon phosphorylation, cause inhibition 
of its ability to activate the catalytic subunit. 93 The question 
then arises, how does phosphorylation of these residues occur? 
The answer appears to be largely via rho kinase, which in turn 
is activated by the small G protein rho-A. 94'95 The myome- 
trium contains rho-IA, and it has been reported to translocate 
from the interior to the cell membrane with stimulation. 96 

Furthermore it has been shown that rho kinase is expressed in 
human myometrium97 and that this expression increases with 
prey ancy. 9s'99 Experimentally the involvement of this path- 
way in force modulation has been amenable to testing because 

of an inhibitor of rho kinase, Y-27632.100 We examined its 

effect on uterine activity and found that inhibition of rho A by 
Y-27632 significantly reduced the force produced by human 

myometrium spontaneously, by oxytocin, or by high-K+ de- 

polarization (Figure 3). 101 Tahara et a1102 have shown that the 
effects of Y-27632 were greater on pregnant than nonpregnant 
rat myometrium and that it reduced the phosphorylation of 
MYPT produced by oxytocin. Lee et a196 have demonstrated 

sensitization in single uterine cells. Other mechanisms for 
influencing MLCP, including arachidonic acid, CPI-17 via 
PKC, and telokin, are reviewed elsewhere1°3 but have been 
little studied in myometrium. t°4 As mentioned earlier, telokin 
is an acidic protein with a sequence identical to the carboxyl- 
terminal domain of MLCK and is expressed abundantly in 

smooth muscles. It has been found to translocate to the cell 
membrane upon stimulation. 105 However, the mechanism by 

which telokin affects MLCP activation remains unknown. 
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Figure 3. A) The effects of Y-27632 (10 p. M, human uterus), an 
inhibitor of rho kinase. Note the decrease of force but not (Cal. 
Reprinted with permission from Kupittayanant S, Burdyga ThV, 
Wray S. The effects of inhibiting Rho-associated kinase on force and 
intracellular calcium in human myometriwn. Pflugers Arch 2001; 443: 
112-4. B) The effects of oxytocin (10 nM) after emptying the SR 
with cyclopiazonic acid (CPA, 20 µM, human uterus) and inhibiting 
Ca entry with nifedipine (10 µM). Reprinted with permission from 
Kupittayanant S, Luckas MJM, Wray S. Effects of inhibiting the 
sarcoplasmic reticulum on spontaneous and oxytocin-induced con- 
tractions of human myometrium. Br J Obstet Gynaecol 2002; 109: 
289-96. C) SR Ca release in zero-Ca solution, stimulated by 
oxytocin (10 nM, human uterus). Reprinted with permission frone 
Kupittayanant S, Luckas MJM, Wray S. Effects of inhibiting the 
sarcoplasmic reticulum on spontaneous and oxytocin-induced con- 
tractions of human myometrium. Br J Obstet Gyntecol 2002; 109: 
289-96. 

Regulation by Thin 
Filament-Associated Proteins 

It has been apparent for several years that regulatory mecha- 

nisms in addition to those based around myosin are present 
jr, many smooth muscles. Actin-binding proteins, such as 

caldesmon and calponin, also appear able to regulate contrac- 

tion. 1°6 Both proteins have an inhibitory effect on the myosin 
ATPase, 707 and recently effects of proteins, under physiologic 

conditions, have been elegantly demonstrated. 108'109 The in- 

hibitory actions of caldesmon and calponin can be reversed by 

phosphorylation. 106 Caldesmon can be phosphorylated by 
PKC, p21-activated kinase (PAK), and extracellular-regulated 
kinase-1 (ERKI). In some cases this is associated with an 
increase in force. 106 Calponin has been shown to associate with 
ERK and PKC during agonist stimulation. 110 Thus, it is pro- 
posed that a part of the mechanism whereby agonists may 
modulate smooth muscle force is by reducing the inhibitory 

action of thin filament-associated proteins, and that this can 
occur by their phosphorylation and subcellular redistribution. 
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Hence this is another pathway to affect the Ca2+ sensitivity of 
the myofilaments. Of particular interest, caldesmon levels are 
increased selectively in pregnant human myometrium. 66 Given 
its inhibitory effect on the myosin ATPase, this increase in 
caldesmon level could contribute to uterine quiescence. 

Ca2+ Sensitization Versus Ca 2+ Entry 
The data suggest that there may be a role for Ca 2+ sensitization 
via both thick and thin filament pathways during agonist 
stimulation of the myometrium. There is evidence that oxy- 
tocin works, at least in part, by such mechanisms. ' 11.112 As 
discussed later, small amounts of force can be produced in the 
absence of external Ca2+ entry, when agonists release Ca2+ 
from the SR (see Figure 3C). Uterine force can also be affected 
by altering the phosphorylation of MLCP via Y-27632. How- 
ever, we suggest from examination of the responses that the 
role of sensitization during phasic activity is small compared 
with modulation of [Ca2+];. None of the effects compare to 
removing external Ca2+ or blocking Caz+ channels or inhib- 
iting MLCK (compare Figures 1A and 3A). During phasic 
activity the Cat+-calmodulin-MLCK pathway is vital and 
preeminent. ' 13 Agonists such as oxytocin and PGF owe a 
very large part of their stimulatory activity to increasing Ca2+ 

entry. 13.114,11S (see Figure 3B). Excitability is increased with 
later gestation and at term by alteration of ion channel expres- 
sion, 2e'"t'"a eg, Na+ channels, 1a Ca2+ channels, 19 IF, 62 K+ 

channels. 24 and gap junctions. 20.120 Thus it seems reasonable to 
conclude that at term and in labor, excitation contraction 
coupling and Ca2+ signaling are altered. In addition, whereas 
phospholipase A2 and hence arachidonic acid do not change in 

expression during late gestation or labor12' and little Ca2+ 

sensitivity with PG, is found at this time, '22'123 there is 

significant reliance on Ca 2+ influx through voltage-gated 
Ca2+ channels. 

Thus it is clear that excitation, Ca2+ entry, and phosphor- 
ylation of myosin light chains by MLCK are crucially impor- 

tant to phasic uterine activity, labor, and parturition. It is 

possible that modulatory mechanisms affecting Ca2+ sensitivity 
are not of such physiologic importance to phasic smooth 
muscles such as the uterus. Instead, they might have developed 

to modulate tone in blood vessels, which maintain force for 

very long periods of time and are relatively inexcitable; ie, 

action potentials and changes in membrane potential do not 
occur. Such mechanisms simply may not come into play 
during the brief, brisk contractions of the uterus. 

The situation may be different during pathophysiologic 
conditions such as infection and preterm labor. It might also be 

the case that even small Cat+-sensitizing effects are necessary 
for successful labor and parturition. The pathways would en- 
hance the basic phasic pattern of activity initiated by Ca 2+ 

entry, for example. The challenge therefore is to determine 

which of the many putative modulatory mechanisms in uterine 
smooth muscle cells are functional under physiologic condi- 
tions and whether there are differences between, for example, 
laboring and nonlaboring tissues or pretenn and nonpregnant 
myometrium. Smooth muscle cells could contain many redun- 
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Figure 4. A) Simultaneous measurements of SR (top trace) and 
cytosolic (bottom trace) Ca and the effects ofcarbachol (100 µM, rat 
uterine cell). Reprinted with permission from Shmigol AV. Eisner 
DA, Wray S. Simultaneous measurements of changes in sarcopl. umic 
reticulum and cytosolic [Ca2+j in rat uterine smooth muscle cells. 
J Physiol Lond 2001; 531: 707-13. B) Inhiition of Ca-induced Ca 
release from the SR by ryanodine (50 µM, human myometrium). 
Note the lack of effect. Reprinted with permission from Kupittay- 
anant S. Luckas MJM, Wray S. EIl'ects of inhibiting the sarcopl. msmic 
reticulum on spontaneous and oxytocin-induced contractions of hu- 

man myometrium. BrJ Obstet Gynaecol 2002; 109: 289-96. 

dant signaling pathways that can be activated in the test tube, 
eg, in zero-Ca2+ solution, prolonged force production and cell 
extracts, but not under physiologic conditions. It is also im- 
portant that data are obtained on freshly isolated cells and 
tissues, to avoid the phenotypic changes that occur with cul- 
turing. This is particularly important because culturing leads to 
the disappearance of voltage-gated Ca2+ channels and over- 
expression of secretory pathways. 

The Intracellular Ca2+ Store 
If the uterus is placed in zero-Ca 2+ solution, then as previously 
mentioned, spontaneous activity is abolished. However, if an 
agonist such as oxytocin is added to the uterus, a small, 
transient increase in Ca2+ and force occurs 124 (Figure 3C). 
This demonstrates that there is an agonist-releasable intracel- 
lular Ca2+ store, the sarcoplasmic reticulum (SR). Calcium can 
be released by inositol trisphosphate (IP3) or calcium itself 
(Ca-induced Ca2+ release). IP3 levels increase when agonists 
bind to their G-coupled receptors and stimulate the hydrolysis 
of phosphatidylinositol. Thus it would seem reasonable to 

A: Agonist-induced SR Ca release. 
Carbachol 
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assume that the SR Ca2+ store contributes to agonist-induced 
contractions. Direct measurements of SR Ca2+ in the uterus 
have been made recently and showed that in the absence of 
extracellular Ca2+ entry, luminal Ca2+ decreases and cytosolic 
Ca2{' increases when agonists were applied (Figure 4A). 125 

IP3-induced Ca2+ release can be modulated through its 
receptor, by Ca2+ (providing a negative feedback mechanism), 
by calmodulin (decreasing Ca2+ release), by cyclic guanosine 
monophosphate via its kinase, and the IP3 receptor-associated 
cyclic guanosine monophosphate kinase substrate, which is 
found in uterus and other tissues126 and causes decreased 
release. In many excitable tissues, Ca2+ can also be released 
from the SR by Ca2+ itself, ie, Ca2+-induced Ca2+ release 
(CICR). In intact myometrium this process does not appear to 
operate, at least in a functionally discernable Way. 15"'27 Thus 
when CICR is blocked by ryanodine, spontaneous contrac- 
tions are not inhibited (Figure 413); indeed, contractility is 
actually increased (see next section for a possible explanation of 
this). In addition, ryanodine has no detrimental effect on the 
increase in [Caz+] seen in zero-Ca2+ solution, when agonists 
are applied to the uterus. 15 When ruthenium red was used 
as an inhibitor of ryanodine receptors, a reduction in contrac- 
tion of rat uterus was found. 128 However, no Ca2+ measure- 
ments were made, and ruthenium red has been shown to block 

a variety of channels, including voltage-gated Ca2+ chan- 
ne1s129-'3'; therefore, the inhibition of contraction could be 
due to decreased [Ca2+j. Thus no effect of CICR on IP3- 
induced Ca2+ release is found in intact myometrium. Further- 

more, caffeine, an agonist for CICR, failed to elicit either an 
increase in [Ca2+], or contraction in the myometrium. 132 This 
finding, however, may be due in part to the fact that, of the 
three types of ryanodine receptor, the one that is most highly 

expressed in the uterus, type 3, is most insensitive to caf- 
feine. 133 It appears that although the myometrium expresses 
ryanodine receptors, 

134,135 
a translation to functional effects via 

CICR is not present for any species studied so far (rat, human, 

and mouse), excluding studies on cultured cells. Subtle effects 
of ryanodine have been noted in single cells, 38 including 

sensitivity to caffeine in about 30% of cells. ' 33 Thus it is 

possible that CICR contributes to local Ca2+ signaling events 
rather than amplifies the global Ca2+ transients that trigger 
contraction. Highly localized CICR may not be apparent 
when recordings are made in multicellular preparations. 
Clearly further work using confocal microscopy and patch 
clamping combined would greatly increase our understanding 
of this important aspect of Ca2+ signaling in the 

rnyometrium. 
s' 

It is difficult to be quantitative about the role of the SR 

under physiologic conditions, ie, in the presence of external 
Cat+. This is because the function of SR Ca2+ release is more 
complex than simply being a source of Ca2+ for contraction; 
it affects excitability, which in turn has consequences for 
[Ca2+j;, Emptying of the SR could also affect Ca2+ entry, as 
discussed below. 
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Figure 5. The effect of K channel inhibition with tetracthylammo- 
nium (TEA, 5 mM) after emptying of the SR with cyclopiazonic acid 
(CPA) in human myometriuin. 

The SR and Uterine Excitability 
We have already discussed the contribution of uterine K+ 
channels to excitability. It has become apparent that Ca 2+ 

released from the SR can activate Ca-gated K+ channels, (KC, ) 
in several smooth muscles. The best model is that of vascular 
myocytes, where activation ofKc, channels has been shown to 
contribute to vascular tone. 135,137 The SR spontaneously re- 
leases Ca2+ to produce small local signals known as Ca2+ 
sparks. Ca2+ entry and CICR can also produce sparks. Spe- 
cifically, SR Ca2+ activates large conductance Kc, (BK) chan- 
nels thereby producing hyperpolarization and relaxation 
(Figure 2). In the uterus application of blockers of Kc, chan- 
nels leads to an increase in contractile activity, particularly the 
frequency and duration of contractions (Figure 5). 114. '15 This 
does not mean by itself that SR Ca2+ is the source of activating 
Ca 2+ for these channels. However, if the SR is inhibited with 
cyclopiazonic acid or thapsigargin inhibitors of the SR Ca 2+ 
ATPase (SERCA), then contractile activity is increased in a 
similar manner, ie, longer lasting and more frequent contrac- 
tions (see Figures 5 and 3B). Similar, but less extensive, 
changes occur with ryanodine, which will also empties the SIR, 
as seen in Figure 4B. 

Thus it appears in the myometrium that K,, contributes to 
excitability and hence contractile events. The SR will contrib- 
ute to the activation of Kc, via spontaneous release of Caa+; 
therefore, as inhibition of the SR augments contractility, then 
the normal role of the uterine SR must be to depress or limit 
contraction. Of course, this could be via Kc� although other 
mechanisms, such as Ca2+ channel inactivation, are also 
possible. 

As mentioned earlier, there are Cat+-activated Cl- (Clc, ) 
channels in smooth muscle, 138 including the uterus. 64 '6s Again 
the question arises whether SR Ca2+ release will activate these 
channels. Arnaudeau et al' showed that oxytocin can induce 

a Clc, current, suggesting that the SR may be a source of 
activating Cat+, but not ruling out Ca2+ entry. 

In nonexcitable tissues, emptying of the SR elicits Ca2+ 
entry, a process known as capacitative or store-operated Ca 2+ 

entry (Figure 2). The details of this mechanism are unclear, in 
particular, how the filling state of the SR is signaled to the 



260 J Soc Gynecol Investig Vol. 10, No. 5, July 2003 Wray et al 

membrane. 139"'40 Recently, evidence has been presented that 
this pathway may be present in smooth muscle cells'41 and that 
it may regulate contraction as well as refill the SR. To date 
there is no clear demonstration of such a mechanism in freshly 
isolated uterine cells or tissue. There is, however, evidence that 
transient receptor potential proteins, the putative capacitative 
Ca2+ channel subunits, are present in cultureda6, uz and im- 
mortalized'as. ua human myometrial cells, as well as freshly 
isolated cells. '44 It is expected that in the near future a clearer 
understanding of the importance of this mechanism to the 
uterus will be provided. 

Ca 2+ Uptake and SERCA 
The SR reaccumulates released Ca2+ via an ATPase, SERCA. 
The myometrium expresses SERCA 2a and 2b. 145 Tribe and 
coworkers' 14 reported that SERCA expression is increased in 
myometrium from women in labor compared with those at 
term but not in labor. We previously reported a greater func- 
tional importance of SERCA in pregnant compared with 
nonpregnant rats'n and showed that the Ca2+ transients relax 
more slowly when the SR is inhibited. 146 Thus this may be an 
important locus for modulating contraction and relaxation 
cycles in myometrium, and further investigations would be 

useful. Similarly, little is known concerning the SERCA reg- 
ulatory protein, phospholamban, in the uterus. 147 

Overall Role of the SR 
From the preceding discussion it is apparent that the SR can be 
both a source of Ca2+ as well as a modulator of uterine 
excitability. As will be discussed below, SR Ca 2+ uptake also 
influences the Ca2+ transient and relaxation. All these roles 
will modify Ca 2+ signaling and contraction. It is important to 
establish what the integrated function of the SR will be in 
intact tissues under physiologic conditions. From the results so 
far in intact tissue rather than single cells, we suggest that the 
effects on tissue excitability may be functionally more impor- 

tant that those of Ca2+ release to augment agonist contrac- 
tion. "s This role might be subject to physiologic regulation, 
particularly during development8' and pregnancy. The SR is 

reported to increase in extent with pregnancy, ' 4' but it is not 
clear whether this is above the general hypertrophy of the 
myocytes that is occurring. More importantly, it is not yet 
known whether there is an increase in the functional capacity 
of the SR; ie, does it store or release more Ca2+? 

Stretch and Extracellular Matrix 
Recent data suggest that Ca2+ and contraction pathways may 
be influenced by signaling events in the extracellular matrix 
and cell membrane stretch. Stretch-activated cation channels 
have been found in smooth muscles. 22,149 Kasai et also re- 
ported enhancement of uterine contractions with stretch, via 
Ca2+ influx. At the single cell level, Zou et a1149 demonstrated 

that significant amounts of Ca2+ can pass through the channels 
under physiologic conditions. It has been suggested that this 
Ca 2+ entry will trigger Ca2+ release from the SR. 151 How- 

ever, as discussed earlier, it is unclear whether ryanodine 

receptors are functionally coupled to Ca2+ release to any 
significant level in the uterus. If this Ca 2+ entry activated K,., 
channels, however, it could contribute to uterine quiescence. 
Thus it is not obvious whether stretch-activated Ca2+ entry 
will stimulate contraction or relaxation. Pragmatically it is the 
case that increased stretch in the myometrium, such as occurs 
in multifetal pregnancies and polyhydramnios, 152-iso acceler- 
ates delivery. Recent molecular studies have indicated that 
stretch may up-regulate connexin-43, oxytocin receptor, and 
c-fos gen expression '55,156; these changes are associated with 
the promotion or activation of contraction. 

The growth and stretch of the myometrium in pregnancy 
will require dynamic changes in both the smooth muscle cells 
and the extracellular matrix. It has been reported that focal 
adhesion, ie, clusters of integrins, are important in the uterus 
for sensing and transducing these mechanical signals. 157 As 
focal adhesion kinases underlie tyrosine phosphorylation in the 
myometrium, it is possible that changes in [Ca2+], are also 
involved in this pathway, but this remains to be determined. 

Ca2+ and Uterine Quiescence 
The focus of this review is Ca2+ and uterine contractility. It is 
important to finish by acknowledging the supreme importance 
of maintaining relative quiescence of the human myometrium 
for 9 months, compared to the 9 or so hours of activity in 
labor. Although investigators still search for a full understand- 
ing of how the uterus gradually changes its contractile state and 
initiates parturition, progress has been made on elucidating the 
mechanisms governing quiescence. The importance of these 
pathways to preventing preterm births cannot be overstated. it 
is beyond the scope of this paper to review all aspects of this 
topic (eg, gap junctions, receptor changes, and endocrine 
effects), but we will overview mechanisms involving Ca2+. 

Mention has already been made of how Ca2+ entry may be 

modified, eg, by phosphorylation of the L-type Ca 2+ channel. 
The ß subunit of the channel has several sites where modi6- 
cation by second messenger kinase can act. 158 This is one 
mechanism whereby the endocrine-agonist background can 
produce chronic alteration of the Ca 2+ signaling pathway. it is 
difficult to draw any firm conclusions about alterations of the 
biochemical components of contraction, but most, including 
MLCP, MLCK, myosin, actin, calponin, and calmodulin, ap- 
pear unaltered or increased in proportion to the hypertrophy 

occurring in the uterine myocytes. The situation with caldes- 
mon may be different66''59; it is significantly increased. As 
discussed above, thin filament-associated proteins might con- 
tribute to Ca-sensitization mechanisms. Cornwell et al15' pro- 
posed that redistribution of caldesmon and calponin may alter 
the tone or the cytoskeletal framework of the uterine myocytes 
to maintain quiescence. There is obviously a synergy between 

the Ca2+ desensitization mechanisms discussed (eg, PKC, 
PKA, CAM kinase 11, phosphorylation of MLCK and quies- 
cence). The possibility of modulating contraction of human 

myometrium via caldesmon deserves further investigation. Just 
as recent accounts of parturition refer to a cassette of prolabor 
genes being induced, 16° it might also be true that conception 



Calcium and Contractility J Soc Gynecol Investig Vol. 10, No. 5, July 2003 261 

turns on a set of quiescence genes that act to desensitize the 
uterus to the underlying, fundamental Ca2+ entry-contraction 
cycle. 

The recent increases in our understanding of Ca2+ signaling 
mechanisms within the myometrium are impressive. We are, 
however, still a considerable way from having a full account of 
the mechanisms involved, especially their control and modu- 
lation under physiologic conditions. There is an urgent need to 
put together the data gained from biochemical and molecular 
studies with that from physiologic and biophysical studies, in a 
way that allows a clear perspective to be gained. The prizes to 
be gained are high, both in terms of intellectual insight and 
clinical relevance. With input from new techniques, such as 
functional genomic studies and collaborations between scien- 
tists and clinicians, these prizes are attainable. 
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