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Preface

Over the last 50 years, there have been a series of books published on Smooth 
Muscle including Smooth Muscle (Bülbring et al. 1970); The Physiology of 
Smooth Muscle (Bülbring and Shuba 1976); Smooth Muscle: An Assessment 
of Current Knowledge (Bülbring et  al. 1981); Frontiers in Smooth Muscle 
Research (Sperelakis and Wood 1989) and Smooth Muscle Excitation (Bolton 
and Tomita 1996). The early books were reviews written by research scien-
tists that had an association with one of the pioneers of smooth muscle physi-
ology, Professor Edith Bülbring, and the Department of Pharmacology, 
Oxford University, while the latter two books arose after international gather-
ings that recognised the distinguished contributions to smooth muscle physi-
ology of Professor Emil Bolzer as well as the retirement of Professor Tadao 
Tomita.

Just as important, these books reflexed the application of the most up-to-
date technology to smooth muscle research. Smooth Muscle (1970) and The 
Physiology of Smooth Muscle (1976) reviewed existing knowledge of the 
structure and innervation of smooth muscle, the acceptance of membrane 
potential recordings with ‘sharp’ microelectrodes, the ionic basis of the action 
potential, the interpretation of electrical waveforms using cable analysis of 
syncytia and their pharmacological modification upon drug application or 
nerve stimulation. Smooth Muscle: An Assessment of Current Knowledge 
(1981) expanded this ultrastructural and electrophysiological knowledge into 
investigations into the mechanisms of calcium control and agonist modula-
tion of contraction. Frontiers in Smooth Muscle Research (1989) and Smooth 
Muscle Excitation (1996), arising from international meetings, tended to be 
more experimental rather than review in nature and somewhat broader in 
scope. Frontiers in Smooth Muscle Research (1989) focused more on the bio-
chemistry of smooth muscle, including the mechanisms of excitation-con-
traction coupling, energetics, biochemistry of contractile proteins, ion 
pumping and IP3 metabolism, while Smooth Muscle Excitation (1996) 
detailed the most recent findings upon the application of patch clamp technol-
ogy and the fluorescent imaging of calcium to unravel the role of calcium 
stores, their mechanisms of release and influence on contraction and the 
membrane ion channels underlying the electrical activity, as well as the rec-
ognition that cells other than smooth muscle cells may be driving spontane-
ous contraction.

Our book was conceived to again present more extensive reviews of the 
major smooth muscles currently under study: airways, phasic and tonic 
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 gastrointestinal muscles, upper and lower urinary tracts, various reproductive 
organs and vessels of the vasculature and lymphatics.

What is clear from the reviews herein is that there are very few smooth 
muscle syncytia that are in fact ‘homocellular’ and ‘myogenic’, as thought in 
the 1960s. Over the last 25 years, it has become evident that many smooth 
muscle organs contain syncytia that are ‘heterocellular’: smooth muscle and 
interstitial cells in the oviduct, prostate and urethra; the ‘SIP’ syncytium in 
the gastrointestinal tract; atypical/typical smooth muscle and interstitial cells 
in the renal pelvis; mucosa, interstitial and smooth muscle cells in the bladder 
and seminal vessels; endothelium and mural cells, i.e. vascular smooth mus-
cle cells and pericytes, in arteries, veins and the microvasculature. In addi-
tion, the basic mechanisms of Ca2+ mobilisation, voltage-dependent and 
independent Ca2+ entry, internal store uptake and release of Ca2+ and Ca2+ 
extrusion/exchange pumps are coupled together in tissue-specific manners. 
It’s the subtle variations in the combination of these mechanisms that are 
detailed in this book that establishes the unique functions of each smooth 
muscle organ.

This increase in complexity of cells present and their underlying mecha-
nisms of rhythmicity reveals numerous new areas of investigation to acceler-
ate our understanding of an individual smooth muscle’s function and 
dysfunction, as well as to identify clinically relevant targets for pharmaceuti-
cal intervention. At present, there are numerous exciting gene-based tech-
niques that are beginning to be applied to smooth muscle research, such as 
cell-specific expression of fluorescent marker proteins and the in situ visuali-
sation and manipulation of cells, contraction or calcium using optogenetic 
techniques. Further transcriptome analyses of the molecular phenotype of the 
cells in particular smooth muscle organs will allow increasingly more cell-
specific identification and mutation/knockin of channels or proteins using 
Cre-Lox genetic technology, even the time-determined in situ excitation/inhi-
bition of particular cells with synthetic receptors that can be activated by 
unique ligands not found anywhere in the smooth muscle organ. All of these 
techniques will permit more sophisticated in situ investigations in animal 
models with engineered smooth muscle pathologies relevant to the human 
condition. This volume of reviews includes current knowledge obtained from 
the few early adopters of these genetic techniques based on their ‘pre-genetic’ 
investigations. It is hoped that the other reviews herein will also inform future 
research into the physiology and pathology of other spontaneously active 
smooth muscles.

Nagoya, Aichi, Japan Hikaru Hashitani 
Melbourne, VIC, Australia 
September 2018 

Richard J. Lang 

Preface
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The gastrointestinal (GI) tract displays various motility patterns, in the form 
of wiggling, expansion or constriction, and thus their contractile behaviour is 
in marked contrast with the heart which develops highly-coordinated, rhyth-
mic beating. Textbooks of physiology describe the contractile activity of the 
GI tract as peristalsis that can be further divided into several patterns such as 
pendulous, propulsive or segmenting movements. These GI tract movements 
have been considered myogenic in origin, i.e., arising from the smooth mus-
cle wall. Pacemaker cells that drive the spontaneous contractile activity 
appear to be distributed within the musculature, either scattered or forming a 
network, since similar contractile activity can be seen in different segments of 
the GI tract. The complex movements in segments of the GI tract are really 
mysterious and have attracted the interest of many smooth muscle research-
ers. Such spontaneous movements can also be seen in other smooth muscle 
tissues, such as those in the urinary tract, genital or vascular systems. 
However, the origin and cellular mechanisms, and sometimes even their pre-
cise physiological function, have yet to be elucidated.

Professor Edith Bülbring at University Oxford, one of the pioneers of 
smooth muscle research, was fascinated by the spontaneous rhythmic activity 
in smooth muscle tissues. Her achievements in understanding the mecha-
nisms underlying spontaneous activity in smooth muscle tissues were remem-
bered, together with the summary of the physiological and pharmacological 
properties of smooth muscles, in a book titled “Smooth Muscle”, which was 
written together with her students, A.F. Brading, A.W. Jones and T. Tomita 
nearly 50 years ago [1]. Initially, the generation of spontaneous activity in 
smooth muscle tissues was considered to be tightly linked with cellular 
metabolism, since the activity was highly sensitive to the temperature. As 
lowering the temperature slows or prevents spontaneous movements, the met-
abolic changes in the smooth muscle cells were thought to modulate ionic 
mechanisms such as action potentials or slow potential changes (slow waves) 
that underlie muscle contractions [2]. The ‘metabolic theory’ was more 
clearly interpreted by Golenhofen [3] as follows; ‘the metabolic changes 
occurred within smooth muscle cells (basic activity) elicit mechanical activ-
ity termed “minute rhythm” in smooth muscle tissues, by generating mem-
brane electrical activity, and in physiological conditions the “minute rhythm” 
is further modulated by neuronal and humoral factors such as autonomic 
nerves or hormones’.

Introduction
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The electrical events generated in the cell membrane, in association with 
the spontaneous movement of smooth muscle tissues, are either in the form 
of action potentials or slow waves. They were considered to be myogenic in 
origin, since the spontaneous activity could be modulated but not prevented, 
by chemicals which block the actions of any neural influences. Putative pace-
maker cells were thought to distribute within the smooth muscle tissues rather 
heterogeneously, since spontaneously electrical activity varied in their form 
and properties in a region dependent manner [4, 5]. Many attempts had been 
made to identify the localization of pacemaker cells. One of the most remark-
able experiments was carried out in the isolated dog intestine, in which the 
pacemaker cells were predominantly distributed in the myenteric layers [6]. 
Thus, in the obliquely cut edge of the intestinal wall, the largest electrical 
activity of smooth muscle cells was recorded in the region between the circu-
lar and longitudinal smooth muscle layers.

The notion that specialised smooth muscle cells, i.e. pacemaker cells, are 
distributed within the musculature and generate spontaneous electrical activ-
ity that passively propagates to neighbouring smooth muscle cells to depolar-
ize their membranes, is not astounding. In the heart, it was clearly demonstrated 
that pacemaker cells within the sino-atrial node generate pacemaker poten-
tials that spread along specialized conducting muscle bundles to drive cardiac 
muscle cells in the cardiac chambers [7]. Thus, prior to the book “Smooth 
Muscle”, it appears that studies of pacemaker mechanisms in smooth muscle 
were interpreted using the existing knowledge of cardiac pacemaking mecha-
nisms, presumably due to the difficulty in the precise analysis of the electro-
physiological properties of smooth muscle cells [1].

An important turning point in the research of smooth muscle rhythmicity 
is the discovery of the intestinal motility disorders observed in c-kit signaling 
deficient mice or W/Wv mutant mice [8]. Dr. H.  Maeda (Kumamoto 
University) and his colleagues originally aimed to develop animal models 
that were devoid of mast cells to facilitate the understandings of their role in 
immune protective mechanisms. They generated c-kit deficient mice using 
c-kit antibodies since mast cells require the expression of c-kit gene encoding 
tyrosine kinase at the cell membrane for their growth and maturation. Thus, 
the occurrence of intestinal motility disorders in these c-kit deficient or 
mutant mice was a rather accidental and fortuitous finding. Professor K. Nishi 
at the Pharmacology Department of Kumamoto University immediately rec-
ognized the importance of Maeda’s finding, and started to investigate what 
was happening in these c-kit deficient or mutant mice (K.  Nishi, personal 
communication). Professors K.M. Sanders (University of Nevada at Reno) 
and J.D. Huizinga (McMaster University) further advanced the research on 
the mutant mice, and found that the diseased intestine had a lack of a popula-
tion of cells called interstitial cells of Cajal (ICC) within the GI tract wall. 
Eventually, it has been established that these cells might be the pacemaker 
cells driving the spontaneous GI motility [9].

Ten years before the discovery of the c-kit deficient or mutant mouse, the 
fundamental roles of ICC in generating spontaneous activity of the GI smooth 
muscle had already been proposed by L. Thuneberg in 1982 [10], based on 
the distribution and morphological characteristics of these cells. He found 
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that interstitial cells distributed at the myenteric layer of intestine were rich in 
mitochondria and were connected with each other as well as neighbouring 
smooth muscle cells via gap junctions. It has already been known that the 
spontaneous activity of excised GI smooth muscle tissues is maintained for 
several hours if they are placed in a balanced oxygenated physiological salt 
solution kept at an adequate temperature. It was therefore reasonable to 
assume the importance of mitochondria as a source of energy supply in main-
taining the spontaneous activity, while gap junctional connections would 
allow propagation of electrical activity generated in ICC to the smooth mus-
cles cells. This unique proposal by the anatomist, however, was not recog-
nized for a decade by the majority of smooth muscle researchers. Using 
methylene blue staining, the distribution of these mitochondria-rich cells in 
the gut wall was originally described by the Spanish anatomist S.R. Cajal, as 
being unidentified cells, either primitive nerves or interstitial cells (Historic 
background of ICC is reviewed in detail by Komuro et al. [11]).

The symposium on smooth muscle, organized by Professors T.B. Bolton 
(University College London) and T. Tomita (Nagoya University) took place 
in April 1995 at Nagoya, Japan, shortly after the joint meeting between the 
72nd Physiological Society of Japan and Physiological Societies of Great 
Britain and Eire held at Nagoya University. These two organizers were well- 
known researchers of smooth muscle, and the presentations were summa-
rized in a book “Smooth Muscle Excitation” [12]. The symposium had two 
stages, the 1st stage held in Nagoya for a couple of days was formal in style, 
while the 2nd stage was held on the Izu peninsula, again for two days, in a 
rather informal style, after an enjoyable bus trip. An important aspect of the 
symposium, especially in the 2nd stage, was the invitation of young students 
to the meeting. The idea for having the symposium in such a unique style, 
mixing young students and established researchers together was proposed by 
Professor T. Tomita. Smooth muscle research is often tough, largely due to 
the technical difficulties involved, so that the collection of data is excruciat-
ingly slow. Thus, smooth muscle research has not been particularly attractive 
to young students. Professor T. Tomita aimed to encourage young students to 
understand that smooth muscle is not just a “headache muscle”, rather it is a 
very interesting frontier.

In this symposium, Professors K.M. Sanders and J.D. Huizinga introduced 
the role of ICC in the spontaneous activity of the GI smooth muscle tissues 
[13, 14]. Although the role of ICC as the pacemaker of spontaneous activity 
of gut had already been published [9, 15], their presentations and notions 
were novel to many of the smooth muscle researchers present. In the poster 
presentation at Nagoya, the interpretation of the structural characteristics of 
ICC was described by Professor L. Thuneberg. It was the first time that I met 
him, and I found immediately that he was a really serious scholar who quietly 
presented his fundamental findings.

Nevertheless, at that time, I had some doubts as to the idea that ICC are the 
pacemaker cells in intestinal smooth muscle tissues. To that point, electrical 
activity had only been recorded in the smooth muscle cells of the intestine 
and there had been no demonstrations of propagation of electrical signals 
between ICC and the muscle layer. My doubts were clearly dissolved by the 
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elegant experiments carried out by Professor G.D.S.  Hirst (Melbourne 
University), who successfully identified electrical activity in both ICC and 
smooth muscle cells using dye- injection during their recordings. The ‘driving 
potential’ (also known as pacemaker potential) generated in ICC had very 
steep upstroke followed by long plateau component, a time course completely 
different from the slow wave recorded in smooth muscle cells. Simultaneous 
recordings of the spontaneous electrical activity in both ICC and neighbour-
ing smooth muscle cells indicated that these two types of cells were electri-
cally coupled, and that the driving potential invariably preceded slow wave 
[16]. These results clearly showed that slow waves recorded from smooth 
muscle cells were formed upon electrotonic spread of depolarizing potentials 
generated in ICC.

There are several subtypes of ICC distributed in the GI wall, and some of 
them are directly innervated by myenteric or autonomic nerves [11, 17]. 
These histological and ultrastructural characteristics of ICC and their neigh-
bouring smooth muscle cells may facilitate further interpretation of their 
function and how they influence the electrical and mechanical properties of 
the various regions of the GI tract [1].

A group of researchers, who were interested in the properties of ICC held 
the 1st International Symposium on Interstitial Cells of Cajal (ICC) in Lorne, 
Australia, in December 2002 (organized by G.D.S. Hirst). Although sponta-
neous movements had been known in many types of smooth muscle tissues, 
the symposium mainly focused on the ICC in GI tract, since the pacemaking 
role of ICC was recognized only in GI muscles at that time. There were 11 
speakers in the symposium, and all the topics were related on the properties 
of GI smooth muscles. Since then, similar symposia had been held every year. 
The initial 2 symposia included papers related exclusively to ICC in GI mus-
cles. However, later symposia contained papers relating to a variety of smooth 
muscle tissues. At the 5th International Symposium on ICC, held in August 
2007 at County Monaghan, Ireland (organizer: Professor Noel McHale at the 
Dundalk Institute of Technology), the papers presented included topics on the 
urinary tract (renal pelvis, urinary bladder, urethra), arteries, corpus caverno-
sum, biliary tract and uterus, in addition to ICC in GI tissues. The 6th 
International Symposium on ICC, held in February 2010 at Miyazaki, Japan 
(organizer H. Suzuki) covered even wider topics relating to ICC, such as their 
histological and histochemical characteristics, as well as pacemaker cells dif-
ferent from ICC, neural regulation of the activities of pacemaker cells, intra-
cellular mechanisms for generating automatic activity in pacemaker cells, 
and ion channels contributing the generation of pacemaker activity.

Thus, spontaneous activity is observed in many types of smooth muscle 
tissues, and this book covers the properties of smooth muscle cells in the GI 
tract, urinary tract (bladder, urethra, renal pelvis, ureter), reproductive system 
(oviduct, uterus, prostate, seminal vesicle, cavernosal tissue), airways as well 
as blood and lymphatic vessels. Intrinsic activity is produced by ICC distrib-
uted in smooth muscles of the GI tract, while ‘similar-looking’ interstitial 
cells distributed in smooth muscles of the uro-genital organs may have other 
roles. In GI smooth muscle tissues, ICC are histochemically characterised by 
their expression of c-kit protein at the membrane [11]. However, similar 
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expression occurs in other types of cells such as mast cells, so that the tandem 
expression of other markers such as vimentin and anoctamin-1 (Ano1 or 
TMEM 16A) have been developed to more specifically identify ICC [11]. 
Thus, the presence of cells immuno-positive to these markers has been used 
to suggest that these cells are pacemakers in a number of smooth muscle 
organs. However, these suggestions appear somewhat premature. For exam-
ple, in the upper urinary tract c-kit negative interstitial cells display rhythmic 
activity which modulates pacemaker activity generated by atypical smooth 
muscle cells [18] (Chap. 3). Uterine smooth muscle tissue is rather unique, 
although this tissue has a distribution of c-kit positive interstitial cells that are 
not rhythmically active. Their role has yet to be determined, but it has been 
suggested that they act as transducers of electrical signals between different 
regions of smooth muscle cells [19] and that some of the smooth muscles 
themselves act as the organ’s pacemaker (Chap. 10). Interestingly, the 
involvement of ICC in the sphincter muscles of the GI tract, and their impor-
tant role in maintaining the sustained contractions of these smooth muscles 
have been established (Chap. 2). Sustained contraction of smooth muscle 
cells is also known in the corpus cavernosum to maintain the penis in an flac-
cid condition, but in this case with there no involvement of ICC-like cells 
(Chap. 7). Thus, there seem to be a large divergence in the role of ICC or 
ICC-like cells in smooth muscle tissues, again highlighting that tissue- 
specificity is a significant feature of smooth muscle organs and that the results 
obtained in intestinal muscles are not always applicable to other smooth mus-
cle tissues. These variations might be one of the characteristic features of 
smooth muscle tissue so that detailed analysis of individual tissues is required 
before a comprehensive understanding of their pacemaker mechanisms is 
obtained.

Associated with the confirmation of the histological properties of pace-
maker cells in individual smooth muscle tissues, the cellular mechanism of 
the generation of pacemaker potential has also been given attention. Again, 
an understanding of the mechanisms in GI ICC is further advanced compared 
to pacemaker mechanisms in other types of smooth muscle tissue. Tokutomi 
et al. [20] first showed the possible involvement of Ca2+-sensitive Cl− current 
in the generation of pacemaker potentials in intestinal ICC.  However, the 
contribution of Cl−-current was not initially accepted, because it was rather 
difficult to explain the data obtained in experiments using large tissue seg-
ments. The spontaneous electrical activity of smooth muscle in the guinea- 
pig stomach, for example, remained unaltered, or only slightly reduced, in 
solutions containing lowered Cl− concentrations [4, 5]. In hindsight, it is now 
understood that the interpretation of experimental results using solutions with 
modified ionic compositions is difficult, due to the involvement of unex-
pected non-specific actions of the substitutions on the smooth muscle cells 
and/or ICC.

It is generally known that simplification of systems will facilitate the 
understanding of their mechanisms and experiments using single cells, or 
sometimes a piece of cell membrane, have been used extensively in the last 
30 years, to study pacemaking mechanisms in smooth muscle and their pace-
maker cells. Techniques developed also include the measurement of Ca2+ 
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dynamics in cells and their intracellular compartments such as sarcoplasmic 
reticulum or mitochondria, the activity of single ion channels distributed in 
the membranes of cell wall or cell organelles, structural modulation of ion 
channels by changing the sequence of amino acids of channel proteins, dou-
ble staining of targeted cells with several protein specific antibodies, and 
more recently the transgenic modulation or identification of particular cell 
types. The analysis of the function of pacemaker cells using many of these 
“new” techniques will be found in chapters included in this book.

In isolated gastric muscle tissues of the guinea-pig, the co-ordination 
between an elevation of intracellular Ca2+ concentration in ICC and the gen-
eration of a pacemaker potential in ICC was clearly shown by Hirst et al. [21]. 
Possible involvement of inositol trisphosphate (IP3) in the initial steps of the 
generation of pacemaker potential was also suggested in the stomach, where 
gastric muscles isolated from IP3-receptor knock-out mice did not display 
slow waves [22]. It was speculated that the periodical production of IP3 trig-
gers the release of tiny packets of Ca2+ from the internal stores, and this local 
elevation of intracellular Ca2+ activates Cl− channels to elicit a transient depo-
larization of the membrane, called unitary potentials [16], or spontaneous 
transient depolarizations (STDs) as observed in lymphatic tissues [23]. When 
the amplitude of summed STDs or unitary potentials exceeds the threshold 
level for the activation of T-type Ca2+ channels, a driving (or pacemaker) 
potential is generated in ICC. These processes were proposed over 15 years 
ago [24], and although additional data may be required for a fuller interpreta-
tion of the ICC pacemaker mechanisms of ICC, this initial observation still 
seems to be relevant in the understanding of spontaneous electrical activity in 
intestinal smooth muscle tissues. Of course, now the mechanisms of the 
spontaneous movements of smooth muscle tissues is being examined in more 
detail at sub-cellular levels which are also described in some chapters in this 
book. The authors of each chapter of this book are all well-established 
researchers in their field and leading experts in the function of the smooth 
muscle tissue/organs they study.

Our understandings on the cellular mechanism of spontaneous movements 
in smooth muscle tissues has thus greatly improved since the discovery of the 
pivotal role of ICC as the pacemaker cells in the GI tract. Readers of this 
book, however, will also find that ICC have multiple roles, such as pathways 
of low resistance conduction between ICC themselves and neighbouring 
smooth muscle cells, intermediaries of neural signals from myenteric or auto-
nomic nerves to smooth muscle cells, or acting as mechanical sensors of 
stretch in the GI wall. In other smooth muscle tissues such as urogenital 
organs, lymphatic vessels or reproductive organs, it is less likely that groups 
of cells having histological or histochemical similarities to ICC are undertak-
ing a pacemaker role driving spontaneous contractile activity. Moreover, it 
remains to be determined whether these cells have roles other than pacemak-
ing, as do ICC in the GI tract. Many smooth muscle tissues distributed in 
urogenital organs are known to be sensitive to factors such as hormones, 
while their intrinsic activity also changes depending on their physiological 
conditions. One typical examples can be found in uterine smooth muscle, 
where the spontaneous irregular activity of the smooth muscle wall in 
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 non- pregnant rats is changed to a periodical generation of burst of spikes dur-
ing pregnancy [25]. Most smooth muscle tissues also change their spontane-
ous activity in response to the hormonal and humoral conditions, and it 
remains unclear whether these changes include their pacemaker cells directly 
or  indirectly through the change in the properties of their smooth muscle 
cells. Thus, there are a lot of questions to be solved, and I presume many of 
them will be clarified soon. I am confident that the contents of this book will 
greatly advance the understanding of smooth muscle function and encourage 
further analysis of the remaining mysteries underlying smooth muscle 
rhythmicity.
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Spontaneous Electrical Activity 
and Rhythmicity 
in Gastrointestinal Smooth 
Muscles

Kenton M. Sanders

Abstract
The gastrointestinal (GI) tract has multifold 
tasks of ingesting, processing, and assimilat-
ing nutrients and disposing of wastes at appro-
priate times. These tasks are facilitated by 
several stereotypical motor patterns that build 
upon the intrinsic rhythmicity of the smooth 
muscles that generate phasic contractions in 
many regions of the gut. Phasic contractions 
result from a cyclical depolarization/repolar-
ization cycle, known as electrical slow waves, 
which result from intrinsic pacemaker activ-
ity. Interstitial cells of Cajal (ICC) are electri-
cally coupled to smooth muscle cells (SMCs) 
and generate and propagate pacemaker activ-
ity and slow waves. The mechanism of slow 
waves is dependent upon specialized conduc-
tances expressed by pacemaker ICC. The pri-
mary conductances responsible for slow 
waves in mice are Ano1, Ca2+-activated Cl− 
channels (CaCCs), and CaV3.2, T-type, 
voltage- dependent Ca2+ channels. Release of 
Ca2+ from intracellular stores in ICC appears 
to be the initiator of pacemaker depolariza-
tions, activation of T-type current provides 
voltage-dependent Ca2+ entry into ICC, as 
slow waves propagate through ICC networks, 

and Ca2+-induced Ca2+ release and activation 
of Ano1 in ICC amplifies slow wave depolar-
izations. Slow waves conduct to coupled 
SMCs, and depolarization elicited by these 
events enhances the open-probability of 
L-type voltage-dependent Ca2+ channels, pro-
motes Ca2+ entry, and initiates contraction. 
Phasic contractions timed by the occurrence 
of slow waves provide the basis for motility 
patterns such as gastric peristalsis and seg-
mentation. This chapter discusses the proper-
ties of ICC and proposed mechanism of 
electrical rhythmicity in GI muscles.

Keywords
Interstitial cells of Cajal · Pacemaker · Ca2+ 
transient · Slow wave · SIP syncytium · 
ANO1 channels · T-type Ca2+ channels · 
Electrophysiology · Gastrointestinal motility

1.1  Introduction

GI smooth muscles are complex tissues com-
posed of multiple cell types. Smooth muscle cells 
(SMCs) provide the motor responsible for force 
development and movement of nutrients and 
waste products, but at least two additional types 
of cells, known as interstitial cells, are electri-
cally coupled to SMCs and provide moment-to- 
moment modulation of SMC excitability. 
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Together with SMCs, interstitial cells of Cajal 
(ICC) and platelet-derived growth factor receptor 
α positive (PDGFRα+) cells form a multicellular 
syncytium known as the SMC, ICC, and 
PDGFRα+ cell (SIP) syncytium [1]. SIP cells 
each express intrinsic electrophysiological mech-
anisms and a variety of receptors for neurotrans-
mitters, hormones, paracrine substances, and 
inflammatory mediators. SIP cells are innervated 
by enteric motor neurons and receive and trans-
duce neurotransmitter signals. The integrated 
output of the SIP syncytium sets the moment-to- 
moment excitability of SMCs [2]. The contractile 
behavior in most smooth muscle regions of the 
GI tract is phasic in nature, consisting of a rhyth-
mic contraction-relaxation cycle. Phasic contrac-
tions are the basis for the major motility patterns 
of the GI tract, such as segmentation and peristal-
sis, and the phasic nature of contractions is intrin-

sic to the muscle tissues. Phasic contractions of 
smooth muscle cells (SMCs) are driven by elec-
trical slow waves, which are generated by ICC 
[3–5]. There are several types of ICC present in 
the GI tracts of mammals and humans. Common 
nomenclature used to identify the different 
classes of ICC and categorize their functions is 
provided in Table 1.1.

ICC are organized into networks in the pace-
maker regions of the GI tract. Once a slow wave 
is generated, it regenerates cell to cell, propagat-
ing actively through the ICC network. Slow 
waves conduct passively into SMCs, because 
SMCs do not express the unique conductances 
that contribute to slow waves and therefore have 
no means for their regeneration (i.e., depolariza-
tion of a SMC does not produce a slow wave-like 
event). Depolarization of SMCs by slow waves 
enhances the open-probability of L-type voltage- 

Table 1.1 Nomenclature for ICC in the GI tract

Anatomical location
Common 
name Organ distribution Functions

Plane of the myenteric plexus 
between circular and longitudinal 
muscle layers

ICC-MYa STM, SI, CLN Pacemaker activity, innervated by motor 
neurons in CLN

Intramuscular localization, within 
muscle bundles and in close contact 
with varicose processes of enteric 
motor neurons

ICC-IMb ESG (smooth 
muscle portion), 
STM, SI, CLN

Express receptors for and provide 
transduction for neurotransmitters released 
by enteric motor neurons; mediators of 
responses to stretch

Intramuscular-type ICC within 
plane of the deep muscular plexus in 
small intestine

ICC- 
DMPc

SI Express receptors for and provide 
transduction for neurotransmitters released 
by enteric motor neurons

Submucosal border of circular 
muscle layer

ICC-SM CLN, STM Pacemaker activity in CLN; limited number 
of cells in STM and function of STM cells 
unknown

Serosal surface of longitudinal 
muscle layer

ICC-SS CLN Unknown function at present time

Septal spaces between muscle 
bundles in larger animals

ICC-SEP STM, SI, CLN Appear to be extensions of ICC-MY or 
ICC-SM networks and actively propagate 
slow waves in thicker GI muscles of large 
mammals and humans

Organ abbreviations: Esophagus (ESG); stomach (STM); small intestine (SI); colon (CLN)
aAlso referred to as ICC-MP by some authors, but this is misleading because these cells do not penetrate and are not part 
of the myenteric plexus. They are distributed around the ganglia and tertiary plexus
bSome authors have broken this term down to specify in which muscle layer the cells are found (e.g., ICC-CM for cells 
in the circular muscle layer and ICC-LM for cells in the longitudinal muscle layer). Since no functional differences have 
been reported for the cells in these different locations, the term ICC-IM is used throughout this chapter
cICC-DMP are most likely the ICC-IM of the small intestine. They show a distinctive localization in laboratory animals 
and have received considerable experimental attention, so they are designated separately. Larger animals tend to have 
ICC-IM distributed through the circular muscle layer, as observed in the stomach and colon of laboratory animals.
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dependent Ca2+ channels that are ubiquitously 
expressed in GI SMCs. In some SMCs of the 
small bowel and colon activation of L-type Ca2+ 
channels results in generation of Ca2+ action 
potentials, which are superimposed upon the 
peaks of slow waves. In the stomach slow waves 
depolarize SMCs but action potentials are not 
typically generated. In either case Ca2+ entry into 
SMCs initiates contraction (excitation- 
contraction coupling), and in both cases the slow 
wave depolarization/repolarization cycle deter-
mines the period of enhanced open probability of 
L-type Ca2+ channels in SMCs (contraction) and 
the period of time in which Ca2+ channel open 
probability is low (relaxation). This chapter dis-
cusses the characteristics of slow waves in GI 
muscles, the apparatus required for slow waves, 
the mechanism of slow wave generation and 
propagation, and how nerves and other factors 
influence cells of the SIP syncytium to increase 
or decrease the gain for excitation-contraction 
coupling. It should also be noted that in some 
regions of the GI tract, such as the internal anal 
sphincter [6], slow waves occur at sufficient fre-
quencies to cause summation of cytoplasmic Ca2+ 
and tonic contraction (similar to a partial teta-
nus), but this topic is covered in another chapter.

1.2  Nature of Electrical 
Rhythmicity in GI Smooth 
Muscles

Contractile rhythmicity in GI organs was likely 
recognized as soon as the abdomens of freshly 
killed animals were sliced open. Gut motility per-
sists for various periods of time after the death of 
an animal because it is not driven by circulating 
factors in blood or by neural input from the cen-
tral or enteric nervous systems. The basic motil-
ity patterns are intrinsic to the cells and tissues of 
the tunica muscularis, and cells of the SIP syncy-
tium appear to be rather resistant to the hypoxia 
that rapidly kills the heart and brain. Placing 
metal electrodes on organs of the gut allowed 
electrical recording of gut activity nearly 
100  years ago [7, 8], but it is likely that these 
recordings were heavily contaminated by move-

ments. At the time of the initial recordings the 
electrophysiological basis for muscle contraction 
was unknown, and it was not possible to block 
movements independently of upstream mecha-
nisms. Therefore, we have no way of knowing 
whether the first electrical recordings of GI mus-
cle activity contained electrophysiological infor-
mation (i.e., events based on changes in 
transmembrane potentials in cells within the 
muscles or organs) or were “biopotentials” result-
ing from muscle movements [9]. Better tech-
niques developed with time, such as sucrose gap, 
which was a means of obtaining pseudo- 
transmembrane potential recording,  provided 
valuable information about the waveforms of 
electrical slow waves in the gut [10, 11]. Voltage- 
clamping of GI muscle strips was attempted with 
sucrose gaps, and several ideas about the mecha-
nism of slow waves were developed based on 
these experiments [12, 13]. However, true 
voltage- control (and space clamp) of the many 
electrically coupled cells in the SIP syncytium 
may have been difficult to accomplish with this 
approach.

Eventually cell impalement techniques were 
adopted to directly measure transmembrane poten-
tial in a dynamic manner [14–17]. Small SMCs are 
difficult to impale, and impalements of cells among 
moving muscle cells are difficult to maintain, but 
this technique provided, and still provides, the most 
accurate means of measuring resting membrane 
potentials, slow waves, and action potentials in 
intact muscles (Fig.  1.1). Microelectrode studies 
allowed investigators to better understand the ionic 
mechanisms that cause slow waves, the responses 
to neurotransmitters, and the effects of bioactive 
compounds. Information obtained from these 
recordings is dependent upon many voltage- and 
non-voltage- dependent and receptor-operated ion 
channels expressed in cells of the SIP syncytium 
[18]. It remains technically difficult to voltage-
clamp intact GI muscles, except perhaps with small 
bundles of cells, as used by David Hirst and col-
laborators in many studies of smooth muscle tis-
sues [19–21]. It should be reemphasized that GI 
muscles are syncytial in nature, and the complete 
syncytium (SIP syncytium) contains SMCs, ICC, 
and PDGFRα+ cells [1]. Thus, intracellular record-

1 Spontaneous Electrical Activity and Rhythmicity in Gastrointestinal Smooth Muscles
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ing from a single cell within the SIP  syncytium is 
complex and contains membrane potential infor-
mation not only from the impaled cell but also from 
electrically coupled cells. The complexity of the 
SIP syncytium was unknown to investigators dur-
ing the early use of both sucrose gap and intracel-

lular microelectrode recording, and several 
behaviors believed to be intrinsic to SMCs are  
now known to originate in cells other than SMCs 
(e.g., slow waves, fast (purinergic) inhibitory junc-
tion potentials, cholinergic excitatory junction 
 potentials (EJPs); see [4, 5, 22, 23]).

HUMAN

A. Gastric antrum

B. Small intestine

C. Colon

MURINE CANINE

-30

mV

mV

-55

10 s10 s 1 s

1 min

20 s

-80

-70

0

mV

0

Fig. 1.1 Electrical activity recorded from stomach, small 
bowel, and colon of three species. Recordings were made 
with intracellular microelectrodes from the circular muscle 
layers of isolated strips of muscle from the antrum, ileum 
or jejunum and proximal colon. The major features of elec-
trical activity that vary in waveform in different regions of 
the GI tract and in different species are displayed. From a 
relatively stable membrane potential between slow waves 
(resting membrane potential), a sharp upstroke depolariza-
tion occurs when a propagating slow wave reaches the 
point of recording. The upstroke typically repolarizes 
quickly to a pseudo-stable plateau potential that can last 
for several seconds before repolarization to the resting 

potential. Resting potentials vary, making it necessary for 
slow waves in different regions to depend upon different 
voltage-dependent Ca2+ channels to carry the main current 
during the upstroke (see text for details). The plateau 
potential depends upon sustained activation of Ano1 chan-
nels that are activated by Ca2+ release events in the ER of 
ICC.  In some regions slow waves initiate Ca2+ action 
potentials in SMCs. These are initiated in the small bowel 
and colon when the depolarization reaches about −40 mV 
(dotted lines in each panel). Ca2+ action potentials are 
superimposed upon the slow wave plateau phase. Slow 
waves with or without superimposed action potentials gen-
erate phasic contractions. Copied with permission from [2]

K. M. Sanders
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1.2.1  Terminology Used 
for Rhythmic Electrical 
Potentials in GI Muscles

Electrical rhythmicity in GI muscles has been 
given many terms throughout the history of elec-
trical recording, including pacesetter potentials 
[24], pacemaker potentials [25], electrical control 
activity [15, 26], basic electrical rhythm (BER) 
[27], slow waves [28], and action potentials [16, 
29]. Recognizing the syncytial connectivity 
between SMCs and ICC, David Hirst and cowork-
ers developed even more specific terminology, 
with different terms applied to slow waves 
recorded from different cell types [30–32]. For 
example, events recorded from SMCs of the cir-
cular muscle of the guinea pig antrum were called 
slow waves, events recorded from ICC in prox-
imity to myenteric plexus (ICC-MY) were 
referred to as driving potentials, and those 
recorded from the longitudinal muscle were 
called follower potentials. Use of specific terms 
to distinguish events in different cells may be 
more precise, because depolarization of SMCs 
activates local voltage-dependent conductances 
that sculpt waveforms into voltage transients 
with unique profiles. However, since all of these 
events originate from a common source in a given 
tissue [2, 3, 5, 33–35], we prefer to use the term 
slow waves because this is the common term used 
in the modern literature.

1.2.2  Waveform Features 
of Electrical Slow Waves

Slow waves have two basic components that have 
been given various descriptive terms by different 
authors, and the two components have been 
attributed to a variety of mechanisms. This review 
will focus mainly on recent information and not 
address the many mechanisms proposed in older 
studies or in older reviews [12, 36, 37]. In Tadao 
Tomita’s concept, the first component of the slow 
wave was the driving potential that propagates 
through the tissue. The second component was 
called the regenerative potential and was thought 
to be initiated locally by the depolarization 

caused by the driving potential. The second com-
ponent was later thought to result from activation 
of conductances in intramuscular interstitial ICC 
(ICC-IM) [33, 38]. In Joseph Szurszewski’s con-
cept, the first and second components were 
termed the upstroke depolarization and plateau 
potential, respectively. These events have now 
been attributed to specific conductances 
expressed by ICC and will be described in greater 
detail later in this review.

Slow waves occur without inputs from nerves, 
hormones, or paracrine substances in GI muscles, 
and therefore these muscles are referred to as 
autonomous and slow waves as myogenic. Slow 
waves occur for many hours in vitro and persist 
in isolated muscles for many days in organotypic 
cultures [39]. The slow wave cycle typically con-
tains a period of relatively stable resting potential 
(aka diastolic period or period of most negative 
membrane potential), although a gradual, inter- 
slow wave depolarization is observed in some 
intracellular electrical recordings. In most cases 
recordings from cells in intact muscle strips rep-
resent propagating slow waves, so there is only a 
brief exponential foot before development of the 
upstroke potential [16]. When recordings are 
made from impalements of SMCs the upstroke 
potential occurs at a maximum of about 1  V/s, 
but in many regions of muscle the upstroke veloc-
ity of slow waves in SMCs is only about 
100  mV/s. The upstroke depolarization is tran-
sient, and after reaching a peak, partial repolar-
ization occurs before a pseudo-stable state known 
as the plateau phase is reached [16]. The plateau 
phase can last from a second to many seconds 
depending upon the region of the GI tract and 
species [36]. Membrane potential eventually 
escapes from the plateau phase, and repolariza-
tion causes restoration of the resting potential, 
thus completing the cycle. Slow wave frequency 
varies from up to 80 cycles per minute, in phasic 
muscles that utilize summation of excitable 
events to generate tone [40], to just a few events 
per minute in muscles with well-defined phasic 
contractions. Slower frequencies allow complete 
relaxation between contractions and/or time for 
propulsive events to propagate for many cm. 
Frequency is an important parameter of slow 

1 Spontaneous Electrical Activity and Rhythmicity in Gastrointestinal Smooth Muscles
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wave activity because regional sites of pacemaker 
dominance resides in cells that generate the high-
est frequency of pacemaker activity. The factors 
that set slow wave frequency and why and how 
frequencies change in disease states are poorly 
understood at the present time. However, this is 
an important area of investigation for future stud-
ies because abnormal frequencies, generation of 
ectopic pacemakers (emergence of atypical dom-
inant pacemaker sites), breakdown in natural fre-
quency gradients, and lack of ability of the 
normal dominant pacemaker region to drive slow 
waves downstream appear to be fundamental to 
GI motility disorders, such as gastroparesis 
[41–43].

The vast majority of intracellular electrical 
recordings reported in the literature have been 
made by impalement of SMCs, but a few skilled 
investigators have impaled ICC directly to obtain 
first-hand recordings of pacemaker activity. For 
example, cells were impaled in guinea pig gastric 
muscles, and the majority of cells were identified 
as SMCs by dye injection [34]. Occasionally, 
slow waves with much faster upstroke depolar-

izations and greater maximal levels of depolar-
ization were observed in impaled cells and called 
driving potentials. Lucifer yellow or neurobiotin 
injection during recording showed that driving 
potentials originated in ICC.  Recordings were 
also made by impalements of SMCs and ICC 
simultaneously [33, 34]. These recordings clearly 
showed that initiation of slow waves (aka driving 
potentials; with greater total amplitude and 
upstroke velocities) occurred in ICC, and lower 
amplitude events with reduced upstroke veloci-
ties occurred in SMCs (Fig.  1.2). Coupling 
between ICC-MY and SMCs in both the circular 
and longitudinal muscle layers was also investi-
gated by simultaneous impalements, and these 
experiments showed strong coupling between 
cells of a given type, but far weaker coupling 
between ICC-MY and SMCs. A lower level of 
coupling between ICC-MY and SMCs is an 
important property, allowing conservation of cur-
rent within an ICC-MY network to facilitate gen-
eration of slow waves and active propagation 
while still permitting enough current to pass to 
SMCs to depolarize these cells.

ICC-MY

ICC-IM

20 mv

1

1

2

2

LM

CM
Bundle

3 sec

Fig. 1.2 Simultaneous recording from ICC-MY and 
SMC.  Recording from ICC-MY and SMCs simultane-
ously shows that the upstroke of slow waves originates in 
ICC-MY and conducts with decrement to electrically 
coupled SMCs. The conductances present in SMCs can-
not support active propagation of slow waves in these 
cells; however, the depolarization can activate other 
voltage- dependent conductances that support contractions 
(L-type Ca2+ channels and shape the slow wave; various 

voltage-dependent K+ channels). The peak of the slow 
wave reaches about −10 mV (approximately the equilib-
rium potential for Cl− ions) and is relatively constant for 
durations of a second or more. Anatomical drawing 
depicts circular (CM) and longitudinal (LM) muscle lay-
ers, ICC-MY in a network between CM and LM, and 
ICC-IM, lying in close apposition to an enteric motor neu-
rons (gray varicose process). Redrawn from [2], and origi-
nal data was provided by Professor David Hirst
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Direct recordings from ICC-MY in the small 
intestine from two species have also been reported 
[44–47]. These studies investigated the ionic con-
ductances responsible for the upstroke and pla-
teau phases of slow waves. As in studies of gastric 
cells, impalements were validated by injection of 
Lucifer Yellow during recording. Slow waves in 
ICC-MY of the murine small intestine also were 
found to be more robust than in SMCs, having 
upstroke velocities (dV/dt) of approximately 
2 V/s, amplitudes of more than 60 mV, and maxi-
mal depolarizations to about −10  mV at their 
apexes. Nifedipine did not affect the upstrokes or 
frequency of slow waves, but Ni2+ slowed the rate 
of the upstroke depolarization and reduced slow 
wave frequency. Mibefradil, a T-type Ca2+ chan-
nel antagonist, also reduced dV/dt of the upstroke 
depolarization and reduced slow wave frequency. 
In the presence of mibefradil, the period of the 
inter-slow wave interval increased and a greater 
depolarization level was required before the 
threshold for slow wave generation was reached. 
During the slow depolarization, small oscilla-
tions in membrane potential were noted. 
Pinacidil, an ATP-dependent K channel (KATP) 
agonist that elicits strong hyperpolarization of GI 
SMCs [48], also hyperpolarized ICC-MY, but 
failed to inhibit slow wave activity. In fact the 
maximum amplitude of slow waves in ICC-MY 
increased in the presence of pinacidil, and depo-
larization to approximately the same maximum 
point (about −10  mV) occurred. DIDS, a Cl− 
conductance antagonist, and reduced extracellu-
lar [Cl−] reduced the plateau phase. High enough 
concentrations of DIDS or T-type Ca2+ channel 
antagonists or membrane-permeable Ca2+ chela-
tors (BAPTA-AM or MAPTA-AM) blocked slow 
wave activity [31, 45]. The actions of the Ca2+ 
chelators suggest that the Cl− conductance may 
be due to Ca2+-activated Cl− channels (CaCCs). 
Taken together, these observations suggested that 
the upstroke potential depends upon a T- type 
Ca2+ conductance and the plateau potentials 
depend upon a Cl− conductance.

As in mice, the upstroke depolarization of 
slow waves in ICC-MY of the rabbit small intes-
tine were unaffected by nifedipine, but there were 
also interesting differences in the electrical events 

recorded from rabbit ICC-MY. The upstroke 
velocities of rabbit slow waves reached 10 V/s, 
and the events were reduced somewhat by Ni2+ 
and by leaving Ca2+ out of the extracellular solu-
tion [49]. These data suggest that the upstroke 
depolarization in rabbit slow waves is only par-
tially mediated by Ca2+ influx, and the inward 
current is much less sensitive to block by Ni2+ 
than in mouse. Replacement of [Ca2+]o with 
[Sr2+]o in rabbits enhanced upstroke depolariza-
tion velocity but reduced the amplitude and dura-
tion of the plateau phase. Thus, Sr2+ appears to be 
an effective charge carrier for the upstroke con-
ductance, but less effective in activating CaCCs. 
DIDS, cyclopiazonic acid and bumetanide, an 
inhibitor of the Na+K+Cl− co-transporter 
(NKCC1), also reduced the amplitude and dura-
tion of plateau potentials. In both rabbit and 
mouse Ca2+ free solution and replacement of Ca2+ 
with Sr2+ reduced the frequency of slow waves 
dramatically. These data generally supported the 
mechanism proposed for slow waves in the 
mouse small intestine, but the differences 
observed suggest that conductances involved in 
slow waves may vary from species to species.

1.2.3  Origination of Pacemaker 
Activity

Discussions about pacemaker sites in the GI tract 
often refer to the location of the dominant pace-
maker in GI organs. For example, the dominant, 
organ-level pacemaker region in the stomach 
drives gastric peristalsis, resulting in propagation 
of slow waves and contractions from the proxi-
mal corpus to the pyloric sphincter [50]. A more 
specific question about pacemaker regions in GI 
muscles relates to the local source of pacemaker 
activity. Muscles removed from phasic regions of 
the GI track display intrinsic pacemaker activity. 
Within segments of muscle no specific pace-
maker site appears to be dominant and the point 
of origin of slow waves shifts from cycle to cycle 
[51]. Dissection experiments, in which muscle 
strips are split in various ways, reveal dominant 
planes of activity through the thickness of the 
tunica muscularis. With this approach the 
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 dominant pacemaker in canine gastric antral 
muscles was found to reside in the myenteric 
region. Even in small muscle strips containing 
the myenteric plexus region, pacemaker activity 
shifted from moment to moment along the length 
of the muscle strip [52]. In the stomach slow 
waves persisted in muscle tissues separated from 
the myenteric region, but these events occurred at 
reduced frequencies [53]. This observation sug-
gests that cells within the thickness of the gastric 
tunica muscularis, such as the ICC that line septa 
(ICC-SEP) between muscle bundles or ICC-IM, 
are capable of generating pacemaker activity, 
albeit at a lower frequency.

Studies of animal models have shown that the 
organ-level dominant pacemaker in the stomach 
exists in the orad corpus where the frequency of 
slow waves is greatest [16, 54, 55]. The domi-
nant pacemaker in the human stomach is also 
likely to reside in the proximal corpus; however, 
comparison of slow waves recorded from gastric 
antral and corpus muscles does not clearly 
resolve a dominant slow wave frequency gradi-
ent [56]. It should also be noted that an anatomi-
cal region was found in the guinea pig corpus 
where intramuscular ICC (ICC-IM) are plenti-
ful, but ICC-MY are absent. Slow waves were 
generated from this region at a frequency match-
ing the frequency of slow waves in the intact 
stomach [55]. Thus, dominant pacemaker activ-
ity may originate from ICC-IM or ICC-SEP in 
these animals.

Organ-level pacemaker dominance would be 
difficult in the small intestine because slow wave 
frequency is higher than in the stomach, and the 
propagation velocity of slow waves is relatively 
slow. Therefore, slow wave propagation is nor-
mally limited to rather small segments of tissue, 
because when an event is initiated at any point 
along the intestine it tends to soon collide with 
slow waves generated at more distal or more 
proximal pacemakers. Older studies suggested 
that slow waves originated in the longitudinal 
muscle layer in the small intestine [12], but that 
concept has been refuted by more recent work. 
Dissection experiments from several species and 
experiments on mutant animals in which ICC-MY 
fail to develop show that dominant pacemaker 

activity emerges from the myenteric region in the 
small bowel [5, 57]. The muscle wall of the 
mouse small bowel is devoid of slow waves in the 
absence of ICC-MY, suggesting that only these 
cells are pacemakers in this region of the murine 
GI tract. However, in dogs, isolated circular mus-
cle strips from the region of muscle near the deep 
muscular plexus displayed rhythmic activity, 
suggesting that ICC-DMP may also be capable of 
pacemaker activity in this species [58].

The colon has two discrete regions of pace-
maker activity, one lying along the submucosal 
border of the circular muscle layer that produces 
slow waves [59–62] and another pacemaker area, 
producing higher frequency activity known as 
myenteric potential oscillations (MPOs) is 
located in the myenteric region. The two colonic 
pacemakers occur at such different frequencies, 
that one cannot not drive or dominate the other. 
Therefore, these events summate in the circular 
muscle layer [60, 61].

When morphology and ultrastructure investi-
gations were performed on the regions of tissue 
from which dominant frequency pacemaker 
activity was recorded, networks of ICC were 
identified (Fig. 1.3) [53, 63–66]. Early structural 
descriptions of ICC included the suggestion that 
ICC might serve as pacemakers in the GI tract 
because gap junctions between ICC and SMCs 
were observed [67–71]. ICC within pacemaker 
regions are electrically coupled to each other via 
numerous gap junctions, forming the basis of 
these syncytial networks. Gap junctions between 
ICC and SMCs are less abundant (e.g., [53]) but 
capable of conveying slow waves from ICC-MY 
to SMCs.

1.2.4  Propagation of Slow Waves

Slow waves propagate actively within GI mus-
cles, and this is why long distance coordination 
and sequencing of contractions, such as in gas-
tric peristalsis, is possible. Dissection experi-
ments showed that continuous structural 
integrity of tissues determined to be pacemaker 
areas is necessary for active propagation. For 
example, experiments on dog colon showed 

K. M. Sanders



11

that slow waves propagate actively, as long as 
the ICC-SM network along the submucosal 
surface of the circular muscle layer remains 
intact. If a thin section of tissue at the submu-
cosal surface (pacemaker area) is damaged or 
removed, slow waves decay in amplitude 
within a few mm from an active area [72]. In 
contrast, when the myenteric pacemaker region 
was separated from gastric muscles, active 
propagation occurred at approximately the 
same velocity [53]. Complete removal of the 
myenteric pacemaker region caused a decrease 
in the frequency of slow waves, but pacemaker 
activity persisted and slow waves propagated 

within isolated strips of circular muscle. These 
data indicate that cells capable of active propa-
gation penetrate into the circular muscle layer 
in some regions. The cells capable of slow 
wave regeneration within the circular muscle 
in the stomach are not known but could be 
either ICC-SEP between muscle bundles or the 
ICC-IM within muscle bundles. ICC-SEP have 
not been isolated for study of their specific 
properties.

Active propagation of electrical events is a 
common property of excitable cells when 
the cells are longer in length  than a few 
space constants or when the cells are 

a

c

b

d

Fig. 1.3 ICC in murine and monkey small intestine. (a, 
b) are whole mounts imaged by confocal microscopy of 
ICC-MY (a) labeled with anti-c-Kit antibody (arrows) 
and ICC-DMP (b; arrowheads) in murine small intestine. 
ICC-MY have multiple processes and form an extensive 
interconnected network via gap junction coupling between 
ICC and with adjacent SMCs. ICC-DMP run in parallel 
with the circular muscle fibers and are concentrated very 
close to the submucosal edge of the circular muscle layer 

in the mouse. ICC-DMP are closely associated with the 
processes of enteric motor neurons (not shown) and 
PDGFRα+ cells (not shown). (c, d) are images from the 
small intestine of Macaca fascicularis (cynomolgus mon-
key). ICC-MY (c; arrows) in this species also display a 
network of cells between the circular and longitudinal 
muscle layers and ICC-DMP (d; arrowheads) are also 
present near the submucosal surface of the circular muscle 
layer. Redrawn from [206]
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arranged into a syncytium connected by gap 
junctions. The SIP syncytium is an example 
of the latter case, and SMCs and ICC are elec-
trically coupled to other cells of the same type 
and to each other. Many studies of propaga-
tion velocity were performed on whole organs 
and tissues in  vitro with extracellular elec-
trodes [50, 73, 74]. However, data from stud-
ies of this type are misleading because the 
recordings are likely to be contaminated by 
mechanical artifacts, making it impossible to 
know with precision when an electrical event 
passes a recording point [75, 76]. 
Measurements of slow wave propagation 
velocity in strips and sheets of muscle have 
also been made using intracellular microelec-
trodes. This approach provides more precise 
determination of the point in time when events 
pass a recording site [77]. With this approach, 
anisotropic propagation was observed in mus-
cles of the canine antrum. The propagation 
velocity in the axis of the circular muscle was 
23  mm/s but only 11  mm/s perpendicular to 
the circular muscle axis. The cause of the 
anisotropy in slow wave propagation is not 
fully understood but may be due to relatively 
lower cell-to-cell resistance in the circular 
axis than in the longitudinal axis.

The mechanism of slow wave propagation in 
tissues has been explored using muscle strips 
and partitioned recording chambers. Muscle 
strips pulled through latex partitions provide the 
opportunity to make intracellular recordings 
from parts of the tissue exposed to different 
external solutions (Fig.  1.4). One chamber 
serves as the site of unfettered slow wave gen-
eration, and the second chamber provides a site 
to record the effects of various test solutions on 
slow wave propagation. Slow waves recorded 
from two well-spaced cells in canine colonic 
muscles were of equal amplitude under control 
conditions, but drugs to block IP3 receptors  
(IP3 Rs), reduced [Ca2+]o and antagonists of 
T-type voltage-dependent Ca2+ channels (Ni2+ 
and Mn2+) inhibited slow wave propagation. The 
amplitudes of propagating slow waves decayed 
to the resting potential in less than 3 mm from 
the partition [78].

Other experiments tested the propagation in 
canine antral muscles and used a triple parti-
tioned chamber [79]. In these experiments the 
central chamber served as the test chamber and 
simultaneous intracellular recordings were made 
in the chambers to the left and right (Chambers 
A&C) of the central chamber (Chamber B). 
Coupling of slow waves recorded in chambers 
A&C was 1:1 under control conditions and the 
propagation velocity of slow waves was 22 mm/
min, confirming previous studies [77]. 
Propagation velocity decreased and coupling 
between chambers A&C broke down when tem-
perature was decreased in Chamber B. For exam-
ple, propagation velocity fell from 19  mm/s at 
37 °C to 3.6 mm/s at 27 °C. Slow waves failed to 
propagate from chamber A to chamber C below 
21 °C. The upstroke velocity of slow waves also 
decreased from 720 mV/s at 37 °C to 522 mV/s at 
24 °C. Depolarization or hyperpolarization of the 
central test chamber also inhibited propagation 
and coupling of slow waves in chambers 
A&C.  Finally, reduced extracellular Ca2+ or 
antagonists of T-type voltage-dependent Ca2+ 
channels (e.g., Ni2+ or mibefradil) inhibited slow 
wave upstroke depolarization velocity and propa-
gation. These experiments suggested that voltage- 
dependent Ca2+ entry, possibly due to T-type Ca2+ 
channels, is required for active propagation of 
slow waves.

The slow wave upstroke depolarization is the 
leading edge of propagating slow waves, and the 
rate-of-rise (dV/dt) of the upstroke is an indica-
tion of the inward current density depolarizing 
the SIP syncytium. Various Ca2+ channel antago-
nists have been tested on dV/dt of canine antral 
slow waves. Nicardipine, an L-type Ca2+ channel 
antagonist, had no effect on upstroke velocity or 
propagation velocity [80]. However, Ni2+ and 
mibefradil, both T-type Ca2+ channel antagonists, 
reduced dV/dt and propagation velocity in a 
concentration- dependent manner. Reduction in 
extracellular Ca2+ also reduced upstroke and 
propagation velocities such that slow waves 
failed to propagate actively when [Ca2+]o was 
reduced below 0.5 mM. These observations are 
consistent with the idea that dihydropyridine- 
insensitive, T-type voltage-dependent Ca2+ chan-
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nels are required for slow wave propagation 
(Fig. 1.4). Another interesting observation from 
this study was that cyclopiazonic acid, which 
depletes Ca2+ stores in cells, significantly blocked 
the plateau phase of slow waves without affecting 
the upstroke or propagation velocity [80].

1.2.5  Electrical Pacing of GI Muscles

Gastrointestinal muscles can be paced electri-
cally by applying current pulses, 1–2 s in dura-
tion [81]; however, the degree to which slow 
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Fig. 1.4 Role of Ca2+ entry in slow wave propagation. (a) 
Shows a partitioned chamber apparatus used to study slow 
wave propagation. Slow waves can be reliably generated 
in Chamber A perfused with Krebs solution (KRB). Slow 
waves are initiated by passing a current pulse through 
electrodes placed on either side of the muscle strip. The 
muscle is pulled through a latex partition into Chamber B 
that can be independently perfused with Test Solutions 
(TS). Cells in Chambers A and B record control slow 
waves, and propagating slow waves, as modified by the 
Test Solution. (b–d) Show control slow waves (as 

recorded in Chamber A) and slow waves exposed to Test 
Solutions containing reduced [Ca2+]o (b), extracellular 
Ni2+ (c), or mibefradil (d). Each Test Solution caused a 
concentration-dependent decrease in propagation velocity 
(not shown in this example) and decreased upstroke 
velocity, as shown by superimposed slow waves. [Ca2+]o 
of 0.5 mM, Ni2+ at 100 μM, and mibefradil at 25 μM did 
not support active propagation, and slow waves decayed 
in amplitude before reaching the impaled cell in Chamber 
B.  Graphs in (e–g) summarize this series of experi-
ments. Redrawn from [80]
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wave frequency can be enhanced is limited by the 
duration and refractory properties of slow waves. 
Pacing has been suggested as a therapy for motil-
ity disorders, such as gastroparesis; however, the 
power required for direct pacing of slow waves 
has restricted the usefulness of this technique in 
patients [82]. The effects of pacing were investi-
gated in muscles of the canine antrum [83]. At 
pacing frequencies of 3.5  cycles per minute 
nearly identical slow waves were elicited by each 
pulse, but as frequency increased, an alternating 
pattern developed, in which every other slow 
wave displayed a greatly attenuated plateau 
phase. Complete slow wave block occurred when 
the interval between repolarization and the next 
stimulus was less than about 2 s. The muscarinic 
agonist reduced the refractory period. Similar 
properties of slow wave refractoriness were 
observed in the guinea pig stomach, and about 6 s 
were required between slow waves for full resto-
ration of amplitude [84]. As in other excitable 
cells, the refractory period was inversely related 
to the amplitude and duration of the depolariza-
tion. Acetylcholine also reduced the refractory 
period in guinea pig stomach, and this was attrib-
uted to the activation of protein kinase C (PKC), 
because the effects of acetylcholine were mim-
icked by phorbol-12-myristate-acetate and 
blocked by an inhibitor of protein kinase C.

1.3  Ca2+ Action Potentials

Depolarization of SMCs elicits action potentials 
that occur by activation of inward current carried 
by L-type voltage-dependent Ca2+ channels [85–
88]. Ca2+ entry into SMCs through L-type 
(dihydropyridine- sensitive) Ca2+ channels during 
action potentials is substantial, as indicated by 
the rapid upstroke velocities of action potentials 
(up to approximately 20 V/s), [89]. Activation of 
L-type Ca2+ channels is a major mechanism 
through which GI SMCs achieve excitation- 
contraction coupling [90, 91]. We know that 
SMCs are the source of Ca2+ action potentials in 
the SIP syncytium, because isolated cells gener-

ate these events (Fig.  1.5) [92] and muscles 
devoid of slow waves through loss of ICC persist 
in generating action potentials [93, 94]. When 
action potentials occur in phasic GI muscles, they 
are superimposed upon the slow wave depolar-
izations [36]. This is an example of the integra-
tion achieved by contributions of different cells 
in the SIP syncytium: ICC generate slow waves, 
these events conduct into SMCs, and the depolar-
ization of SMCs elicits action potentials. In tae-
nia coli action potentials occur in the absence of 
slow waves [14]. Single action potentials couple 
to twitch-like contractions and trains of action 
potential firing creates tetanic-like contractions 
[95–97]. While action potentials are not a com-
mon behavior in most regions in the stomach, 
they do occur in the terminal antrum and pyloric 
sphincter [16, 98].

60 mV

20 pA

1sec

Fig. 1.5 Ca2+ action potential in an isolated smooth mus-
cle cell from rabbit jejunum. Cell held under current 
clamp conditions and hyperpolarized or depolarized by 
passing constant current pulses. Depolarization activated 
Ca2+ action potential. Redrawn from [92]
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1.4  Relationship Between 
Electrical and Contractile 
Behaviors

Depolarization of smooth muscle cells increases 
the open-probability of L-type Ca2+ channels, ini-
tiating Ca2+ entry and contraction. As shown in 
Fig.  1.1, slow waves typically depolarize cells 
into the range of potentials in which L-type Ca2+ 
channels are activated in SMCs. In some muscles, 
such as the corpus and antrum of the stomach, 
slow wave depolarizations of SMCs are sufficient 
to activate enough Ca2+ entry to elicit contrac-
tions, but in other regions of the gut slow waves 
elicit only small amplitude contractions and major 
contraction requires generation of Ca2+ action 
potentials [99]. The relationship between slow 
waves and contractions was studied in detail in 
canine gastric muscles [100]. A one-to-one corre-
lation between slow waves and phasic contrac-
tions occurs in gastric corpus and antrum. Two 
components of contraction are apparent, one 
appears to correlate with the upstroke depolariza-
tion and a second depends upon the amplitude and 
duration of the plateau phase of the slow wave. A 
mechanical threshold was observed in which the 
increase in the force of phasic contractions corre-
lated with the amplitude of the plateau potential. 
The curve describing the increase in force as a 
function of voltage is similar to the activation 
curve for L-type Ca2+ channels. This relationship 
was revisited when it became possible to record 
slow waves, Ca2+ transients and contractions 
simultaneously in strips of canine gastric antral 
muscle [90]. These experiments utilized muscles 
loaded with the ratiometric Ca2+ sensor, indo-1. A 
sequence of activation occurred that was initiated 
by the upstroke depolarizations of slow wave, fol-
lowed by a rise in the fluorescence ratio indicating 
an increase in [Ca2+]i in SMCs and then develop-
ment of contraction (Fig. 1.6). If the amplitude of 
the plateau phase of the slow wave was increased 
by an excitatory agonist, a secondary phase of the 
Ca2+ transient developed, and this was associated 
with a secondary phase of contraction. In the 
same manner, decreasing the plateau with a dihy-

dropyridine to block L-type Ca2+ channels reduced 
the amplitude of Ca2+ transients and diminished 
contractile force.

Loss of slow waves and/or propagation of 
slow waves disrupts normal motility patterns in 
the small intestine. Observation of intestinal 
motility with radiological contrast fluid showed 
peristaltic waves that moved contents through 
the proximal small intestine [101]. Movements 
of this sort were not observed in the intestines 
of W/WV mice. Loss of ICC-MY leads to aber-
rant motility initiated by sporadic Ca2+ action 
potentials in clusters of cells that do not propa-
gate very far in tissues. The motor activity in W/
WV muscles was blocked by nifedipine, show-
ing it was unrelated to slow wave activity. The 
ability of ICC-MY to coordinate contractions 
was further studied in sheets of intestinal mus-
cle and intact loops of exteriorized small intes-
tine [102]. Impalements of cells in circular and 
longitudinal muscle layers, validated by filling 
of cells with propidium iodide during record-
ing, showed that both layers of muscle in the 
small intestine are paced by ICC-MY. Slow 
waves of equal amplitude and frequency were 
present in both layers in wild-type mice and 
absent in tissues from W/WV mice that have 
only a few ICC-MY. Movements of the longitu-
dinal muscles were tabulated by an imaging 
technique called motility mapping in which 
changes in the distances between points in sur-
face marker arrays are used to describe motor 
patterns. Ileal contractions occurred in wild-
type mice and propagated along segments of 
bowel at 5.6 mm/s with little variation in wave-
to-wave period or velocity. W/WV tissues dis-
played forceful contractions, but these were 
uncoordinated and unstable in terms of site of 
initiation or propagation pattern. The velocity 
of spread of contractile movements was diffi-
cult to determine because contractions were 
abrupt and spread for short distances. The 
major motility defect noted in animals with 
reduced ICC-MY was loss of organization and 
propagation of coherent phasic contractions. 
An interesting point illustrated by these studies 
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Fig. 1.6 Measurement of membrane potential, fluores-
cence of a Ca2+ indicator and contraction in muscles of 
canine antrum. (a) Apparatus to make simultaneous mea-
surements that includes illumination of the muscle strip in 
selected areas with 340 nm light and collection of 400 and 
500 nm signals and analogue determination of the F400/F500 
ratio. After determination of the continuous ratio, signals 
were digitized, along with tension and membrane poten-
tial (MP), and recorded on a computer. Antral muscles 
were cut in cross-section through the thickness of the 
tunica muscularis and pinned over a quartz window (Q). 
Measurements were made on longitudinal muscle (LM) or 

areas of muscle near the submucosal (SM) surface of the 
circular muscle (CM) or from CM close to the myenteric 
plexus. A microelectrode was used to impale SMCs near 
the field of view. (b) Recordings of MP, 500 nm signal, 
400 nm signal, the F400/F500 ratio, and tension. Note the 
correlation between these signals. (c) One slow wave 
cycle is shown at higher resolution from the events out-
lined by the dotted line box in b, and the traces are super-
imposed. Note the initiation of the signal complex by the 
upstroke depolarization of the slow wave, followed by 
initiation of a Ca2+ transient and then initiation of 
contraction. Figure is redrawn from [90]
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is the integrated behavior of ICC and SMCs in 
intestinal muscles. Each type of cell has its own 
intrinsic ability to influence excitation- 
contraction coupling. SMCs have the ability to 
generate action potentials, and this can produce 
a form of phasic contractions in muscles lack-
ing ICC.  However, in small intestinal tissues 
with a normal ICC-MY network, slow waves 
override the intrinsic behavior of SMCs, orga-
nize excitation- contraction coupling into a con-
tractile pattern driven by the frequency and 
duration of slow waves, and convey this infor-
mation to large numbers of cells through slow 
wave propagation.

Studies to better understand the correlation 
between electrical activity and contractions 
have also been performed on colonic muscles. 
As described previously there are regional dif-
ferences in the electrical activity of the colon 
[62], and the relationship between electrical 
and mechanical activities were evaluated in 
mouse colon [103]. Slow waves with plateau 
potentials were recorded from cells near the 
submucosal border of the CM, and some of 
these recordings were made from ICC-SM. 
These events generate smaller amplitude and 
higher frequency (12–21  cycles per minute) 
contractions. When recordings were made from 
the serosal surface in either LM or CM, clusters 
of membrane potential oscillations or action 
potentials were recorded at about 3.4 cycles per 
minute. These events coupled to phasic con-
traction of large amplitude. These contractions 
were superimposed when contractions in the 
CM axis were recorded, but only the low fre-
quency contractions were apparent in the LM 
recordings. Similar types of patterns are dis-
played in recordings from human colon; how-
ever, the slow wave frequency is only 3 cycles 
per minute, and this frequency appears to be the 
dominant frequency of phasic contractions 
[104]. Thus, the dominant phasic contractile 
pattern appears to emanate from the pacemaker 
cells along the submucosal surface of the CM in 
human colon. How these basic patterns are inte-
grated to form colonic motility is poorly 
understood.

1.5  The Pacemaker Cells

As above, the dominant pacemaker cells in stom-
ach and small intestine are ICC-MY. These cells 
are stellate in shape with a prominent nuclear 
region and multiple processes (Fig. 1.3). Gap junc-
tions are plentiful, connecting ICC-MY into a net-
work running in the space between the circular and 
longitudinal muscle layers. ICC-MY are distrib-
uted on both the longitudinal and circular muscle 
sides of myenteric ganglia. Labeling of ICC was 
accomplished in early studies with methylene blue 
[70, 105]; however, this histological label is not 
specific. Antibodies against vimentin have also 
been used, but again this protein is not specific for 
ICC [106]. Antibodies to c-Kit were found to label 
cells in the gut wall [107], and these cells were 
later identified as ICC [3, 5, 108]. Labeling with 
c-Kit antibodies has been the standard for identify-
ing ICC for the past 20 years, and it was also used 
to suggest that gastrointestinal stromal tumors 
arise from ICC [109]. Labeling with c-Kit antibod-
ies in some species, such as primates or humans, 
can be hampered by issues of non-specificity, 
because mast cells also express KIT and these 
cells are present in the tunica muscularis. However, 
the shape and size of mast cells and ICC are differ-
ent, making it possible to distinguish the two cell 
types. Better discrimination is possible in whole 
mounts than in cryosections, because of the better 
resolution of cell shape in the former. More 
recently additional immunolabels for ICC have 
emerged, such as antibodies for CaCCs, encoded 
by Ano1 [110, 111], or Na+K+ Cl− cotransporter 1 
(NKCC1), encoded by Slc12a2 [47, 112, 113]. 
Both of these genes are highly expressed in ICC 
and not resolved in other cells in GI muscles, mak-
ing them useful for studies of the tissue distribu-
tion of ICC.

Unfortunately, enzymes utilized to disperse tis-
sues often damage extracellular epitopes of c-Kit, 
making it difficult to label ICC with c-Kit antibod-
ies after dispersing cells. Thus, it is difficult to iden-
tify ICC unequivocally in mixtures of cells resulting 
from enzymatic dispersion of GI muscles. This 
problem was solved, at least for mice, by develop-
ment of a reporter strain in which a bright green 
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fluorescent protein (copGFP) was knocked-in to 
Kit, making use of endogenous, cell-specific pro-
moters to accomplish constitutive labeling of ICC 
[114, 115]. These mice have been useful for molec-
ular and functional studies of pacemaker activity in 
ICC because cells can be identified by their consti-
tutive fluorescence. Fluorescence activated cell 
sorting (FACS) has also been used to purify ICC 
[116], and this made it possible to collect enough 
cells for gene array studies and deep sequencing of 
ICC transcriptomes [117, 118]. Genome-wide 
expression data has generated many new ideas 
about the nature and functions of ICC, such as 
expression of additional receptors that might regu-
late the functions of ICC and participate in regula-
tion of motility, potential interactions of ICC with 
the extracellular matrix, connectivity with enteric 
motor neurons and mediation of neurotransmitter 
effects, additional ion channels that might have 
function, and a possible role for ICC in generating 
bioactive molecules (e.g., paracrine mediators).

1.5.1  Studies of Cultured ICC

Due to the difficulties in identifying ICC for phys-
iological studies, investigators developed cell cul-
tures from enzymatically dispersed cells, and 
identified cells as ICC by c-Kit labeling or by 
morphological criteria (e.g., multipolar cells with 
a prominent nucleus that may or may not be inte-
grated into a network). Cell cultures were promis-
ing because electrical rhythmicity is preserved 
[25, 119], and many studies used these cultures to 
evaluate the expression and function of ion chan-
nels, the basis for electrical rhythmicity, and 
responses to drugs. However, several confound-
ing factors hamper interpretations of the results 
from these studies: (i) ICC exhibit significant 
plasticity in culture, and the native phenotype 
changes rapidly; (ii) it is hard to know whether the 
ionic conductances found in these cells are native 
or develop as cells remodel. (iii) ICC, or the cells 
they become in culture, form gap junctions with 
other cells. Thus, it is difficult to know whether 
the electrical activity recorded from cells in net-
works is intrinsic to ICC or to another type of cell 
that is electrically coupled to ICC. A plethora of 

ion channels have been attributed to ICC and 
reported as functional from experiments on cul-
tured cells, but studies on freshly dispersed cells 
have failed to resolve many of the conductances 
described. Expression of Ano1, a conductance of 
primary importance to the functions of ICC (see 
below), appears to be suppressed in cultured cells, 
as this conductance has not been described in 
studies of these cells.  Other unrecognized con-
ductances may also contribute to slow waves in 
some organs or species, so additional studies to 
analyze these conductances are still needed.

1.5.2  Specialized Conductances 
and Transporters in ICC that 
Contribute to Pacemaker 
Activity

The rapid decline in the native phenotype in cell 
culture underscores the importance of studying 
ICC in situ or developing techniques to investigate 
these cells soon after they are dispersed from tis-
sues. A clever approach using partial dispersion of 
the myenteric region of the mouse small intestine 
was developed to record from cells soon after dis-
ruption of the extracellular matrix [120]. Slow 
wave-like activity was recorded from cells identi-
fied as ICC-MY. Slow wave-like events occurred 
at 16 cycles per minute with durations of 489 ms. 
The dV/dt of these events was 7 V/s. Under voltage 
clamp these cells produced unique currents that 
were not subject to the duration of the depolarizing 
stimulus and persisted for what appeared to be a 
fixed duration (~500 ms) even after repolarization. 
Because of this property, the currents were termed 
“autonomous currents,” and reversal potential of 
the current was found to be +3 mV. Removal of 
[Ca2+]o caused a gradual decline in the autono-
mous current, and this was judged to be due to 
depletion of internal Ca2+ stores. Acetylcholine 
increased the duration of the autonomous currents, 
consistent with the effects of muscarinic stimula-
tion on slow waves. The authors concluded that the 
autonomous current in ICC-MY was likely due to 
a nonselective cation conductance.

Cells from the reporter strain of mice express-
ing copGFP in ICC can be voltage-clamped 
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shortly after enzymatic dispersion [115]. 
Molecular evaluation showed that these cells dis-
play robust expression of Ano1 CaCCs, and 
voltage- clamp revealed a current with properties 
similar to the autonomous current discussed 
above. Depolarization activated an inward cur-
rent with a duration that was independent of the 
duration of the depolarizing pulse. In contrast to 
the autonomous current, the inward current in 
ICC of copGFP mice reversed at the equilibrium 
potential for Cl− ions (ECl). Another interesting 
property was that the latency for activation after 
depolarization varied significantly with the 
strength of the depolarization, which suggested a 
secondary process might be involved in activat-
ing the Cl− conductance. It was reasoned, based 
on many experiments performed on whole mus-
cles, that Ca2+ might be a factor in activating the 
Cl− conductance in ICC.  Ni2+, reduced [Ca2+]o, 
and replacement of [Ca2+]o with Ba2+ all blocked 
activation of the inward current. ICC also express 
CaCCs with a single channel conductance of 8 
pS, consistent with the expression of Ano1. The 
inward currents in ICC, termed slow wave cur-
rents in this study, were blocked by niflumic acid, 
a well-known, however not highly specific, 
antagonist of CaCCs. Slow wave-like events in 
single ICC under current clamp were also blocked 
by niflumic acid.

Expression of Ano1 (aka Tmem16a) in ICC 
was first revealed by a microarray study of gene 
expression in ICC isolated from the murine intes-
tine [118]. After development of antibodies to 
Ano1 protein (aka Dog1) and discovery that 
Tmem16a encodes CaCCs [121–123], expression 
of Ano1 protein in ICC was found throughout the 
GI tracts of several species including humans [6, 
110, 111, 124, 125] (Fig.  1.7). Several Ano1 
splice variants are expressed in ICC [111], and 
this diversity may convey different Ca2+ sensitivi-
ties or pharmacology [126, 127] and be of clini-
cal interest since the complement of splice 
variants changes in diabetes [128]. Several CaCC 
antagonists inhibited slow waves in gastric and 
small intestinal muscles [111]. Probably of great-
est importance was the concentration-dependent 
reduction in slow wave frequency caused by 
CaCC antagonists. This suggests that CaCC are a 

key conductance in the basic pacemaker mecha-
nism. It is of interest to note that gastric slow 
waves are far more sensitive to niflumic acid 
(IC50 = 5.4 μM) and DIDS (IC50 = 150 μM) than 
small intestinal slow waves (IC50s = 150 μM and 
1368  μM for niflumic acid and DIDS, respec-
tively). While these rather nonspecific CaCC 
antagonists were investigated in the original 
study, the potency of so-called third generation 
CaCC antagonists (CaCCinh-A01, T16Ainh-A01, 
benzbromarone, hexachlorophene, and dichloro-
phene) were recently compared for their ability 
to block slow waves [129]. Sensitivities to these 
antagonists varied significantly, and again their 
potency for blocking gastric slow waves exceeded 
their potency in the small intestine. For example, 
one of the more potent antagonists, CaCCinh-A01, 
blocked slow waves in the murine stomach at 
5 μM, but more than 30 μM was needed to inhibit 
slow waves in the small intestine. The reasons for 
these differences are not entirely understood, but 
possibilities are: (i) channels in addition to Ano1 
contribute to slow waves in small intestinal ICC; 
(ii) splice variants with different sensitivities to 
CaCC antagonists may be expressed in the two 
regions; (iii) local Ca2+ concentrations activating 
Ano1 channels differ in gastric and small intesti-
nal ICC. The latter points arises from the obser-
vation that the inhibitory effects of Ano1 
antagonists decrease as intracellular Ca2+ 
increases [127]. It is possible that Ca2+ reaches 
higher levels in the nanodomains created by junc-
tions between endoplasmic reticulum (ER) and 
the plasma membranes in small intestinal ICC 
than in gastric ICC, and therefore Ano1 channels 
display reduced sensitivity to Ano1 antagonists 
in intestinal ICC.

The role of Ano1 channels in pacemaker 
activity was more clearly defined by studies on 
intact GI muscles from mice with genetically 
deactivated Ano1 channels [111]. Unfortunately, 
Ano1−/− mice have a short life span, and most 
animals die before 20  days of age [130]. 
Therefore, it was necessary to study animals 
shortly after birth. In one experiment, intracel-
lular recordings were made from ten newborn 
siblings; slow waves were observed in all Ano1+/+ 
and Ano1+/− muscles and were absent in three 
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Ano1−/− siblings [111]. After 6 days in organo-
typic culture, which avoids the changes in ICC 
phenotype observed in cell cultures, slow waves 
increased in amplitude in homozygotes and het-
erozygotes, but were still absent in the Ano1−/− 
muscles. Several mice in one litter survived and 
were studied 23  days after birth. Mice from 
Ano1+/+ and Ano1+/− mice again displayed nor-
mal slow wave activity in the small intestine and 
stomach, but slow waves were absent in Ano1−/− 
muscles (Fig. 1.8).

Use of constitutive genetic knockouts pro-
vided strong evidence for the role of Ano1 in 

slow waves, but inducible deactivation of Ano1, 
which avoids some of the shortcomings of con-
stitutive knockouts, has also been performed on 
adult mice using Cre-loxP technology [131]. 
Theoretically, combining cell-specific iCre 
mice with mice with a floxed gene should result 
in knockout of the gene after treatment with 
tamoxifen. However, this does not typically 
result in a 100% knockout [132, 133], and Ano1 
was knocked down by only 50% in intestinal 
muscles. Ano1 knockout mice showed differences 
in relative expression with some having dramatic 
reduction in Ano1 protein and others displaying 

a b c

d e f

g h i

Fig. 1.7 Expression of Ano1 in ICC. (a–c) c-Kit-LI (a, 
red) and ANO1-LI (b, green) in ICC-MY (arrows) of the 
murine small intestine. (c) Shows merged file demonstrat-
ing co-localization of c-Kit-LI and ANO1-LI (yellow). (d–
f) Co-localization of c-Kit-LI and ANO1-LI in ICC of the 
monkey small intestine. ICC-MY (d; arrowheads) and ICC-
DMP (d; arrows) are labeled by c-Kit antibody (red) and 

the same cells display ANO1-LI (e; green) in the small 
intestine. (f) Co-localization of Kit-LI and ANO1-LI (yel-
low) in ICC-MY and ICC-DMP. (g–i) c-Kit-LI (arrow-
heads; g; red) and ANO1-LI (arrowheads; h; green) are 
expressed in ICC-MY in the human small intestine. Merged 
images demonstrate co-localization of these proteins in 
ICC-MY (i; yellow). Scale bar in F applies to all panels

K. M. Sanders



21

only moderate knockdown of Ano1. Consistent 
with the expression patterns, intracellular 
recordings from jejunal muscles displayed vari-
ous slow wave behaviors, ranging from com-
plete loss of slow waves to irregular amplitude 
slow waves to normal amplitude slow waves. 
The normal amplitude slow waves were of 
shorter duration, and the irregular amplitude 
slow waves often occurred at higher than nor-
mal frequencies. By comparing expression lev-
els of Ano1 with slow wave behavior, the 
authors concluded that as the expression of 
Ano1 in small intestinal ICC-MY decreases the 

duration of slow waves and the regularity of the 
slow wave pattern also decreases. Reduced 
Ano1 in ICC decreases slow wave entrainment, 
and cells in different clusters of ICC establish 
independent firing behaviors (uncoordinated 
pacemaker activity). Similar slow wave pat-
terns have been observed after treatment of 
intestinal and gastric muscles with the gap 
junction blockers, heptanol and 18-β glycyrrhe-
tinic acid [134, 135].

The study by Malysz and colleagues [131] is 
an important contribution because it is likely to 
predict some of the behaviors manifest in human 
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Fig. 1.8 Loss of slow 
waves in small intestinal 
and gastric muscles in 
Ano1−/− mice. (a) 
Genotypes of Ano1−/− 
mice. The wild-type 
allele was absent in 
animals 1–3 in this litter, 
demonstrating that these 
animals were Ano1−/−. 
Animal 4 was a 
heterozygote and animal 
5 was a wild-type 
homozygote. (b, c) 
Electrical recording 
from jejunal and antral 
circular muscles from 
each animal with 
intracellular electrodes. 
Slow waves were absent 
in Ano1−/− mice, and 
normal in animals with 
wild-type alleles. (d, e) 
ICC-MY (arrows) and 
ICC-DMP (arrowheads), 
with an apparently 
normal distribution and 
density, were present in 
tissues of Ano1−/− mice 
(small intestine shown). 
Scale bar for d and e is 
shown in e. Figure is 
redrawn from [206] with 
permission
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motility disorders associated with ICC loss or 
ICC dysfunction. For example, a primary defect 
observed in the slow waves recorded from mice 
with partial reduction in Ano1 was reduction in 
the duration of the plateau phase. This phase is 
important for the induction of action potentials in 
small intestinal SMCs, so shortening of the pla-
teau phase would tend to predispose the small 
intestine to weakened contractions and possibly 
cause conditions akin to pseudo-obstruction. It is 
unlikely that all ICC are lost in most human dis-
ease, but as the study by Malysz and colleagues 
suggests, abnormal slow wave patterns can 
develop far before ICC are lost or become totally 
dysfunctional. Abnormal slow wave patterns are 
likely to translate to abnormal and less effective 
motility patterns.

A fundamental need for the pacemaker class 
of ICC is a mechanism to facilitate active propa-
gation and entrainment of slow waves. Such 
behavior is evident in the propagation studies dis-
cussed earlier and suggested that voltage- 
dependent Ca2+ entry may be a key property of 
pacemaker ICC. Lack of effects to dihydropyri-
dines, significant reduction in the upstroke and 
propagation velocities in response to T-type Ca2+ 
channel antagonists [79, 80] and inhibition of 
slow wave currents in isolated ICC by these 
antagonists [115] strongly suggest a role for 
T-type Ca2+ channels, but, as discussed previ-
ously, experiments on rabbit small intestinal ICC 
suggest there may be some variability among 
species in the channels responsible for upstroke 
depolarization. Cacna1h (α1H isoform of T-type 
channels and primary subunit of CaV3.2) is 
expressed in ICC-MY of the small intestine, as 
determined by genome-wide gene array study 
[118]. ICC-DMP, the other class of ICC in the 
small intestine that do not generate slow waves 
[5], displayed relatively low expression of 
Cacna1h in the same screen [118]. Expression of 
Cacna1h was confirmed by quantitative PCR 
[136]. Isolated ICC also express Cacna1h, and 
lower levels of Cacna1g were also detected. ICC 
displayed two phases of voltage-dependent 
inward current in response to depolarization 
[137]. A small component of the inward current 
was blocked by nicardipine, and the second com-

ponent was blocked by Ni2+ (30 μM) and mibe-
fradil (1 μM). Replacement of Ca2+ with Ba2+ did 
not affect the current amplitude, suggesting either 
ion was a suitable charge carrier and equally per-
meable to the conductance present in ICC, a 
well-known property of T-type Ca2+ channels 
[138]. Consistent with the properties of channels 
encoded by Cacna1h [139], half-inactivation of 
the dihydropyridine-resistant conductance in 
ICC occurred at −59  mV and half activation 
occurred at −36 mV. The T-type conductance in 
ICC is also highly temperature sensitive, which is 
consistent with CaV3.2 channels [139]. Increasing 
temperature from 20 to 30  °C increased the 
amplitude of the current from −7 to −19 pA and 
decreased the activation time constant by more 
than half. Lowering temperature or addition of 
Ni2+ (30  μM) reduced dV/dt of the slow wave 
upstroke in intact muscles, but the effects of tem-
perature were reduced after addition of Ni2+ or in 
Cacna1h−/− mice. The upstroke of slow waves 
recorded directly from ICC-MY in situ was also 
highly temperature sensitive [140]. Taken 
together, these observations suggest that a T-type 
Ca2+ current is present in murine ICC (from 
expression of Cacna1h and/or Cacna1g), such a 
conductance is functional and a key initiator of 
slow wave upstroke depolarization, and blocking 
this conductance interferes with propagation of 
slow waves.

T-type Ca2+current density is not extraordinary 
in ICC, in murine small intestinal ICC it averaged 
6.6 pA/pF at −20 mV in the presence of nicardip-
ine [137]. Actually, the maximum current density 
for the dihydropyridine-sensitive component of the 
inward current in jejunal ICC is similar. Thus, why 
is T-current necessary for slow wave propagation 
and dihydropyridine- sensitive current minimally 
important? The answer is likely to lie in the resting 
potentials of ICC in situ. In the small intestine the 
resting potentials of ICC-MY are −69  mV [46], 
where T-current is available (in fact this potential is 
near the activation threshold for this conductance 
in ICC; [137]), but activation of L-type channels 
occurs nearly 20 mV positive to the resting poten-
tial. Therefore, T-type Ca2+ channel activation is 
likely to establish the threshold for activation of 
slow waves, and L-type Ca2+ currents may contrib-
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ute more during the plateau phase, possibly due to 
the sustained activation of L-type current in the 
voltage-range near the peaks of slow waves (i.e., 
window current [91]). The resting potential of the 
SIP syncytium is very important for the generation 
of slow waves, potentially in determining the fre-
quency of slow waves, and in predetermining the 
availability of the voltage-dependent channels 
responsible for slow wave propagation. T-type Ca2+ 
currents are clearly important for slow wave propa-
gation in stomach and small intestine (where rest-
ing membarne potentials (RMPs) are typically in 
the range of −60 to −70 mV), but may not be as 
important in the colon (where RMP in most species 
is in the range of −50 mV).

Regulation of membrane potential results 
from integration of inputs from the three cell 
types in the SIP syncytium. Through generation 
of spontaneous transient inward currents (STICs) 
and slow wave currents, ICC provide depolariz-
ing influences by activation of CaCCs [2]. 
However, between periods of inward current acti-
vation, ICC may aid in restoration of negative 
membrane potentials to insure periods of reduced 
Ca2+ channel open probability, reduced Ca2+ entry 
and relaxation. Such behavior may be necessary 
to maintain the phasic contractile nature of the 
muscles. ICC also express genes encoding sev-
eral inward rectifier K+ channels, including Kcnj2 
(Kir2.1), Kcnj4 (Kir2.3), Kcnj14 (Kir2.4) and 
Kcnj5 (Kir3.4), Kcnj8 (Kir 6.1) and Kcnj11 
(Kir6.2), that might contribute to regulation of 
the membrane potential [141]. Voltage clamp of 
mouse colonic ICC causes activation of an inward 
current when extracellular K+ ([K+]o) is made 
equal to [K+]i. This current is blocked by Ba2+ 
(10  μM) or ML-133 (10  μM). Expression of 
Kcnj8 (Kir 6.1) and Kcnj11 (Kir6.2) suggests the 
presence of a KATP conduction. However, no evi-
dence was obtained for functional KATP, and no 
responses were observed upon application of 
KATP agonists or antagonists. This is another sig-
nificant difference in the phenotypes of freshly 
dispersed and cultured ICC, as pinacidil causes 
hyperpolarization of cultured murine colonic 
ICC and this response is blocked by glyben-
clamide [142]. Expression of Kcnj5 (Kir3.4) also 
suggests the presence of G protein-regulated 

inward rectifiers; however, no current was elic-
ited by dialysis of ICC with Gβγ and none of the 
current blocked by Ba2+ was sensitive to tertiapin 
Q [141]. ML-133 caused depolarization of iso-
lated colonic ICC under current clamp and depo-
larization of cells in intact colonic muscle strips. 
These experiments suggest that Kir2 family 
channels participate in regulation of membrane 
potentials in murine ICC, and this influences the 
resting membrane potentials of intact muscles.

The effects of bumetanide on slow waves [47, 
112] suggest an important role for NKCC1 in 
pacemaker activity. Cl− channels provide inward 
current during slow waves, so a transmembrane 
gradient supporting efflux of Cl− must be main-
tained in spite of ongoing slow wave activity. 
This appears to occur through active accumula-
tion of Cl− via NKCC1, a secondary active trans-
porter, which utilizes the Na+ gradient to transport 
Cl− against its concentration gradient [143]. 
Slc12a2 and the encoded protein, NKCC1, are 
expressed robustly in ICC-MY in the small intes-
tine [47, 112, 113]. In contrast, NKCC1 immuno-
reactivity was not resolved in ICC-DMP, 
suggesting that antibodies against NKCC1 with 
extracellular epitopes might provide an effective 
means of labeling ICC-MY vs. ICC-DMP selec-
tively, facilitating separation of these two classes 
of ICC from mouse small intestine. The 
gramicidin- permeabilized patch technique, 
which has been reported not to disturb [Cl−]i 
[144], was used to measure the reversal potentials 
of STICs in ICC [113]. STICs reversed at −9 mV, 
and the reversal potential shifted as the Cl− equi-
librium potential (ECl) was adjusted to more neg-
ative or more positive values. Thus, ESTICs may 
approximate ECl in ICC-MY. Treatment of cells 
with bumetanide shifted ESTICs to −56 mV within 
5 min, suggesting that when active accumulation 
of Cl− is inhibited, [Cl−]i is decreased, causing a 
negative shift in ECl and decreasing the driving 
force for STICs and slow wave currents that are 
carried by Cl− ions. This was in fact the result, 
and both STICs and slow wave currents were 
inhibited by bumetanide [113].

Another consequence of cotransport of ions 
by NKCC1 is that the transporter brings half as 
much Na+ into cells as Cl−. Therefore, a means 
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must also be available to rid the cells of excess 
Na+ and this is mostly likely accomplished by the 
Na+K+ ATPase (Na+ pump). A role for the Na+ 
pump in pacemaker activity was proposed many 
years ago by Ladd Prosser and colleagues [12]. 
In their model slow wave depolarization occurred 
by turning off the electrogenic Na+ pump (depo-
larization) and repolarization was the result of 
activating the Na+ pump. At the heart of this idea 
was the observation that ouabain caused depolar-
ization to approximately the same level of depo-
larization as the peaks of slow waves. During the 
plateau of the slow wave recovery of Cl− by 
NKCC1 may cause accumulation of Na+ in a 
restricted volume that  activates the Na+ pump. 
Activation of the pump could possibly contribute 

to repolarization of slow waves, but the precise 
role of the Na+ pump in the pacemaker mecha-
nism is still awaiting clarification.

A schematic showing the stepwise integration 
of the conductances and transporters described 
above to accomplish the slow wave upstroke 
depolarization, cell-to-cell propagation, sus-
tained depolarization during the plateau phase, 
and repolarization is shown in Fig. 1.9. The infor-
mation incorporated into Fig.  1.9 has benefited 
from the experimental advantages provided by 
the use of transgenic mice. It is possible that such 
a fundamental mechanism is conserved among 
species, and there is evidence that c-Kit+ ICC- 
like networks, Ano1 expression and a role for 
these cells in GI motility is present even in non- 
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Fig. 1.9 Proposed contributions of ion channels and 
transporters during the slow wave cycle corresponding to 
experimental evidence from the murine small intestine. 
Each panel represents the restricted volumes of nanodo-
mains formed by close contacts between the plasma mem-
brane (PM) and the endoplasmic reticulum (ER). Images 
are idealized membrane regions with ion channels and 
transporters that appear to be functional depicted in each 
snapshot through the slow wave cycle. Numbers in each 
panel show sequence of events. (A) Ca2+ release occurs 
spontaneously from ER through Ca2+ release channels 
(IP3R and RyR) (1). Due to the close apposition of the 
PM, Ca2+ transients activate Ano1 channels (2). Efflux of 
Cl− ions causes STICs. (B) Depolarization from STICs 
activates voltage-dependent Ca2+channels (T-Type) (1) 
initiating upstroke of the slow wave. Entry of Ca2+ into 
nanodomains initiates Ca2+-induced Ca2+ release (CICR; 
2). Ca2+ release activates Ano1 channels in PM (3). (C) 
Asynchronous release of Ca2+ from stores (1) in different 
cellular locations (not shown) sustains activation of Ano1 

channels causing membrane potential to linger near ECl 
and creating the plateau potential (2). Because membrane 
potential is near ECl there is little efflux of Cl− during the 
plateau (dotted arrow through Ano1 channel). However, 
loss of Cl− during the depolarization initiates recovery via 
NKCC1 (3). (D) As long as Ca2+ is sustained (1), Ano1 
channels are activated (2) and membrane potential 
remains in the plateau phase. Recovery of Cl− proceeds 
and this is associated with influx of Na+, as NKCC1 uses 
the energy of the Na+ gradient to cause accumulation of 
[Cl−]i against its electrochemical gradient. Removal of 
excess Na+ is accomplished by the Na+K+ ATPase (NKX) 
(4). (E) When available Ca2+ stores are depleted (1), Ca2+ 
recovery by SERCA or extrusion by the plasmalemmal 
Ca2+ ATPase (PMCA) (pumps not shown) causes reduc-
tion in Ca2+ in nanodomains and deactivation of Ano1 
channels (2). Recovery of gradients may extend into the 
period between slow waves via the actions of NKCC1 (3) 
and NKX (4)
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mammalian vertebrates, such as Danio rerio 
(zebra fish) [145, 146] and Myoxocephalus scor-
pius (shorthorn sculpin) [147]. However, it must 
also be recognized that the driver for electrical 
rhythmicity in GI muscles may vary among 
organs and species and may have developed dif-
ferent or extended attributes in humans. At the 
present time physiological studies on species 
other than mice have depended largely on a phar-
macological approach, and there have been few 
experiments reported on freshly dispersed ICC 
from other species. As discussed above, the phar-
macology of Ano1 channels, for example, can be 
difficult to interpret, as block of these channels 
depends upon [Ca2+]i and expression and combi-
nation of splice variants [127]. Thus, inability of 
a CaCC antagonist to block slow waves in a given 
tissue may not be proof that Ano1 is not involved. 
While Ano1 is expressed by ICC in a variety of 
mammalian and non-mammalian species (mouse, 
monkey, fish, and human; [110, 111, 118, 125, 
147]), its universal function in slow waves is yet 
to be determined. A caveat for universal accep-
tance of Ca2+ entry through T-type Ca2+ channels 
is also warranted because these channels are 
highly dependent upon the resting potentials 
upon which slow waves are superimposed. Even 
if isoforms of T-type channels are expressed, 
depolarized regions of the GI tract cannot rely on 
the availability of these channels due to their 
properties of voltage-dependent inactivation. In 
cells resting at more depolarized levels (e.g., 
~−50 mV), it is likely that L-type Ca2+ channels, 
with nearly full availability in this potential 
range, provide the voltage-dependent Ca2+ entry 
mechanism that initiates Ca2+ release (see next 
section), activates Ano1, and coordinates activity 
in the SIP syncytium. Such a mechanism is 
apparent in the slow wave activity present in the 
internal anal sphincter [6], for example.

1.6  Ca2+ Signaling in ICC

As described in the previous section, major ionic 
conductances expressed in ICC are either Ca2+ 
dependent (CaCCs) or result in Ca2+ entry (voltage- 
dependent Ca2+ channels). Pharmacological and 

gene knockout studies suggest that these conduc-
tances play a prominent role in the generation and 
propagation of pacemaker activity in ICC. Thus, 
Ca2+ handling mechanisms are of central impor-
tance to GI rhythmicity. This realization and the 
development of sensitive techniques to monitor 
intracellular Ca2+ signals prompted investigators 
to characterize the mechanisms involved in Ca2+ 
waves and transients in ICC. Ca2+ waves occur in 
networks of ICC, as observed through the use of 
membrane-permeable Ca2+ indicators [148–155]. 
These studies, conducted mainly on gastric and 
small intestinal muscles, revealed many impor-
tant features of Ca2+ handling in ICC networks. 
Newer studies have utilized optogenetic sensors 
and added to our understanding of Ca2+ dynamics 
[156, 157].

Loading of mouse ileum with Fluo3-AM 
allowed visualization of Ca2+ transients in ICC 
and SMCs simultaneously [155]. SMCs dis-
played whole-cell Ca2+ events that rapidly shoot 
through the lengths of cells, and between the 
whole-cell events, localized Ca2+ transients were 
observed. Cyclopiazonic acid (CPA, 3–5 μM) or 
thapsigargin (1 μM) blocked the local responses, 
and no effect was observed with ryanodine 
(30 μM). ICC were also loaded with Fluo-3, and 
these cells were identified with methylene blue or 
c-Kit antibodies. A strong temporal relationship 
between Ca2+ events in SMCs and ICC was 
observed in only one-third of muscle prepara-
tions. In another third of the muscles, Ca2+ waves 
in ICC and SMC were not synchronized. It was 
concluded from this study that all ICC-MY may 
not be pacemakers, and they may have additional 
roles in intestinal motor activity.

ICC network behavior was further investi-
gated in whole mount preparations of guinea pig 
stomach [149] and mouse jejunum [153] loaded 
with Fluo-4. Visualization of Ca2+ waves was 
facilitated in these studies by careful removal of 
longitudinal muscle fibers. Ca2+ waves at an aver-
age frequency of 4.9  cycles per minute spread 
through ICC networks in gastric muscles (veri-
fied by c-Kit immunolabeling) with an average 
velocity of 3.2  mm/s. Thus, the frequency and 
velocity of spread of Ca2+ waves matched the fre-
quency [34] and propagation velocities of slow 
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waves in the gastric antrum [77]. An interesting 
difference was that the anisotropic propagation of 
slow waves occurring in intact muscles was not 
observed in the propagation of Ca2+ waves in ICC 
networks. Thus, the order of magnitude greater 
slow wave propagation velocity in the circular vs. 
longitudinal axis in intact muscles must be a 
property of the interactions between ICC and 
SMCs. The Ca2+ waves exhibited either sharp 
upstrokes with somewhat slower return to base-
line or events with more sustained, plateau-like 
maintenance of elevated fluorescence before 
return to baseline. The direction of propagation 
was variable, suggesting that the site from which 
primary pacemaker activity occurred shifted 
from event to event, as seen in electrical record-
ing [51, 77]. Consistent with the idea that ICC are 
pacemaker cells, Ca2+ waves in ICC-MY pre-
ceded events in adjacent SMCs by about 50 ms. 
Tetrodotoxin (TTX) did not block Ca2+ waves in 
ICC-MY, but in some cases it reduced the fre-
quency of Ca2+ waves, suggesting that nerves 
don’t initiate the Ca2+ waves but basal neural 
inputs have chronotropic influences on the gen-
eration of pacemaker activity. Nicardipine 
blocked Ca2+ waves in SMCs, but did not affect 
events in ICC-MY.

In the mouse jejunum loaded with Fluo4-AM, 
regular Ca2+ waves were observed in ICC-MY at 
the slow wave frequency, and a 1:1 relationship 
between slow waves and Ca2+ waves was observed 
directly by intracellular electrical recording from 
cells near the field of view [153]. This study also 
showed a lag between Ca2+ waves in ICC-MY 
and SMCs, supporting the idea that ICC are pace-
maker cells. While most cells fired along a linear 
wave-front (high level of coherence) with each 
slow wave cycle, there were also periods in which 
ectopic pacemaker activity emerged and small 
clusters of cells escaped from the dominant pat-
tern of propagation. The sequence of activation 
of ICC-MY within networks showed significant 
variability from event to event, and the rates at 
which ICC-MY activated during propagated 
events also varied. Electrical coupling is obvi-
ously important for the cell-to-cell spread of Ca2+ 
waves, as propagation was disrupted by the gap 
junction uncoupler 18β-glycyrrhetinic acid 

(β-GA). After treatment with β-GA, single or 
small clusters of ICC-MY persisted in generating 
Ca2+ waves, albeit at disparate frequencies. These 
observations suggest that individual ICC-MY are 
intrinsically active as pacemaker cells, but active 
propagation entrains slow waves into coherent 
waves of activation. The Ca2+ waves were blocked 
by mibefradil and upon depletion of intracellular 
Ca2+ stores with inhibitors of the sarcoplasmic 
reticulum Ca2+-ATPase (SERCA).

Loading of cells with Fluo-4 and imaging Ca2+ 
waves in ICC-MY were also performed on mus-
cles of the human small intestine [151]. Biphasic 
Ca2+ waves (6 cycles per minute) were observed 
in jejunal ICC-MY, identified by c-Kit immuno-
labeling (Fig.  1.10). The Ca2+ waves corre-
sponded to electrical slow waves, recorded 
simultaneously in some experiments, in both fre-
quency and duration. The upstroke phase of Ca2+ 
waves was a discreet event, occurring at least 2 s 
before the peak of the plateau phase of the Ca2+ 
waves. The Ca2+ waves observed in human jeju-
num ICC-MY exhibited similar pharmacological 
responses as those observed in mice. The Ca2+ 
waves were blocked by CPA, disrupted by 2-APB 
and caffeine, and the frequencies and amplitudes 
were decreased or disrupted by Ni2+ or mibe-
fradil. As in murine ICC-MY, treatment with 
β-GA also disrupted coherent propagation.

A contrasting view regarding the role of T-type 
Ca2+ current in Ca2+ waves in ICC-MY of the 
small intestine was reported in another study uti-
lizing Fluo-4 AM loaded cells [158]. Mibefradil 
had no effect on these responses, but Ca2+ waves 
were reduced by the sodium-calcium exchange 
(NCX) inhibitor, KB-R7943. It was suggested 
that NCX might provide a mechanism for refill-
ing Ca2+ stores. A significant decrease in Ca2+ 
waves was also observed with 2-APB or the 
phospholipase C inhibitor, U73122. Double 
immunolabeling showed that c-Kit+ cells express 
IP3 receptor 1 (IP3R1). These authors concluded 
that IP3 synthesis is ongoing in ICC-MY, and IP3 
has a stimulatory effect on Ca2+ release, provid-
ing the clock mechanism responsible for slow 
wave generation and setting pacemaker fre-
quency. Although voltage-dependent Ca2+ entry 
was discounted in this study, no explanation was 
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Fig. 1.10 Propagation of Ca2+ waves in ICC-MY network 
in human jejunum. (a) Averaged Ca2+ waves show active 
ICC-MY. Colored circles represent regions (ROIs) of inter-
est that have temporal changes in fluorescence plotted as 
colored traces in (b). Note the two phases of the Ca2+ tran-
sients and delay in second phase from the red to the blue 
ROI. (c) Shows an ST cube depicting the propagation of 
waves (white to mauve lines) from the bottom to the top of 
the field of view (FOV) in a (balls represent individual 
ICC-MY observed in a). Note that the Ca2+ traverses the 
FOV in a zigzag pattern. (d) Image sequence propagation 
of Ca2+ at different times during one slow wave cycle. The 

frames correspond to changes in fluorescence as a function 
of time in (b). The upstroke phase occurs at 0.64 s, and the 
plateau phase occurred between 1.92 and 3.84 s. (e) Shows 
a 3-dimensional ST map of 4 slow wave cycles in ICC-MY 
within the FOV shown in (a). The upstroke phase and pla-
teau phase were constructed from 1 or 2 adjacent ICC-MY. 
The upstroke phase (small initial hump in fluorescence) 
occurs before each plateau (major peaks in fluorescence in 
which highest amplitude of fluorescence occurs during 
each cycle). Plateau phase in cells varies in rate-of-rise and 
amplitude from cycle to cycle across the FOV. Copied with 
permission from [150]
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provided to explain coordination and propagation 
of slow waves in ICC networks.

As described previously, the colon is more 
complex than small bowel and stomach in that 
there are two pacemaker zones with different fre-
quencies. Slow waves are generated in ICC at the 
submucosal border of the circular muscle layer 
(ICC-SM) [61, 63, 134, 159]. Ca2+ waves were 
recorded from ICC-SM in the canine colon at the 
same frequency as slow waves [152]. These 
waves were highly coherent, propagating through 
the ICC network as seen in small bowel and 
stomach. Another pacemaker frequency was 
found in ICC-MY, that generated Ca2+ waves at 
the frequency of the electrical activity known as 
myenteric potential oscillations (MPOs) [60, 
152]. In contrast to ICC-SM, the ICC-MY Ca2+ 
waves were unsynchronized, demonstrating char-
acteristic differences in Ca2+ handling mecha-
nisms or electrical coupling in these two 
populations of colonic ICC. ICC-MY in mouse 
colons were synchronized by neural inputs, and 
this response was blocked by atropine, suggest-
ing innervation of these cells by cholinergic 
motor neurons [160]. Spontaneous or evoked 
colonic migrating motor complexes (CMMC) 
increased the frequency and amplitude of Ca2+ 
waves in ICC-MY. N(ω)-nitro-l-arginine and 
MRS2500, a P2Y1 antagonist, increased the Ca2+ 
transients ICC-MY and appeared to increase cou-
pling between cells. Sodium nitroprusside inhib-
ited Ca2+ waves in ICC-MY. These data show that 
ICC-MY are under tonic inhibition from inhibi-
tory motor neurons. Inhibitory neural inputs 
inhibit release of Ca2+ and possibly reduce cou-
pling between ICC-MY. Excitatory neural inputs 
activate Ca2+ waves and synchronization between 
cells and aid in coordination of contractions of 
circular and longitudinal muscles during the 
CMMC.

Human and dog GI muscles are far thicker 
than laboratory rodents, and therefore simple 
conduction of slow waves into SMCs is unlikely 
to activate the full thickness of the muscle lay-
ers because the amplitude of slow wave decays 
to nothing within a few mm without active 
propagation [72]. A mechanism of active elec-
trical propagation into the thickness of the cir-

cular muscle layer was noted in canine colon, 
utilizing the ICC in septa between muscle bun-
dles (ICC-SEP). ICC-SEP are active spontane-
ously when ICC-SM are removed [66]. The 
question of active propagation into the circular 
muscle was further investigated using imaging 
to monitor Ca2+ wave propagation into the thick 
circular muscle layer of canine jejunum, which 
also has a population of ICC-SEP [151]. 
ICC-MY and ICC-SEP form a three-dimen-
sional network in which Ca2+ waves, and pre-
sumably slow waves, propagate from ICC-MY 
to ICC-SEP deep into the circular muscle layer. 
Thus, ICC-MY appear to be electrically cou-
pled to ICC-SEP, based on the propagation of 
Ca2+ waves; however, gap junctions between 
ICC-MY and ICC-SEP have not been demon-
strated definitively.

Fluo4-AM loading and whole tissue imaging 
was also used to evaluate the role of Ano1 chan-
nels in Ca2+ transients and waves [148]. Ano1−/− 
mice display an absence of slow waves in the 
small intestine and stomach [111]. These mice 
were utilized to evaluate whether Ca2+ transients 
could organize and propagate as coherent waves 
in the absence of Ano1 [148]. Potential develop-
mental defects that might occur in constitutive 
knockout mice were controlled for by also testing 
the pharmacological blockade of Ano1 channels 
or acute deactivation via shRNA treatments of 
organotypic cultures. Synchronicity of Ca2+ tran-
sients was significantly depressed in Ano1−/− 
mice, and this behavior was also observed after 
treatment of wild-type muscles with Ano1 chan-
nel antagonists. Ano1 antagonists had no effect 
on Ca2+ transients in Ano1−/− tissues. Pretreatments 
with shRNA reduced Ano1 by 75%, and the syn-
chronicity of Ca2+ transients and presence of slow 
waves (i.e., slow waves were absent in 80% of 
cells impaled) were reduced to a similar extent. 
Morphological examination showed that ICC 
networks were intact and appeared normal in 
shRNA-treated and Ano1−/− muscles. The reduc-
tions in Ano1 expression, coherent Ca2+ waves in 
ICC-MY networks, and slow wave activity were 
accompanied by weakened contractile activity 
with abnormal amplitudes and frequencies in 
Ano1−/− muscles.
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Studies using membrane-permeable Ca2+ indi-
cators have clearly demonstrated a link between 
Ca2+ release and Ca2+ entry events in ICC and 
pacemaker activity. These experiments, however, 
have limits and lack resolution due to only mod-
erate signal-to-noise ratio, contaminating signals 
from other cells also loaded with dye, and rela-
tively rapid photobleaching, especially with 
higher power imaging requiring stronger illumi-
nation. More recently, optogenetic sensors have 
been used, making it possible to selectively 
image Ca2+ transients in ICC by utilization of 
Cre-loxP technology. The bright, high signal-to- 
noise images produced with this technique allows 
dynamic resolution of subcellular Ca2+ transients 
and greater fluorophore longevity during sus-
tained illumination. Cellular Ca2+ dynamics can 
also be resolved in ICC in situ at high magnifica-
tion and at relatively high frame rates (e.g., 100 
frames per second). Use of this technique, cou-
pled with imaging by confocal microscopy, 
allows visualization of specific types of ICC 
because these cells are arranged in a fairly planar 
fashion within the tunica muscularis (e.g., 
ICC-MY of all organs, ICC-DMP in the small 
intestine, and ICC-SS and ICC-SM in the colon). 
GCaMPs are foreign proteins and Ca2+ buffers, 
but mice expressing GCaMP3 in ICC appeared to 
have normal slow waves and responses to neural 
inputs [156].

Optogenetic techniques have been used to 
study cellular mechanisms in the intramuscular 
class of ICC in the small intestine (ICC-DMP) 
which are located near the submucosal surface 
of the circular muscle layer [156]. ICC-DMP 
were investigated because they lack a voltage- 
dependent mechanism that allows development 
of slow waves but still manifest localized Ca2+ 
transients and activation of Ano1 channels to 
generate STICs. Under control conditions, ICC-
DMP fire Ca2+ transients from multiple loca-
tions, and these events are independent and 
stochastic in nature. There was little correlation 
between events at different sites within single 
cells or within adjacent cells, suggesting the 
lack of a voltage-dependent mechanism insu-
lates the activity of these cells from events 
occurring in adjacent cells. There are neural 

inputs to ICC- DMP, with tonic inhibition of 
Ca2+ transients resulting from nitrergic input 
[156]. Intracellular Ca2+ stores were judged to 
be the source of Ca2+ in the spontaneous Ca2+ 
transients in ICC-DMP because: (i) exposing 
muscles to Ca2+ free solution for many minutes 
did not significantly affect the amplitude, dura-
tion, or spatial spread of Ca2+ transients, and (ii) 
Ca2+ transients were reduced or blocked by 
CPA, thapsigargin, ryanodine, and xestospongin 
C [156].

Ca2+ handling in ICC-MY has also been inves-
tigated in muscles with cell-specific expression of 
GCaMP3. Instead of Ca2+ waves spreading 
smoothly through ICC networks, as reported in 
previous studies using membrane-permeable Ca2+ 
indicators, higher resolution allowed observation 
of temporal clusters of discrete and localized Ca2+ 
transients in each cell as Ca2+ waves traversed 
ICC-MY networks [157]. Simultaneous recording 
of slow waves within fields of view showed that 
Ca2+ transients are clustered temporally within 
each slow wave cycle, and the clusters of Ca2+ 
transients developed shortly (~175 ms) after each 
slow wave upstroke depolarization (Fig.  1.11). 
Firing of Ca2+ transients persisted during each 
cluster for approximately the duration of the pla-
teau phase of the slow waves. Multiple unique 
Ca2+ release sites were detected in ICC-MY, and 
local events did not spread to become global 
increases in [Ca2+]cyt. Activity in cell soma and 
processes was distinguished and analyzed by use 
of masking techniques and found to be equivalent 
in both regions of ICC-MY. Although the basic 
organization of the Ca2+ transient clusters (CTCs) 
was rhythmic and persistent in all recordings, 
Ca2+ transients at each site of initiation appeared 
to be stochastic in nature and characterized by 
irregular firing from CTC-to-CTC, occasional 
multiple transients firing from what appeared to 
be the same site during a single CTC, and tran-
sients of varying durations and spatial spread. 
CTCs were dependent upon Ca2+ entry and were 
abolished when [Ca2+]o was reduced below 
0.5 mM or when cells were treated with T-type 
Ca2+ channel antagonists (NNC 55-0396 and 
TTA-A2; [161, 162]). CTCs were resistant to 
either 1 μM nicardipine or isradipine (antagonists 
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of L-type channels encoded by Cacna1c and 
Cacna1d). This study led to the conclusion that 
CTCs are due to Ca2+ release from internal stores, 
and organization of Ca2+ release into CTCs is ini-
tiated by Ca2+ entry through T-type Ca2+ channels 
and initiation of Ca2+-induced Ca2+ release 
(CICR). The specific mechanisms of CICR are 
discussed in the section below. It is still a question 
whether the longer durations of slow waves 
observed in other regions of the GI tract or in 
other species (see Fig. 1.1) are due to longer dura-
tion CTCs in pacemaker ICC in these muscles. 
This level of resolution of Ca2+ transients underly-
ing GI pacemaker activity might become an assay 
for disease-dependent changes in ICC that 
develop and compromise the normal functions of 
these cells. Changes in basic Ca2+ signaling may 
affect motility behaviors long before disruption of 
ICC networks occur, but future studies will be 
required to test this hypothesis.

1.6.1  Role of Ca2+ Stores 
in Pacemaker Activity

The role of Ca2+ stores in pacemaker activity is 
presented in a separate section because it is of such 
fundamental importance in GI pacemaker activity 
and responses to enteric motor neurotransmitters. 
As described in the section above, electrical rhyth-

micity is linked mechanistically to the Ca2+ waves 
arising from and propagating through pacemaker 
cells, and the frequency of these events may be 
determined by the rates at which Ca2+ stores 
release and are refilled. Ca2+ release from stores is 
accomplished by two types of ER Ca2+ channels, 
IP3 receptors (IP3Rs) or ryanodine receptors 
(RyRs). Descriptions of a few representative stud-
ies on different types of preparations are provided 
to illustrate major features of Ca2+ release and the 
types of Ca2+ release channels expressed and uti-
lized in ICC pacemaker activity. A seminal study, 
performed on murine gastric muscles investigated 
global knockouts of Itpr1, showed that slow waves 
are independent of L-type Ca2+ channels in wild-
type mice, and slow waves are absent in Itpr1−/− 
mice (Fig. 1.12) [163]. Responses to nitrergic and 
cholinergic neural inputs were also compromised 
in these mice. These results demonstrate that IP3 
receptors play a fundamental role in the functions 
of ICC, and this conclusion has been supported by 
many studies of intact muscles. In pyloric smooth 
muscle, for example, slow waves were blocked by 
CPA, caffeine, and heparin loading [164]. 
However, no role for ryanodine- sensitive receptors 
was observed, as 10–20 μM ryanodine failed to 
inhibit slow waves. A combination of low Ca2+ and 
Cd2+ also failed to inhibit slow wave activity, and 
these authors concluded that Ca2+ entry was not 
involved in entrainment of slow waves or electrical 

Fig. 1.11 Ca2+ clusters in ICC-MY during slow wave 
activity. (a) Slow waves and Ca2+ waves in ICC-MY net-
works recorded simultaneously from jejunum muscle from 
a mouse expressing GCaMP3 exclusively in ICC. Imaging 
performed with a confocal microscope to restrict view to 
ICC-MY. Note the one-to-one relationship between the 
slow waves and Ca2+ transients. If fact the waves were not 
smooth changes in global Ca2+ observed in lower resolu-
tion monitoring. When higher resolution was used, facili-
tated by the superior performance of GCaMP3 as a sensor 
and low background from restricting GCaMP3 expression 
to ICC, Ca2+ waves were seen to be composed of many 
localized Ca2+ transients occurring in different sites within 
cell soma and processes. Each firing site was assigned a 
color and these are plotted in the occurrence map (third 
panel in a). Mapping Ca2+ transients in this manner shows 
that the transients are temporally clustered together at the 
frequency of the slow waves. (b) Increased sweep speed of 

simultaneous Ca2+ transient and slow wave outlined by 
gray box in (a). The occurrence map from this slow wave 
cycle is shown beneath the traces. Each Ca2+ firing site in 
the FOV was assigned a different color, and this analysis 
shows that Ca2+ transients occurred with different delays 
after the initiation of the slow wave upstroke, the durations 
of Ca2+ transients was highly variable, and multiple events 
occurred from the same site on occasion. Note that the Ca2+ 
clusters begin with a slight delay after the upstroke of the 
slow wave, and all occur within the duration of the slow 
wave. These observations suggest that the duration of the 
slow wave plateau depolarization is determined by the 
spread in time of Ca2+ transients, as the open probability of 
Ano1 channels (causing depolarization) will continue to be 
elevated as long as Ca2+ release events persist. (c) Shows 
ICC-MY network and site of recording within the FOV 
and within a few μM from the cells being imaged. Copied 
with permission from [157]
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rhythmicity. Slow waves can be initiated by depo-
larization, or in some cases by anode break (i.e., at 
termination of a hyperpolarization). Slow waves 
initiated in pyloric muscle in response to depolar-
ization or anode break were also blocked by hepa-
rin loading but not by ryanodine. It was concluded 
that Ca2+ release from the ER via IP3 receptors is 
fundamental to electrical rhythmicity and pro-
posed that responses to depolarization are due to 
voltage- dependent enhancement in IP3 synthesis 
or responsiveness of IP3R, as observed in SMCs 
[165]. This idea has also been proposed by other 
authors [31, 166], but no verification of voltage- 
dependent IP3 production or voltage-dependent 
sensitization of IP3R in ICC has been provided to 
date.

Another study of intact muscles characterized 
the effects of several Ca2+ store-active drugs on 
electrical rhythmicity in the murine small intes-

tine [167]. CPA (1–3 μM) depolarized muscles 
and decreased slow wave frequency by 46%, but 
when compared with elevated [K+]o, which also 
caused depolarization and decreased slow wave 
frequency, the effects of CPA were significantly 
greater and could not be explained by depolar-
ization alone. Thapsigargin (1  μM), another 
SERCA pump inhibitor, blocked slow waves 
after relatively long periods of exposure. Similar 
effects were produced by xestospongin C, an 
inhibitor of IP3R, caffeine and inhibitors of phos-
pholipase C (U-73122, neomycin, and 2-nitro-4-
carboxyphenyl-N,N- diphenylcarbamate).

In contrast ryanodine (50  μM) depolarized 
muscles and caused minor effects on slow waves 
that were judged to be the result of the depolariza-
tion. Ca2+ stores are also important in slow wave 
propagation, as investigated with partitioned 
chambers, where slow waves could be reliably 

Wild-type

a

b

c

d

mV

mV

mV

mV

-20

-30

-30

-40

-40

-40

-40

-50

-50

1 min

1 min

-50

-50

Mutant

Nifedipine 1mM

Nifedipine 1mM

Fig. 1.12 Loss of slow waves in Itpr1−/− mice. (a) Slow 
wave activity recorded by intracellular microelectrode 
from murine antral smooth muscle from a mouse 20 days 
after birth. (b) Slow waves are decreased in duration and 
amplitude by nifedipine. (c) Electrical activity recorded 

from mouse antrum from a 19-day-old Itpr1−/− mouse. 
Slow waves are absent and activity is spike-like com-
plexes occurring without a constant frequency. (d) 
Electrical activity is abolished by nifedipine. Redrawn 
with permission from [163]
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induced in a chamber perfused with normal Krebs 
solution and effects of Ca2+ store- active drugs 
could be evaluated in another chamber. Slow wave 
propagation was blocked by 2-APB in canine 
colonic muscles, and CPA greatly inhibited the 
plateau potentials of propagated slow waves in the 
canine gastric antrum [78, 80]. These studies all 
concluded that Ca2+ release from stores occurs via 
IP3R, and ryanodine receptors are not a significant 
factor in slow wave generation and propagation.

IP3Rs and RyRs are broadly expressed in cells 
of the SIP syncytium, making studies on intact GI 
muscles complicated because drugs blocking these 
receptors might have a multiplicity of effects. 
Attempts to avoid these problems have utilized 
cultured ICC, in which phenotypic changes might 
also be a confounding factor. Nevertheless, rhyth-
mic inward currents were blocked by xestospon-
gin C, thapsigargin, and heparin dialysis of cells 
[168]. Another study of this type needs to be dis-
cussed because of the uniqueness of its conclusion 
that ryanodine receptors are involved and funda-
mental to Ca2+ signaling in ICC. Cell cluster prep-
arations were developed from partially digested 
murine gastric muscles containing circular and 
longitudinal muscles and myenteric plexus [169]. 
ICC were present in the cell clusters and identified 
by c-Kit labeling. After 2–4  days in culture, the 
clusters were loaded with Fluo-3 and Ca2+ oscilla-
tions were monitored. Nifedipine blocked Ca2+ 
transients in SMCs, and under these conditions 
remaining Ca2+ transients were viewed to be oscil-
lations in pacemaker ICC.  RyR subtype 3 was 
found to be expressed in c-Kit+ cells, and FKBP12 
and FKBP12.6 (modulators of the Ca2+ conduc-
tance of ryanodine receptors) were expressed in 
the cell clusters. Recent focused expression stud-
ies and transcriptome analysis show that RyR1-3 
receptors are expressed in small intestinal ICC, 
and the predominant paralog is RyR2 [156]. 
Fkbp1a is expressed in all of the SIP cells, not just 
SMCs [117]. Both ryanodine and FK506, an 
immunosuppressant drug, inhibited Ca2+ oscilla-
tions in c-Kit+ cells in cell clusters [169]. These 
were the first experiments identifying a potential 
role for RyRs in the generation of rhythmic activ-
ity. More recently, the role of Ca2+ stores in gener-
ating Ca2+ transients was investigated by imaging 

ICC of the murine small intestine in situ [156, 
157]. These studies showed that Ca2+ transients in 
ICC-DMP were blocked by CPA and thapsigargin 
and by ryanodine (100  μM). Xestospongin C 
(10 μM) also blocked Ca2+ transients in ICC-DMP. 
Different effects were noted in pacemaker 
ICC-MY, where ryanodine (100 μM) blocked Ca2+ 
transients completely, but these events were far 
less sensitive to xestospongin C. In both types of 
ICC, interplay or amplification of Ca2+ release 
events appears to occur between IP3Rs and RyRs. 
The sequence of activation (i.e., RyR releasing 
Ca2+ and being amplified by release from IP3R or 
in reverse) is unknown at present, but in small 
intestinal ICC-MY the dominant release channels 
appear to be RyRs. Finding that Ca2+ release can 
be organized into CTCs (Fig.  1.11) and this 
depends upon Ca2+ entry via T-type Ca2+ channels 
suggests that CICR may be a fundamental factor in 
linking the voltage-dependent mechanism of prop-
agation to regeneration of slow waves, as depicted 
in Fig. 1.9.

While not assaying Ca2+ release events 
directly, another study monitored activation of 
CaCCs and development of STICs and slow wave 
currents in isolated murine small intestinal ICC 
[170]. STICs and slow wave currents activated by 
depolarization were inhibited significantly by 
CPA and thapsigargin, showing the need for 
functional Ca2+ stores to generate these basic ICC 
behaviors. Tetracaine (also an inhibitor of RyRs) 
blocked STICs and reduced slow wave currents, 
and ryanodine at 50  μM had an initial small 
increase in STICs, but with a longer exposure 
inhibited these events. The same was true for 
slow wave currents when exposure time was 
increased to several minutes. Xestospongin C 
also had inhibitory effects on STICs and slow 
wave currents. The possibility that some of the 
store-active drugs might have nonselective effects 
and inhibit Ano1 was also tested. Ryanodine, 
CPA, and thapsigargin all had little or no effect 
on Ano1 directly.

The representative studies above suggest there 
is diversity in the Ca2+ release apparatus in the 
ICC found in different anatomical niches within a 
given GI muscle, and diversity between organs 
also occurs. More studies will be needed to verify 
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this idea more broadly and to better understand 
how this diversity facilitates specific functions, 
determines the frequency of Ca2+ release events, 
or shapes the waveforms of electrical responses. 
There are also important structural questions 
about the relationship between the plasma mem-
brane and Ca2+ release sites and channels, and 
these will be addressed in the section below on 
nanodomains in ICC.

1.6.2  Role of Mitochondria 
in Pacemaker Activity

A typical observation in ultrastructural studies of 
ICC is that these cells display an abundance of 
mitochondria, particularly in the perinuclear 
spaces [64, 171, 172]. Studies of cultured ICC 
and intact GI muscles have suggested a role for 
mitochondria in the Ca2+ handling required for 
pacemaker activity and propagation of slow 
waves. Several drugs used commonly to block 
key mitochondrial ion channels and transporters 
and to deactivate the electron transport chain 
reduce electrical rhythmicity in cultured ICC and 
slow waves in intact GI muscles of several spe-
cies [168]. Oligomycin, a compound that blocks 
synthesis of ATP, was not effective in blocking 
slow waves either in the cultured cells or in intact 
muscles. Thus, compromising the metabolic role 
of mitochondria did not seem to be responsible 
for the effects of mitochondrial drugs on pace-
maker activity. Many of the same compounds 
have been shown to inhibit slow waves in strips 
of muscles from several species [62, 166, 173], 
propagation of slow waves [78, 79], spread of 
Ca2+ waves in ICC networks [151, 153], and 
spontaneous transient depolarizations (aka uni-
tary potentials; [19, 174]). Mitochondrial involve-
ment was thought to involve uptake or regulation 
of Ca2+ release during the slow wave cycle [168], 
and a biophysically based model was developed, 
incorporating mitochondrial Ca2+ uptake into a 
slow wave mechanism [175]. However, more 
recent experiments have suggested more direct 
Ca2+ regulation of the pacemaker mechanism in 
ICC (i.e., via activation of Ano1 CaCCs), so the 
role of mitochondria in the pacemaker mecha-

nism and the effects of mitochondrial agents on 
slow waves were revisited. All of the mitochon-
drial agents used in prior studies of slow wave 
generation and propagation reduced or blocked 
Ca2+ transients in ICC-MY, but had far less effect 
on Ca2+ transients in ICC-DMP [176]. The effects 
of mitochondrial drugs share similarities with the 
effects of T-type channel and Ano1 antagonists 
on Ca2+ transients, and mitochondrial drugs were 
found to be effective blockers of CaV3.2 and/or 
Ano1 channels expressed in HEK293 cells. Thus, 
the role of mitochondria in the pacemaker activ-
ity of ICC is questionable at present, as most of 
the effects noted in past studies can be explained 
by the nonspecific effects on key ion channels 
involved in pacemaker activity.

1.6.3  Nanodomains as the Basis 
for Functional Pacemaker 
Units in ICC

We have proposed that signaling in microdo-
mains (aka pacemaker units, but the current pre-
ferred terminology is nanodomains due to size 
and volume of these junctions) is important for 
the pacemaker mechanism because the concen-
trations of key ions involved in transmembrane 
currents and transport are far more likely to reach 
effective concentrations in these small volumes 
than in the cytoplasm. A striking finding is that 
Ano1 channels, which are activated tonically in 
HEK293 cells bearing homologous expression of 
Ano1 splice variants when cells are dialyzed with 
elevated internal Ca2+ (100–500 nM), depending 
upon splice variant [121–123, 126–128], are not 
activated by cytosolic [Ca2+]i of 1  μM in ICC 
[170]. This observation suggests that Ano1 chan-
nels are clustered into areas of plasma membrane 
that are serviced by Ca2+ released from stores, but 
protected from changes in [Ca2+]cyt. Clustering of 
Ano1 channels also favors generation of STICs 
that occur through the opening of many channels 
in response to localized Ca2+ release. Clustered 
Ano1 channels are likely to occur in nanodo-
mains, but questions remain whether other key 
proteins involved in pacemaker activity (e.g., 
CaV3.2, NKCC1, IP3R1, RYR, the sodium pump 
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and possibly Na+Ca2+ exchange proteins) are also 
co-localized in these nanodomains. The high 
probability for Ca2+ release events to occur repet-
itively from specific sites in the cell soma and 
processes [157] favors the idea that specialized 
ER domains, containing elevated numbers of 
Ca2+ release channels, are present. Depolarization 
of network ICC leads to activation of T-type Ca2+ 
channels in ICC which appears to be the voltage- 
dependent mechanism allowing active propaga-
tion of slow waves through the network [2]. As 
T-type Ca2+ channels are activated, Ca2+ entry 
occurs, but the relatively low current density due 
to T-type Ca2+ channels in ICC [137] suggests 
that Ca2+ entry is focused into nanodomains 
where a rise in [Ca2+] is effective in activating 
CICR and CaCCs. A schematic showing the key 
proteins and their arrangement within nanodo-
mains to facilitate CICR in ICC is shown in 
Fig. 1.9.

1.7  Dynamic Modulation 
of Intrinsic Electrical 
Rhythmicity

Until now, we have concentrated on spontaneous 
slow wave generation in ICC and propagation in 
ICC networks in GI muscles, but these cells do 
not operate in isolation, and many factors, too 
numerous to describe comprehensively in this 
chapter, influence slow waves and thus motility 
patterns in the gut. Transcriptome data indicate 
that ICC express myriad receptors for neurotrans-
mitters, hormones, paracrine substances, and 
inflammatory mediators, and they also express 
effector proteins that facilitate reactions to a vari-
ety of physical factors such as stretch, compres-
sion (as might occur in muscle contraction), 
temperature, and pH [117]. ICC may also be 
secretory cells, and, as an example of this idea, 
they express a reactome consistent with produc-
tion of PGE2 or PGI2 (e.g., Pla2g4a, Ptgs1, 
Ptges3, Ptgis). It should also be understood that 
due to the electrical coupling between SMCs, 
ICC, and PDGFRα+ cells (SIP syncytium), elec-
trophysiological responses of any SIP cell can 
potentially affect the functions of ICC. For exam-

ple, neurotransmitters or hormones linked to 
enhanced production of cAMP and activation of 
protein kinase A in SMCs tend to activate KATP 
channels and cause hyperpolarization of SMCs 
[46, 177–179]. Hyperpolarization of SMCs con-
ducts to ICC and can influence voltage- dependent 
mechanisms in these cells (e.g., Ca2+ entry mech-
anisms and slow wave propagation). Similarly, 
P2Y1 receptor agonists (e.g., purine neurotrans-
mitters) cause activation of small-conductance 
Ca2+-activated K+ channels in PDGFRα+ cells, 
causing profound hyperpolarization of these cells 
and other SIP cells [22, 49, 180]. Integration of 
inputs to the SIP syncytium are illustrated in 
Fig. 1.13.

Neural inputs have chronotropic effects on 
gastric slow waves [54] and affect coupling 
between slow waves and generation of action 
potentials by SMCs in other regions of the GI 
tract [99, 181]. Studies of W/WV mutants, in 
which ICC fail to develop in some regions of the 
GI tract [3, 5, 108], show that cholinergic and 
nitrergic neural inputs to gastric muscles are 
reduced in the absence of the intramuscular class 
of ICC [182, 183]. The extent and significance of 
ICC in enteric motor neurotransmission has been 
hotly debated in the literature [184–187], but it 
seems beyond debate at this point that ICC are 
innervated. Therefore, post-junctional responses 
that alter membrane conductances in ICC will 
influence the integrated motor output of the SIP 
syncytium.

The discussion above describes how Ca2+ tran-
sients are fundamental to ICC behavior. Recent 
studies have investigated how neural inputs influ-
ence Ca2+ transients in ICC-DMP in the murine 
small intestine. ICC-DMP represent the intra-
muscular class of ICC in the small intestine and 
varicosities of motor neurons are closely associ-
ated with these cells and form synaptic-like con-
nections of less than 20 nM between nerves and 
ICC [106, 188, 189]. Receptors for major enteric 
motor neurotransmitters are expressed by ICC- 
DMP [118, 190, 191], and the cells bind neu-
rotransmitters, undergo receptor internalization, 
and translocate signaling molecules in response 
to nerve stimulation [192, 193]. Muscles express-
ing optogenetic Ca2+ sensors in ICC showed that 
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stimulation of enteric motor neurons by electrical 
field stimulation (EFS) causes initial inhibition of 
Ca2+ transients followed by intense activation that 
persists well after termination of the stimulus 

[194]. Atropine decreased the frequency of Ca2+ 
transients somewhat, but a larger decrease was 
caused by RP 67580 or SR 140333, both NK1 
receptor antagonists. The brief inhibitory period 

Fig. 1.13 Schematic showing integration of inputs in the 
SIP syncytium. Schematic is developed from experimen-
tal evidence obtained from murine small intestine. SIP 
syncytium consists of SMCs, PDGFRα+ cells, and ICC (in 
small intestine the ICC are ICC-MY and ICC-IM; see 
Table 1.1 for additional details). ICC-MY are pacemaker 
cells and generate electrical slow waves by processes 
described in detail in Fig. 1.8 and depicted here as Ca2+ 
release from ER and activation of Ano1 channels in 
plasma membrane. Slow wave conduct through gap junc-
tions (GJ) and depolarize SMCs. Depolarization activates 
Ca2+ entry through L-type Ca2+ channels and initiates 
cross bridge cycling of contractile elements (CE). Slow 
waves are omnipresent, but their impact on SMC contrac-
tion is modulated by inputs from enteric excitatory (EEN) 
and inhibitory (EIN) neurons that are intermingled and 
closely associated with PDGFRα+ cells and ICC-IM. 
EENs release ACh and tachykinins (substance P and pos-
sibly neurokinin A). These neurotransmitters bind to mus-
carinic type 3 (M3) receptors and neurokinin 1 (NK1) 
receptors expressed by ICC-IM. Both receptors couple 
through Gq/11 and activate phospholipase Cβ (PLCβ) and 
production of IP3 and diacylglycerol (not shown). IP3 
binds to IP3Rs in the ER (not shown) and causes intense 
release of Ca2+ (depicted as multiple black arrows from 
ER) and activation of Ano1 channels in the plasma mem-
brane. This is a depolarizing response that conducts to 

SMCs via GJs and summates with the slow waves that are 
ongoing in the syncytium. EINs release NO, purines 
(β-NAD), and peptides (depicted here as VIP but also 
likely to include PACAP). NO binds to soluble guanylyl 
cyclase (GCα/GCβ dimer) in ICC, SMCs, and possibly in 
PDGFRα+ cells (not shown) that also express these sub-
units but no response has been documented. GCα/GCβ 
dimers in ICC generate cGMP and activate protein kinase 
G (PKG) or inhibit phosphodiesterases (PDE). The mech-
anisms coupled to these effectors are not entirely under-
stood. But PKG is linked to reduction in Ca2+ release from 
ER (dotted arrow), and this decreases or halts activation of 
Ano1 currents (X). This is a hyperpolarizing trend that 
can also conduct to SMCs via GJs. In SMCs GCα/GCβ 
dimers can also be activated by NO, causing reduced Ca2+ 
sensitization of the CE and reduction in the force of con-
traction. β-NAD (and possibly other purines) is/are 
released from EINs and bind to P2Y1 receptors on 
PDGFRα+ cells. This activates PLCβ, generates IP3, and 
causes Ca2+ release from ER. Ca2+ release activates small- 
conductance Ca2+-activated K+ channels in PDGFRα+ 
cells. This pathway generates strong hyperpolarization 
that conducts to SMCs via GJ.  Hyperpolarization of 
SMCs tends to reduce the open probability of L-type Ca2+ 
channels, restricting Ca2+ entry and reducing the force of 
contractions. Functions and responses of SIP cells to 
inhibitory peptides are not yet clarified
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at the initiation of EFS was due to nitrergic neural 
regulation [195].

SMCs express nonselective cation channels 
that respond to muscarinic stimulation [196–
198]. Ano1 channels, which are not expressed 
by GI SMCs, mediate muscarinic responses in 
ICC [23]. To address the controversy about the 
role of ICC in excitatory neurotransmission 
experiments were performed on Ano1−/− mice. 
When inhibitory responses are blocked, EFS of 
gastric muscles elicits EJPs in post-junctional 
cells. EJPs are absent in mice lacking Ano1, 
and contractile responses are also diminished. 
Pharmacological block of Ano1 channels also 
reduced EJPs and contractile responses. 
Inhibiting acetylcholinesterase caused develop-
ment of a slow depolarization that followed the 
normal fast EJP. This event was retained in the 
Ano1−/− mice and was likely due to overflow of 
neurotransmitter to extrajunctional muscarinic 
receptors on SMCs. These experiments demon-
strate primary innervation and transduction of 
cholinergic responses by ICC, and the results 
are consistent with previous evaluations of 
 cholinergic innervation of ICC-IM using a 
 variety of experimental tests and approaches 
[182, 199].

A study using a membrane-permeable Ca2+ 
indicator reported that the oscillatory activities of 
ICC-MY and ICC-DMP in the small intestine 
undergo phase-amplitude coupling [154], and the 
output of this coupling generates a slow wave 
pattern known as waxing and waning [200, 201]. 
ICC-MY and ICC-DMP are distinct populations 
of cells in the murine small intestine and sepa-
rated by most of the thickness of the circular 
muscle layer. The only means of coupling 
between these cells seems to be via electrical 
coupling through SMCs. Thus, electrical events 
in one type of ICC might “couple” or interact 
with the electrical events in the other population 
of cells. Such an interaction seems unlikely, how-
ever, because the electrical events generated by 
ICC-DMP are STICs [202] due to activation of 
Ano1 CaCCs and generated by transient bursts of 
Ca2+ release from intracellular stores [156]. 
Neither the Ca2+ transients nor the STICs [170] 
are oscillatory in nature. These events occur in a 

stochastic manner with little or no correlation in 
the timing between events in the same cell or 
between the events in adjacent cells [156]. 
Recordings of Ca2+ transients for several minutes 
in adjacent ICC-DMP in full thickness small 
intestinal sheets of muscle (in which ICC-MY 
are present and slow waves are omnipresent) 
revealed no cyclical influences on Ca2+ transients 
in ICC-DMP. High resolution observations of 
ICC-DMP showed that Ca2+ transients in ICC- 
DMP are not regulated by membrane potential. 
Depolarizations of the SIP syncytium occurring 
through slow wave activity exert no apparent 
influence on the stochastic nature of Ca2+ release 
events in ICC-DMP [156]. Hyperpolarization of 
tissues upon the opening of K+ channels in other 
SIP cells also has no influence on Ca2+ transients 
in ICC-DMP. Lack of voltage-dependent regula-
tion is likely to result from the fact that ICC- 
DMP do not express functional voltage-dependent 
Ca2+ channels [118, 170].

As discussed previously in this chapter, Ca2+ 
entry facilitates coordinated release of Ca2+, due 
to Ca2+-induced Ca2+ release in ICC-MY, but 
lacking such a mechanism in ICC-DMP frees 
these cells to fire Ca2+ transients independently. 
This is an important characteristic of intramuscu-
lar ICC that are innervated by enteric motor neu-
rons, express receptors and post-receptor effector 
mechanisms. As discussed previously, neu-
rotransmitters released from excitatory or inhibi-
tory motor neurons enhance or suppress Ca2+ 
transients, respectively. If Ca2+ transients were 
regulated by voltage, then their responses to neu-
ral inputs may be unpredictable due to net hyper-
polarizing or depolarizing influences that might 
originate elsewhere in the SIP syncytium. For 
example, if depolarization enhanced Ca2+ tran-
sients, then periods of depolarization (peaks of 
slow waves or responses to paracrine stimuli, 
etc.) would tend to predetermine neural responses. 
If hyperpolarization shut down Ca2+ release, then 
such a trend could render inhibitory neurotrans-
mission ineffective and perhaps limit excitatory 
responses. Being unaffected by membrane poten-
tial allows neural responses of ICC-DMP to be 
independent, and therefore neural influences can 
be superimposed upon (i.e., summate with) the 
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intrinsic activities of the SIP syncytium. In nor-
mal GI organs enteric motor neurons determine 
motility patterns, so it is important that their 
commands not be circumvented by the intrinsic 
behaviors of SIP cells.

Stretch is another factor that affects electrical 
rhythmicity; however, there is less known about 
this stimulus than regulation by nerves and hor-
mones. Stretch of tissues making up the walls of 
hollow organs is inevitable as the organs are filled 
or as boluses of luminal contents are shifted from 
one segment to another. In one study murine gas-
tric antral muscles were stretched by a computer- 
driven apparatus that allowed precise selection of 
ramp speed and maximum tension [203]. Stretch 
of muscles caused rate-dependent changes in 
membrane potential and slow wave frequency. 
Responses to stretch were mediated by ICC-IM, 
as the responses did not occur in W/WV mice that 
have reduced numbers of ICC-IM in the stomach. 
Indomethacin treatment also blocked the 
responses to stretch, and the responses were 
absent in Ptgs2−/− mice. These findings suggest 
that stretch-dependent activation of prostaglan-
din synthesis may be a chronotropic mechanism 
affecting pacemaker activity in the gastric 
antrum.

1.8  Areas in Need of Future 
Investigation

There are currently many shortcomings in our 
understanding of electrical rhythmicity in GI 
muscles. A goal of biomedical research is to 
understand human physiology and pathophysiol-
ogy such that pharmaceuticals appropriate for the 
treatment of human disorders can be designed. 
Few treatments for common GI motility disor-
ders exist, and this may be because understand-
ing of human disease is based on animal models 
that do not translate to human physiology and 
pathophysiology with fidelity. Comprehensive 
study of electrical rhythmicity in human GI mus-
cles is lacking, and it was surprising, for exam-
ple, to learn recently that the frequency of 
electrical slow waves in the stomach may be 
higher than the literature has reported confidently 

for several decades [56]. Studies of human gas-
tric muscles in vitro revealed many discrepancies 
from textbook descriptions of human gastric 
electrophysiology, including the presence of slow 
wave activity in the gastric fundus, a slow wave 
frequency in antral muscles about twice that 
reported from surface electrode recording, and no 
clear gradient in slow wave frequency from prox-
imal to distal stomach. A more definitive under-
standing of human electrical rhythmicity is 
needed to understand what actually drives 
changes in slow wave activity, gastric contrac-
tions, and gastric emptying in motility disorders, 
such as gastroparesis. As mentioned previously, 
most recent work investigating the mechanisms 
of pacemaker activity have been performed on 
mice, and it is unclear whether these mechanisms 
are common to other species and humans. Better 
means of identifying ICC in mixed cell popula-
tions after tissue dispersion are needed to facili-
tate comparative physiological and molecular 
studies of these cells in isolation of the other cells 
in whole muscles. Work toward understanding 
the molecular phenotypes of ICC has started 
[117, 118], and the data from these studies sug-
gest a broader role for ICC than previously sus-
pected, including responses to hormones and 
paracrine substances and possibility a role as 
secretory cells. Transcriptomic data may also 
provide insights on how to recover the phenotype 
of ICC when cells are lost or damaged in disease. 
It would be valuable to develop a cell culture or 
organoid model of ICC that could be used for 
high-throughput screening of inflammatory 
mediators and/or drugs. Some progress has been 
made in this regard [169, 204], but it will be nec-
essary to optimize conditions to maximize reten-
tion of the native phenotype in these in  vitro 
preparations. Of many challenges remaining in 
the study of ICC, the largest are to understand 
what happens to ICC in a variety of human motil-
ity disorders and develop the means, possibly 
through manipulation of tissue stem cells or 
reseeding of progenitor cells [205], to reestablish 
functional networks of cells. Motility disorders 
involving loss or damage to ICC networks will be 
very difficult to treat effectively until these chal-
lenges are met.
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Generation of Spontaneous Tone 
by Gastrointestinal Sphincters

Kathleen Keef and Caroline Cobine

Abstract
An important feature of the gastrointestinal 
(GI) muscularis externa is its ability to generate 
phasic contractile activity. However, in some 
GI regions, a more sustained contraction, 
referred to as “tone,” also occurs. Sphincters 
are muscles oriented in an annular manner that 
raise intraluminal pressure, thereby reducing or 
blocking the movement of luminal contents 
from one compartment to another. Spontaneous 
tone generation is often a feature of these mus-
cles. Four distinct smooth muscle sphincters 
are present in the GI tract: the lower esophageal 
sphincter (LES), the pyloric sphincter (PS), the 
ileocecal sphincter (ICS), and the internal anal 
sphincter (IAS). This chapter examines how 
tone generation contributes to the functional 
behavior of these sphincters. Historically, tone 
was attributed to contractile activity arising 
directly from the properties of the smooth 
muscle cells. However, there is increasing evi-
dence that interstitial cells of Cajal (ICC) play 
a significant role in tone generation in GI mus-
cles. Indeed, ICC are present in each of the 
sphincters listed above. In this chapter, we 
explore various mechanisms that may contrib-
ute to tone generation in sphincters including:  

(1) summation of asynchronous phasic activity, 
(2) partial tetanus, (3) window current, and (4) 
myofilament sensitization. Importantly, the first 
two mechanisms involve tone generation 
through summation of phasic events. Thus, the 
historical distinction between “phasic” versus 
“tonic” smooth muscles in the GI tract requires 
revision. As described in this chapter, it is clear 
that the unique functional role of each sphincter 
in the GI tract is accompanied by a unique com-
bination of contractile mechanisms.

Keywords
Gastrointestinal · Tone · Interstitial cells  
of Cajal · Myofilament sensitization   
Electromechanical coupling · Sphincter   
Slow wave · Membrane potential · Motility   
ANO1

2.1  Anatomical and Functional 
Features of Gastrointestinal 
Sphincters

2.1.1  Lower Esophageal Sphincter

Anatomy and pressure. The lower esophageal 
sphincter (LES) is a specialized region of smooth 
muscle located at the junction of the esophagus 
and stomach (Fig.  2.1a). However, the precise 
morphological features of the LES are still con-
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troversial. Historically, the LES was described as 
consisting of semicircular “clasp” muscle fibers 
near the lesser curvature of the stomach and 
obliquely oriented “sling” muscle fibers near the 
fundus [1–10]. However, it is now recognized 
that distal circular muscle fibers of the esophagus 
also contribute to the high-pressure zone [11]. 
Indeed, there is likely overlap in the literature 
between muscles described as “clasp” vs. distal 
esophageal circular muscle fibers. A recent three- 
dimensional high-resolution pressure profile of 
the human esophagogastric junction (EGJ) has 
been undertaken [12, 13]. These studies conclude 
that the LES is a noose-like structure consisting 
of oblique distal esophageal circular muscle 

fibers that cross with sling fibers at the angle of 
His (i.e., the acute angle at the junction of the 
esophagus and fundus) producing “purse strings” 
that raise luminal pressure when contracted.

The LES passes through the crural diaphragm 
en route to the stomach; thus, the EGJ is consid-
ered to include both the LES and the crural dia-
phragm [14]. Importantly, the high-pressure zone 
generated by the EGJ is responsible for prevent-
ing the reflux of gastric contents into the esopha-
gus. Values for EGJ pressure at end expiration 
(considered to be exclusively due to the LES) 
range from 15 to 35 mmHg in humans [13, 15, 
16] and similar pressures have been reported for 
rat [17, 18]. Interestingly, LES pressure is higher 
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Fig. 2.1 Anatomical location of gastrointestinal sphinc-
ters. Highlighted in each diagram is a portion of the circu-
lar muscle layer with arrows indicating the location of the 
sphincter. (a) The lower esophageal sphincter (LES) is 
located at the junction between the esophagus and the 
stomach. It is comprised of oblique distal esophageal and 
clasp fibers near the lesser curvature of the stomach (left). 
These fibers combine with oblique sling fibers at the angle 
of His (right). The LES in combination with the crural 
diaphragm constitute the esophagogastric junction (EGJ). 

(b) The pyloric sphincter (PS) is located at the junction of 
the distal antrum and proximal duodenum. It is a thicken-
ing of the circular muscle layer. (c) The ileocecal sphinc-
ter is located at the junction of the distal ileum and 
proximal cecum. It is created by a folding over of the cir-
cular muscle layer that protrudes into the cecum. (d) The 
internal anal sphincter (IAS) is a thickening of the circular 
muscle layer at the distal extremity of the gastrointestinal 
tract. It is surrounded by the external anal sphincter 
which also extends distal to the IAS
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near the angle of His and encompasses a wider 
portion of the esophagus near the lesser curvature 
[2, 13, 19–21].

Neural innervation. Extrinsic neural regula-
tion of the LES is largely mediated by vagal pre-
ganglionic cholinergic neurons. These neurons 
innervate the LES at the level of the myenteric 
plexus and activate either excitatory or inhibitory 
motor neurons depending upon the neural path-
way involved [22–26]. Stimulation of excitatory 
motor neurons significantly increases LES pres-
sure [25] while atropine decreases LES pressure 
[27, 28]. On the other hand, some studies have 
reported that vagotomy increases LES pressure 
suggesting a predominance of inhibitory neural 
pathways [25]. When all neural influences are 
eliminated there is still elevated pressure at the 
LES indicating that spontaneous tone generation 
plays a role in this region [25, 29]. Purines, nitric 
oxide (NO), and vasoactive intestinal peptide 
(VIP) each participate in inhibitory neural 
responses in the LES, with NO being the most 
important [5, 7, 9, 30, 31]. Sympathetic nerves 
arising from the celiac ganglia also innervate the 
LES but their actions appear to be modest since 
LES pressure is unchanged following sympa-
thectomy [25, 32].

2.1.1.1  In Vitro Contractile 
and Electrical Activity

Contraction. Muscle strips isolated from the LES 
spontaneously develop tone in every species 
examined (e.g., monkey LES, Fig. 2.2a). In vitro 
studies of human muscles report that tone in clasp 
muscle is twice that of sling muscle and ten times 
greater than that of esophageal body muscles [5]. 

Similar differences are apparent for clasp and 
sling muscles in cat [8, 33]. The greater tone 
developed by muscles of the LES than the esopha-
geal body is in agreement with the high- pressure 
zone noted for the LES in vivo [13, 25]. However, 
the greater tone developed by clasp muscle com-
pared to sling muscle cannot explain the greater 
pressure measured in vivo near the sling side of 
the LES [2, 19–21]. It is possible that clasp mus-
cle receives greater neural inhibition than sling 
muscle in  vivo since inhibitory nerves produce 
greater inhibition of contraction of clasp than of 
sling muscles in vitro [5, 9]. Morphological dif-
ferences in the composition of smooth muscle at 
the clasp and sling side of the LES have also been 
proposed to be an important determinant of the 
circumferential pressure gradient [12, 13].

Electrical activity. The membrane potential of 
the human and opossum LES is approximately 
8–10  mV more depolarized than that of the 
esophageal body (i.e., ~−40 vs. −50 mV) while 
clasp and sling muscle membrane potentials are 
not different [5, 9, 34, 35]. In addition, continu-
ous spike potentials have been observed in the 
opossum LES but not in the esophageal body [35, 
36] (Fig. 2.3). Spikes as well as 70% of tone are 
abolished by the L-type calcium (CavL) channel 
blocker nifedipine suggesting that electrome-
chanical coupling mechanisms significantly con-
tribute to tone generated in this muscle [35].

2.1.2  Pyloric Sphincter

Anatomy, function, and in  vivo pressure. The 
pyloric sphincter (PS) is located at the 
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Fig. 2.2 Spontaneous contractile activity generated by 
strips of the monkey lower esophageal sphincter (LES) and 
internal anal sphincter (IAS) following dissection in cold 
(4 °C) Krebs bicarbonate Ringers solution and placement in 
a warm (37 °C) isolated tissue bath. An initial stretch was 

applied to both muscles at the arrows. As ionic gradients are 
reestablished tone and phasic activity develop. Contractile 
activity in the LES is predominantly tonic (a, Keef and 
Cobine, unpublished observation) while phasic contractions 
are superimposed upon tone in the IAS (b [115])
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 gastroduodenal junction (GDJ) and is composed 
of the thickened circular muscle layer of the pylo-
rus (Fig. 2.1b). The PS plays an important role in 
regulating the passage of chyme from the stomach 
to the small intestine. After ingested food has 
been broken down and the peristaltic contractions 
of the stomach have lessened, the PS relaxes 
allowing the passage of small volumes of chyme 
into the duodenum [37]. A feedback mechanism 
from the duodenum closes the PS to limit the 
amount of incoming chyme. The question of 
whether the PS exists in a state of tonic contrac-
ture at rest is controversial [29]. The pressure 
within the pylorus has been reported to be 
≤10  mmHg between meals [38–40] suggesting 
minimal tone. However an in vivo pressure study 
of the dog PS described phasic pressure waves 
(1–5  cpm) superimposed upon elevated basal 
pressure [41]. The amplitude of phasic events was 
decreased by addition of atropine and enhanced 
by tetrodotoxin (TTX) indicating that this activity 
was modulated by neural input. The discrepancies 
between Allescher et al. [41] and others may arise 
from differences in the stage of gastric emptying 
and the nutrient content of the chyme in the duo-

denum [42–45]. For example, pyloric pressure is 
elevated after ingestion of a meal [40].

Neural innervation. Extrinsic neural regulation 
of the PS is similar to that of the LES, i.e., it is 
mediated by vagal preganglionic cholinergic neu-
rons. It also receives sympathetic input from the 
celiac ganglia. Vagal preganglionic cholinergic 
neurons innervate the PS at the level of the myen-
teric plexus and give rise to either excitatory or 
inhibitory motor responses depending upon the 
neural pathway activated. Excitatory responses 
are predominantly cholinergic in nature [41, 46–
48] whereas inhibitory responses are due to the 
release of purines, NO, and VIP [46, 47, 49, 50]. 
Despite innervating the pylorus, sympathetic 
nerves do not appear to play an important role in 
excitatory motor responses, rather they appear to 
modulate cholinergic pathways [51, 52].

2.1.2.1  In Vitro Contractile 
and Electrical Activity

Contraction. In vitro studies of the PS describe 
slow frequency (i.e., ~1–3 cycles per minute, cpm) 
phasic contractions [53–56] (Fig.  2.4). Unlike 
other sphincters, little tone is observed in the PS 
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Fig. 2.3 Spontaneous spiking activity recorded from the 
opossum lower esophageal sphincter [35]. (a) Example of 
a single spike potential. Top: Membrane potential initially 
undergoes a slow depolarization followed by a rapid 
upstroke and repolarization. Bottom: Plot of the change in 
voltage with time (dV/dt) during this recording. The max-

imum rate of depolarization during the spike was ~0.3 V/s. 
(b) Examples of two patterns of continuous spiking activ-
ity shown at a slower sweep speed. Spikes occurred either 
upon a constant resting membrane potential (upper trace) 
or on occasion, superimposed upon slow oscillations 
(3–5/min) of resting membrane potential (lower trace)
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under “resting” conditions. However, tone is gen-
erated in the rat pylorus in response to the NO syn-
thase (NOS)-inhibitor L-NAME suggesting 
ongoing suppression of tonic activity via nitric 
oxide (NO) [56]. CavL channel antagonists abolish 
phasic contractions in the PS indicating an impor-
tant role for these channels in this activity [57].

Electrical activity. A number of intracellular 
microelectrode measurements from isolated strips 
of the PS have identified slow waves [54, 58–61]. 
Studies of the dog PS indicate that slow waves arise 
at the myenteric edge of the circular muscle layer 
and conduct toward the lumen, disappearing before 
reaching the submucosal edge [59]. The average 

frequency of slow waves recorded from isolated 
strips of the PS is 0.5–1 cpm [58, 59]. However, 
when electrical activity is recorded from muscle 
segments that include the distal antrum, the PS 
slow wave frequency is entrained by the higher fre-
quency of slow waves in the distal antrum [58, 59]. 
Figure  2.5 shows how slow waves generated by 
stimulation of the distal antrum conduct across the 
distal antrum/PS/proximal duodenum. These topo-
graphical recordings indicate that slow waves can 
conduct to the PS but that much of this region is 
electrically quiescent under these conditions.

Slow waves in the PS arise from a relatively 
negative resting level, i.e., −70 mV in the guinea 

15 gm 15 gm

2 min

a b

Fig. 2.4 Spontaneous contractile activity observed in 
isolated strips of the rabbit pyloric sphincter (PS) [53]. (a) 
Low-frequency phasic contractions were observed in the 
PS without tone. Addition of erythromycin 50 μM (arrow) 
abolished these contractions. (b) In a different muscle 

strip erythromycin 50 μM (arrow) was applied in the pres-
ence of tetrodotoxin (1 μM). In this case, contractile inhi-
bition was abolished. The authors concluded that 
erythromycin acts predominantly by stimulating motilin 
receptors on inhibitory motor neurons [53]

1 mm

PR

30 mV

10 s

TA

PD

Fig. 2.5 Topography of slow wave activity recorded from 
cells in the circular muscle layer with microelectrodes 
across the width of the pyloric canal [59]. Slow waves 
were repetitively evoked in the antral region and recorded 
from cells throughout the surface of the preparation. Slow 

waves spread throughout the circular layer of the terminal 
antrum (TA) but petered out within the pyloric ring (PR) 
and proximal duodenum (PD). Much of the circular mus-
cle of the pylorus was electrically quiescent
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pig and −63 mV and −61 mV in the myenteric and 
submucosal regions of the dog PS, respectively 
[58, 62]. However, there appears to be species- 
dependent differences in the role of CavL channels 
since slow waves are unaffected by nifedipine in 
the guinea pig PS [58], whereas both the ampli-
tude and duration of slow waves is substantially 
reduced in the dog PS [59]. Activity in the pylorus 
is electrically isolated from that of the duodenum 
and occurs in the absence of nerves [59].

2.1.3  Ileocecal Sphincter

2.1.3.1  Anatomy, Function, and In Vivo 
Pressure

The ileocecal sphincter (ICS) is a papillose struc-
ture located at the junction between the ileum and 
cecum (Fig. 2.1c). It has also been referred to as 
ileocolonic sphincter or valve. The ICS is ~4 cm 
wide in humans and is composed of two circular 
muscle layers, an internal one that is continuous 
with the circular muscle layer of the ileum and an 
external one that is continuous with the circular 
muscle layer of the cecum. There is also a single 
longitudinal muscle layer interposed between the 
two circular muscle layers [29, 63]. Functionally 
the ICS plays a role in facilitating the passage of 
luminal contents from the ileum to the colon. 
Perhaps more importantly, it plays a role in pre-
venting the reflux of colonic contents, specifi-
cally bacteria, into the small intestine [64].

Manometry studies performed on human sub-
jects report a 10–20 mmHg pressure zone over a 
distance of ~4 cm within the ICS [65, 66]. A simi-
lar high-pressure zone is present in dog, i.e., 
~26 mmHg over 3 cm [67, 68]. However, there is 
controversy regarding this pressure zone in vivo 
since other studies have failed to detect it [69]. In 
some studies phasic pressure waves (4–8/min) 
have been observed superimposed upon tone [66]. 
The differences between these studies may arise 
from differences in recording techniques, as it is 
difficult to measure ICS pressure and tone nonin-
vasively. Furthermore, discrepancies may also 
arise from differences in the fed-state of the sub-
ject. Greater tone and phasic activity are noted in 
the human ICS immediately after a meal versus 
during the interdigestive phase [66, 70]. Colonic 

distension results in increased ICS tone and larger 
amplitude pressure waves in both human and dog 
[66, 71], a reflex that will limit the reflux of mate-
rial from the colon back into the ileum.

2.1.3.2  Neural Innervation
The ICS is innervated by sympathetic (via supe-
rior and inferior mesenteric ganglia) and parasym-
pathetic (via vagus nerve) neural pathways. Tone 
in the ICS can occur in the absence of excitatory 
neural input although stimulation of sympathetic 
and cholinergic pathways enhance tone [72–76]. 
Non-adrenergic non-cholinergic (NANC) inhibi-
tory responses are also present in the ICS [76]. A 
number of studies have identified an important role 
for NO in inhibitory motor innervation to the ICS 
[73, 77–80]. However, much less is known about 
the possible role of purines and VIP. Studies of the 
dog ICS have reported inhibitory junction poten-
tials consisting of NOS- and apamin-sensitive 
components [73] while immunohistochemical 
studies have identified VIP in a subset of neurons in 
the myenteric ganglia [81]. Thus, VIP and purines 
likely play some role in the ICS but further studies 
are required.

2.1.3.3  In Vitro Contractile 
and Electrical Activity

Contraction. Most in vitro studies of the ICS report 
tone although not in every muscle strip examined 
[29, 76, 82, 83]. Spontaneous phasic contractions 
are also observed but again not in every muscle 
strip. Phasic activity is typically superimposed upon 
tone [29, 76, 79, 82–84] (Fig.  2.6). Interestingly, 
addition of the COX-2 inhibitor indomethacin to 
mechanically quiescent strips of the guinea pig ICS 
increases tone generation as well as phasic contrac-
tions suggesting that ongoing prostaglandin synthe-
sis suppresses contractile activity [83]. Although 
the ICS generates tone, this activity represents only 
10–20% of maximum contraction [82, 83]. CavL 
channel blockers have limited effects upon tone 
(i.e., reducing tone by less than half), while phasic 
contractions are abolished [82, 84].

Electrical activity. Resting membrane potential 
in the guinea pig ICS is more depolarized than that 
of the ileum or cecum i.e., ~−43  mV (ICS) vs. 
−58  mV (ileum) and −62  mV (cecum) [76], 
whereas in the dog ICS it is more negative  
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(i.e., −55 mV) [73]. Differences in resting mem-
brane potential between species may explain why 
spike-like activity is reported in some species (cat 
and guinea pig ICS [76, 83, 85]) but not in the dog 
[73] (Fig.  2.7). However, even in species with 
spikes, this activity is not observed in all muscle 
strips. Thus, the variability in contractile behavior 
(Fig. 2.6) likely reflects the variability in electrical 
events between muscle strips from the same ani-
mal. Indeed, in the only study in which membrane 
potential and contraction were simultaneously 
recorded, it was shown that spike potentials were 
associated with phasic contractile activity [85] 
(Fig. 2.7a).

2.1.4  Internal Anal Sphincter

Anatomy and in vivo pressure. The internal anal 
sphincter (IAS) is a thickening of the circular 
muscle layer at the distal end of the 
 gastrointestinal tract (Fig.  2.1d). Circular and 
longitudinal muscle layers are separated from 
one another by a sparsely occupied connective 
tissue space [86, 87]. Surrounding the IAS is a 
second sphincter composed of skeletal muscle 
(i.e., the external anal sphincter). The IAS is 
responsible for >70% of resting anal pressure 
[88, 89] and is important for maintaining conti-
nence. Anal pressure in humans averages 
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Fig. 2.6 Spontaneous contractile activity observed in 
isolated strips of the human ileocecal sphincter [82]. Tone 
was consistently observed in muscles (left and right trace) 
but in some cases phasic contractions were superimposed 

upon tone (right). Acetylcholine caused concentration- 
dependent contraction (left) whereas gastrin releasing 
peptide abolished phasic activity as well as most tonic 
contraction
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c Dog ICS
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Fig. 2.7 Sample traces of spontaneous electrical activity 
recorded in the ileocecal sphincter (ICS) of several ani-
mal species. (a) Simultaneous recording (sucrose gap) 
of contractile (upper) and electrical (lower) activity in 
the cat ICS reveals occasional spike discharge associated 
with phasic contractions [85]. (b) Microelectrode 
recording of periodic bursts of spikes in the guinea pig 

ICS. Shown is an excerpt taken from the original figure 
[76]. (c) Microelectrode recording of periodic fluctua-
tions in membrane potential in the dog ICS. Electrical 
field stimulation (EFS; 3 pulses, 20 Hz) gave rise to a 
fast cholinergic excitatory junction potential followed 
by a slower inhibitory junction potential due in part to 
nitric oxide [73]
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75–90 mmHg [90–92], making pressure at this 
sphincter substantially greater than other GI 
sphincters. In contrast, resting anal pressure in 
rodents is significantly less than in humans (i.e., 
15–21 mmHg) [93–95].

Neural innervation. The IAS receives sympa-
thetic nerve fibers that arise from the inferior mes-
enteric ganglion and travel in the lumbar colonic 
nerves (LCN) and hypogastric nerves (HGN) or 
from the pelvic plexus. High spinal anesthesia or 
cutting the HGN and/or LCN significantly reduces 
IAS tone in a number of species suggesting that 
they exert a tonic excitatory influence on the IAS 
[96–102]. Varicose sympathetic fibers are located 
throughout the circular muscle layer of the monkey 
IAS and their activation doubles tone in vitro [87]. 
Since anal pressure is maintained in the absence of 
sympathetic nerves [103], they are not essential for 
tone generation. However, given the strength of this 
motor pathway, they likely assist in maintaining 
continence under some circumstances.

The IAS is also innervated by enteric inhibi-
tory motor neurons that participate in the recto-
anal inhibitory reflex and in defecation [87, 95, 
104]. In contrast to the LES and ICS, the IAS 
lacks a myenteric plexus [87, 105]. Nonetheless, 
the circular muscle layer is richly innervated by 
NADPH/nNOS positive neurons that arise from 
cell bodies located within the rectal myenteric 
plexus and project distally [87, 104]. Nitric oxide 
plays a prominent role as an inhibitory neu-
rotransmitter in the human and monkey IAS 
while purinergic transmission is absent [106, 
107]. In contrast, both nitrergic and purinergic 
transmission are present in rodents [108–112]. 

VIP also significantly contributes to inhibitory 
neuromuscular transmission in the IAS [113].

2.1.4.1  In Vitro Contractile 
and Electrical Activity

Contraction. IAS muscle strips develop tone as 
well as phasic contractile activity in vitro indepen-
dent of nerves [29, 87, 114–117] (Fig. 2.2b). Tone, 
and the frequency of phasic contractions, declines 
in the proximal direction [105, 114, 118]. In all 
species examined, contractile activity is highly 
sensitive to CavL channel blockers such as nifedip-
ine [111, 115–117]. Indeed, the IC50 for nifedipine 
in the mouse IAS is 0.03 μM [119].

Electrical activity. Resting membrane potential 
in the IAS (i.e., −43 to −49 mV) is significantly 
less negative than in the predominantly phasic rec-
tum (5 mV gradient from IAS to distal rectum in 
mouse [105]; 20 mV gradient from IAS to proxi-
mal rectum in dog [118]). Early sucrose gap record-
ings identified slow waves and associated phasic 
contractions in the cat IAS [29] while subsequent 
intracellular microelectrode studies have identified 
slow waves in dog, monkey, and mouse IAS [105, 
110, 114, 118, 120, 121] (Fig. 2.8). The frequency 
of slow waves in the IAS ranges from ~45–80 cpm 
in mouse to ~15–30  cpm in dog and monkey 
IAS. Slow waves in the IAS differ from those of the 
intestine in that they lack an initial rapid upstroke 
(i.e., 1–10 V/s maximum dV/dt for intestine [122, 
123] versus 10–100 mV/s maximum dV/dt for the 
IAS [110]). Instead, IAS slow waves reach peak 
depolarization after 0.38–0.7 s in mouse and after 
1–2 s in dog and monkey. Spikes (260–800 mV/s) 
of variable amplitude are sometimes superimposed 

a  Monkey IAS

30 sec

20
mV

b Canine IAS

30 sec

20
mV

c Mouse IAS

30 sec

20
mV

Fig. 2.8 Sample traces of slow wave activity recorded 
from the internal anal sphincter (IAS) of several animal 
species (Adapted from [121]). (a) Monkey, (b) Canine, 

(c) Mouse. Note the significantly higher frequency of 
slow waves in the mouse IAS
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upon slow waves [110]. The amplitude and fre-
quency of slow waves does not vary across the 
thickness of the IAS circular muscle layer. Indeed, 
even subsections of this layer exhibit the same elec-
trical activity [118]. Thus, pacemaker potentials 
appear to be generated throughout the muscle 
thickness rather than being localized to one specific 
region (e.g., myenteric or submucosal edge). In 
contrast, slow wave frequency declines in the prox-
imal direction [105, 114, 118].

2.2  Role of ICC in the Control 
of Electrical and Contractile 
Activity in Sphincters

2.2.1  Role of ICC in the Generation 
of Spontaneous Contractile 
Activity

Historically, spontaneous contractile activity in the 
GI tract was believed to arise directly from the 
properties of smooth muscle cells, hence the name 
“myogenic.” However, since the identification of 
interstitial cells of Cajal (ICC) in the GI tract and 
recognition that ICC generate pacemaker poten-
tials [124] it is now widely accepted that spontane-
ous phasic contractile activity is mediated in large 
part by slow waves arising from pacemaker-type 
ICC. Pacemaker ICC are predominantly located at 
the myenteric (ICC-MY) and submucosal 
(ICC-SM) surfaces of the circular muscle layer. A 
second population of ICC has also been identified 
within the circular and longitudinal muscle layers. 
These cells are referred to as “intramuscular” ICC 
(ICC-IM) and they are known to play an important 
role in excitatory and inhibitory neuromuscular 
transmission in the GI tract [125]. The morphol-
ogy of ICC subtypes also differs, with ICC-MY 
and ICC-SM generally being highly branched stel-
late cells while ICC-IM are usually spindle-
shaped. Pacemaker ICC are electrically coupled to 
one another and to smooth muscle cells allowing 
slow waves to conduct into the muscularis in a 
coordinated fashion [126, 127]. On the other hand, 
ICC-IM are interspersed within the muscularis, 
and run parallel to smooth muscle cells. ICC-IM 

are also electrically coupled to smooth muscle 
cells forming a syncytium that permits transmis-
sion from nerve, through ICC, to adjacent smooth 
muscle cells [125]. In contrast to this functional 
difference between ICC subtypes in the intestine, 
recent studies suggest that some ICC-IM may 
instead serve as pacemaker cells in the IAS giving 
rise to tone development (see below).

2.2.2  ICC in Gastrointestinal 
Sphincters

ICC have been identified in each of the GI sphinc-
ters discussed in this chapter (Fig. 2.9). However, 
there are significant differences in their morphol-
ogy and distribution. The distribution of ICC in 
the ICS [128] resembles that of the colon [129] in 
that ICC-MY, ICC-SM, and ICC-IM are all rep-
resented (Fig.  2.9a). However, slow waves like 
those described in the large and small intestine 
[130, 131] are absent and phasic contractions are 
associated with periodic spiking activity 
(Fig. 2.7). Furthermore, tone in the ICS is rela-
tively insensitive to blockade by  dihydropyridines 
[82, 84]. Thus, the role of ICC in the ICS likely 
diverges from that of intestine. The distribution 
of ICC in the remaining three sphincters differs 
from that of the ICS. Although the antral end of 
the pylorus contains ICC-MY, ICC-SM, and 
ICC-IM, the density of ICC-MY and ICC-SM 
declines distally approaching undetectable levels 
at the PS while ICC-IM persist (Fig.  2.9b, d) 
[132]. Since low-frequency slow waves (i.e., 
0.5–1/min) occur in isolated strips of the PS [58, 
59], some pacemaker-type ICC-MY likely persist 
in this region. The LES and IAS resemble one 
another in that ICC-MY and ICC-SM are absent 
while having a dense population of ICC-IM (LES 
[129, 133]; IAS [86, 87, 105] Fig.  2.9f). 
Interestingly, whereas ICC-IM in the monkey 
LES are spindle shaped (Fig. 2.9c [129]), those 
of the monkey and dog IAS are highly branched 
(Fig. 2.9e [86, 87]). Thus, unlike most of the GI 
tract, the morphology of ICC-IM in the monkey 
and dog IAS resembles that of pacemaker 
ICC. ICC in the dog IAS have also been shown to 
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form gap junctions with one another and with 
smooth muscle cells [86]. Because the dog and 
monkey IAS both have slow waves (Fig. 2.8) and 
“pacemaker like” ICC (Fig. 2.9e), we have pro-
posed that ICC-IM are responsible for the gener-
ation of pacemaker potentials in the IAS [87]. 
Our recent studies with the Kit-GCaMP3+ mouse, 
a transgenic mouse that expresses the calcium- 
sensitive fluorophore GCaMP3 in ICC, further 
support this hypothesis. These studies have 
revealed that adjacent GCaMP3+ cells generate 
synchronized whole-cell phasic calcium events at 
the slow wave frequency [134, 135].

2.2.3  Role of Chloride Channels 
in the Generation of Slow 
Waves and the Control 
of Membrane Potential 
in Gastrointestinal Sphincters

Intracellular chloride concentration in smooth 
muscle cells is significantly greater than in skel-
etal muscle with an estimated chloride reversal 
potential between −20 and −30 mV [136–138]. 

Thus, chloride channels have long been proposed 
as contributors to setting the level of resting 
membrane potential in smooth muscle. More 
recently, deep sequencing of smooth muscle cells 
of the mouse large and small intestine has identi-
fied transcript for voltage-gated Cl− channels, as 
well as several members of the anoctamin/
TMEM16 (ANO1) family of Ca2+-activated Cl− 
channels [139]. The resting membrane potential 
of LES is ~10 mV less negative than the esopha-
geal body [5, 9, 34, 35] and early studies sug-
gested that this was due to a greater chloride 
conductance in LES cells [140]. Subsequent 
studies have supported this proposal by showing 
that chloride channel blockers (i.e., niflumic acid, 
9-Anthracene carboxylic acid) hyperpolarize 
membrane potential, abolished action potentials, 
and greatly reduced tone in the LES [35, 141].

In the LES studies described above, the cell 
type responsible for generating chloride currents 
was not addressed. More recently it has been 
shown that intestinal ICC also express some 
voltage- gated Cl− channels as well as Ca2+-
activated Cl− channels in the ANO channel family 
[142]. In particular, expression levels of ANO1 in 

Fig. 2.9 Immunohistochemical labeling of interstitial cells of Cajal (ICC) in various gastrointestinal sphincters and 
animals. (a) Longitudinal section of the guinea pig ileocecal sphincter (valve) showing ICC (Kit, green) and nerves 
(PGP, red). ICC are located at the submucosal and myenteric surfaces as well as within the muscle layer. Some ICC are 
in close association to nerves. The terminal ileum immediately adjacent to the sphincter contains a thickened circular 
muscle layer [128]. (b) A longitudinal section of the rat pyloric sphincter (PS) and adjacent regions immunostained for 
Kit. In the distal antrum (left), ICC are concentrated at the myenteric plexus (arrows) surrounding ganglia. ICC-IM are 
also scattered in both circular and longitudinal muscle layers. There is also a concentration of ICC at the submucosal 
border (small arrows). In the pyloric region (middle), ICC-MY are markedly decreased in a segment ~4 mm in width 
while ICC-IM are abundant and diffusively distributed. In the proximal duodenum (right), ICC-MY are present (arrows) 
except for the first 1–2 mm, where ICC are evenly distributed in the whole musculature and not concentrated at the level 
of the myenteric plexus. From 3–4 mm onward in the duodenum, ICC are present at the deep muscular plexus and 
submucosa. Background staining of the mucosa is due to endogenous biotin within the mucosal glands only [132]. (c) 
Kit labeling (green) of ICC-IM in a 100 μm cryostat section cut parallel to the circular muscle fibers in the monkey 
lower esophageal sphincter (LES) [129]. (d) Whole mount preparation of the rat pyloric sphincter labeled for Kit 
(green). ICC-MY are absent from this region. Instead, there are many bipolar-shaped ICC-IM running parallel to circu-
lar muscle fibers of the pyloric sphincter (left) whereas a loose network of ICC can be seen at the beginning of the proxi-
mal duodenum (right) [132]. (e) Ten micron optical section taken from a whole mount preparation of the monkey 
internal anal sphincter cut parallel to circular muscle fibers. Highly branched stellate ICC-IM are seen at this focal plane 
as well as throughout each muscle bundle within the circular muscle layer [87]. (f) Longitudinal section of the smMHC-
Cre-eGFP mouse anorectum. Kit+ ICC (red) were identified using immunohistochemical techniques while smooth muscle 
cells were identified through expression of green fluorescent protein (green) [105]. ICC-SM and ICC-MY are apparent 
along the submucosal and the myenteric edges of the circular muscle layer in rectum respectively but disappear before 
reaching the distal IAS. In contrast, ICC-IM are present throughout the CM layer of the rectum and IAS. Spindle-shaped 
ICC-IM can also be seen in the longitudinal muscle layer. Division of the CM layer into bundles (green) can clearly be 
seen within the IAS. Images are composites of three images taken at 10×. CM circular muscle, ICC interstitial cells of 
Cajal, IAS internal anal sphincter, IM intramuscular, LM longitudinal muscle, MY myenteric, SM submucosa
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ICC far exceeds that of smooth muscle cells. 
There is now substantial evidence that ANO1 in 
ICC plays a central role in the generation of slow 
waves as discussed in the other GI chapter in this 
book. Briefly, in pacemaker ICC, intermittent 
release of calcium from the endoplasmic reticu-
lum results in activation of ANO1 and spontane-
ous transient inward currents (STICs). STIC 
generated membrane depolarization in turn acti-
vates voltage-dependent calcium channels giving 
rise to slow waves that conduct into adjacent 
smooth muscle cells via gap junctions [143].

Since the IAS exhibits slow waves and phasic 
contractile activity while only ICC-IM are pres-
ent, we hypothesized that ICC-IM are responsi-
ble for the generation of pacemaker potentials in 
this muscle. Thus, we investigated whether 
ANO1 channels in ICC-IM have a similar role to 
that described for pacemaker ICC in the intes-
tine. These studies revealed that: (1) Ano1 gene 
expression is 26× greater in ICC-IM than in 
smooth muscle cells. (2) Gene expression levels 
of Ano1 in whole IAS and rectum are the same. 
(3) ANO1 protein expression is resolvable in 
ICC but not in smooth muscle cells. (4) ANO1 
channel antagonists abolish slow waves, phasic 
contractions, and tone as well as causing a small 
hyperpolarization of resting membrane poten-
tial. These data all support the hypothesis that 
ICC-IM are responsible for the generation of 
slow waves in the IAS and that ANO1 channels 
play a central role in this process [119]. 
Equivalent experiments have not been under-
taken in the LES.

2.2.4  Limitations of the W/Wv 
Mouse for Examining the Role 
of ICC in Sphincters

The W/Wv mouse has been used in a number of 
studies to examine the role of ICC in the genera-
tion of pacemaker potentials [144]. Kit-labeling 
of ICC-IM is not resolvable in the IAS, LES, and 
PS of the W/Wv mouse [145–147] while mem-
brane potential is ~4 mV more polarized [110, 
146]. In the IAS tone and slow waves persist in 
the W/Wv mouse [110] while tone is significantly 

reduced in the LES [146]. These data do not 
strongly support a role for ICC-IM in the genera-
tion of tone and slow waves in the IAS. The W/
Wv mouse is not a quantitative Kit knockout 
since the W kit allele is null while the WV allele 
has reduced function [148]. Thus, Kit labeling of 
ICC throughout the GI tract is “patchy” with Kit 
resolvable in some regions but not others [149]. 
Likewise, the degree of functional knockout dif-
fers between regions [144]. Indeed, differences 
in the degree of functional knockout have also 
been reported for the same region by different 
groups (e.g., LES [146, 150]). It is possible that 
functional ICC-IM persist in the W/Wv mouse 
IAS even though Kit protein is no longer resolv-
able with immunohistochemistry. Alternatively, 
since the reduced Kit function in the W/Wv 
mouse is constitutive, it is possible that some 
gain of function occurs during development in 
other cell types (i.e., smooth muscle cells, 
PDGFRα+ cells) that compensates for the loss of 
ICC. Indeed, ICC, PDGFRα+ cells, and smooth 
muscle cell all have a common precursor, 
namely, gut mesenchymal cells [151–155]. 
Because of these issues, the W/Wv mouse is not 
ideal for examining the role of ICC-IM in the 
generation of slow waves in the IAS. Our obser-
vations that Kit-GCaMP3+ cells generate phasic 
calcium events at the slow wave frequency [134, 
135] as well as our studies linking ANO1 to 
ICC-IM and slow wave generation [119] all pro-
vide evidence that ICC-IM generate slow waves 
in the IAS.

2.3  Specific Mechanisms 
Proposed for the Generation 
of Tone in GI Sphincters

In Part I we briefly summarized the anatomy and 
physiological behavior of the four main sphinc-
ters in the GI tract. A general conclusion of this 
section is that there is stronger evidence support-
ing a role for spontaneous tone generation in the 
LES, ICS, and IAS than for the PS. In the follow-
ing section (Part III) we examine specific mecha-
nisms proposed to underlie tone generation in 
these GI sphincters.
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2.3.1  Mechanism #1: Tone May Arise 
from the Summation 
of Asynchronous Phasic 
Activity Generated by Adjacent 
Muscle Bundles that are not 
Highly Coupled to one Another

It has long been known that skeletal postural 
muscles can maintain tone through the asynchro-
nous firing of motor units [156]. Specifically, the 
asynchronous contractile activity generated by 
different motor units sum to maintain tone. It is 
possible that similar events contribute to tone 
generation in the GI tract. In this case however 
the “motor unit” corresponds to a small bundle of 
electrically coupled smooth muscle cells isolated 
from adjacent muscle bundles. This division of 
muscle into small bundles differs somewhat from 
the classic definition of smooth muscle as either 
“multiunit” (i.e., each cell electrically isolated 
from its neighbors) or “single unit” (i.e., all cells 
electrically coupled to neighbors). In fact, most 
GI muscles fall somewhere between these 

extremes since they are composed of muscle bun-
dles of various sizes as well as varying degrees of 
electrical coupling between bundles. In the large 
and small intestine muscle bundles are generally 
quite large and cells within them are highly cou-
pled. The activity of the bundles is coordinated 
by pacemaker ICC located at the myenteric and/
or submucosal edge of the muscle layer. In con-
trast, the IAS is subdivided into numerous smaller 
“minibundles,” each separated by wide connec-
tive septa (Fig. 2.10 [86, 87]). ICC-IM and nerves 
are located within each minibundle. This pro-
vides a means for eliciting spontaneous activity 
within the minibundle (i.e., ICC-IM) and a mech-
anism (i.e., nerves) to coordinate the activity of 
all minibundles [87]. To conclude that the electri-
cal activity of minibundles in large animals is 
asynchronous will require dual microelectrode 
recordings and/or studies examining the spread 
of calcium transients across the tissue. However, 
there is one study that has been undertaken on a 
smaller, simpler muscle, i.e., the mouse IAS. The 
mouse IAS is also composed of minibundles but 

IAS Rectum

CM

100 mm

LM

Fig. 2.10 Comparison of the organization of muscle 
bundles in the monkey IAS (left) and rectum (right) at the 
same magnification. Thin (3  μm) cross sections of the 
internal anal sphincter (IAS) and rectum were stained 
with Masson’s trichrome to visualize both smooth muscle 
(red/purple) and connective tissue (blue). (a) Numerous 
minibundles (red) are present in the IAS separated by con-
nective tissue septa (blue). (b) The rectal wall thickness is 

thinner than the IAS thus at this magnification it is possi-
ble to see the entire width of the circular muscle (CM) 
layer as well as some longitudinal muscle (LM). Muscle 
bundles are again observed in the rectum but in this case 
each bundle is larger, spanning the entire CM width and 
overall, there is less connective tissue within and between 
muscle bundles [87]

2 Generation of Spontaneous Tone by Gastrointestinal Sphincters



60

in this case there are only six to ten bundles and 
each bundle spans the entire width of the circular 
muscle layer. Dual microelectrode measurements 
in this tissue have shown that slow waves are only 
coordinated across a few muscle bundles longitu-
dinally and ~20% of the circumference [105]. 
Thus, even in the mouse IAS, the circular muscle 
layer does not behave as a “single unit” but rather 
as a composite of minibundles that are only 
loosely coupled to one another supporting mech-
anism #1.

2.3.2  Mechanism #2: Tone May Arise 
from the Accumulation 
of Intracellular Calcium 
in the Smooth Muscle 
Cytoplasm Because Calcium 
Entry via High-Frequency Slow 
Waves Outpaces Calcium 
Efflux/Uptake Mechanisms

Drawing again from the behavior of skeletal 
muscle, it is known that the characteristics of 
contraction in skeletal muscle changes with the 

frequency of stimulation. Thus, as stimulus fre-
quency increases, contractile amplitude increases 
until a point is reached at which contraction 
ceases to return to baseline between stimuli. This 
condition, referred to as “partial (incomplete) 
tetanus,” occurs because there is insufficient time 
between stimuli for calcium removal to return 
intracellular calcium ([Ca2+]i) to subthreshold 
levels [157]. The pattern of contractile activity in 
the IAS resembles partial tetanus in that it is 
composed of phasic contractions superimposed 
upon tone. Recently, a transgenic mouse has 
become available that expresses the calcium- 
sensitive fluorophore GCaMP3 in smooth muscle 
cells (SM-GCaMP3). This makes the 
SM-GCaMP3 mouse a valuable tool for evaluat-
ing the possible role of mechanism #2  in tone 
generation. Transient changes in [Ca2+]i are 
observed in smooth muscle cells of the 
SM-GCaMP3 mouse IAS and these occur at the 
same frequency as slow waves (Fig.  2.11). 
Stimulation of inhibitory motor neurons (which 
hyperpolarizes membrane potential and abol-
ishes almost all contractile activity [109, 110]) 
reveals that [Ca2+]i between calcium transients is 

5 Hz, 10s

5 Hz, 10s

τ = 0.35s

Fig. 2.11 Calcium transients recorded at the distal end of 
the internal anal sphincter (IAS) of the SM-GCaMP3 
mouse. Upper trace: Spatiotemporal map of the spontane-
ous activity in a 33 s recording taken from a 100 × 200 
micron region of interest (ROI) of the distal IAS. A cal-
cium trace taken from this ROI shows the changes in 
[Ca2+]i as a function of time. Electrical stimulation of 
nerves (EFS, 5 Hz, 10 s) was applied in the presence of 

atropine to eliminate cholinergic transmission. EFS 
blocked all phasic activity as well as reducing basal cal-
cium levels. The time constant for calcium removal 
(tau = 0.35 s) was estimated by fitting the decline of indi-
vidual calcium transients to a simple exponential function 
from peak to baseline. At the end of the stimulus train a 
large rebound event was observed before the pattern 
returned to control levels [134, 135]
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significantly elevated. Furthermore, the average 
time constant for the decline of [Ca2+]i following 
each calcium transient is ~0.3–0.5  s. 
Consequently, there is insufficient time for cal-
cium to reach subthreshold levels before the 
arrival of the next calcium transient [135] 
(Fig.  2.11). This observation provides evidence 
for mechanism #2  in the mouse IAS.  Such a 
mechanism is also likely to contribute to tone 
generation in the opossum LES where ongoing 
spike discharge occurs at a high frequency 
(Fig. 2.3).

In contrast to the above examples, the fre-
quency of slow waves in the IAS of larger ani-
mals such as dog and monkey is significantly 
lower than mouse (see Fig. 2.8). However, the 
rate of slow wave depolarization and repolar-
ization is also slower in these muscles resulting 
in the membrane potential remaining above the 
CavL channel threshold for a longer period of 
time (Fig. 2.12). Thus, the predominant factor 
keeping [Ca2+]i above threshold in these mus-
cles is likely the extended period of time that 
calcium entry continues with each slow wave 
rather than a partial tetanus type mechanism. 
To further evaluate the relationship between 
slow waves and tone generation will require 
addressing the following questions: (1) Is 
[Ca2+]i also tonically elevated in the IAS of ani-

mals with low- frequency slow waves? (2) To 
what extent are there differences in the charac-
teristics of CavL channels and/or calcium 
uptake/efflux mechanisms between species? 
(3) To what extent are there differences in the 
cell type and/or ionic conductances that are 
responsible for slow wave generation between 
species?

2.3.3  Mechanism #3: Tone May Arise 
from Continuous Calcium Entry 
into Smooth Muscle Cells via 
Window Current

Voltage-dependent calcium channels, in partic-
ular CavL channels, play an important role in 
delivering calcium to the cytoplasm for con-
traction in most GI muscles, including the 
sphincters covered in this section. Both the acti-
vation and inactivation of CavL channels are 
voltage-dependent processes with maximum 
current occurring around 0  mV and threshold 
current appearing around −50 to −45  mV 
[158–160]. At potentials between these two 
extremes inactivation is incomplete and some 
sustained calcium current can occur which is 
referred to as “window current” [160–162]. 
Window current has long been associated with 
the sustained contraction that follows exposure 
of smooth muscles to elevated extracellular 
potassium solution. In phasic muscles without 
tone, slow waves arise periodically from a rela-
tively polarized level of membrane potential 
(e.g., −78 mV for canine colon at the submuco-
sal edge [130]), CavL channels open during 
slow wave depolarization and close as the 
membrane potential falls below their activation 
threshold. However, the level of membrane 
potential between slow waves or spikes in the 
LES and IAS is less polarized lying within the 
activation threshold for CavL channels. Hence 
some contribution from window current (mech-
anism #3) is anticipated.

A further consideration with regard to the rela-
tionship between membrane potential and tone 
relates to the actions of nitrergic nerves. Most GI 
muscles are under tonic inhibition via the sponta-

Mouse IAS
60 cpm

Monkey IAS
16 cpm

3 sec

-30

mV

-50

Fig. 2.12 Comparison of slow waves recorded from the 
mouse and monkey IAS. Slow waves differed in several 
ways including: (1) Slow wave frequency is significantly 
less in the monkey IAS than in the mouse IAS. (2) The 
rate of depolarization and repolarization is significantly 
slower in the monkey IAS than in the mouse IAS. (3) 
“Resting” membrane potential is more depolarized in the 
monkey IAS than in the mouse IAS. Because of these dif-
ferences, each slow wave in the monkey IAS spends a 
greater amount of time above the activation threshold for 
CavL channels than a slow wave in the mouse IAS 
(Adapted from [121])
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neous release of NO from inhibitory motor neu-
rons. NO hyperpolarizes sphincters [73, 163, 164] 
and blockade of tonic NO  release from nerves 
causes depolarization [73, 111]. Hence, removal 
of NO (by blocking either NOS or neural activity) 
results in increased phasic contractions as well as 
tone [7, 111, 165–168]. Likewise, eliminating 
guanylate cyclase in ICC and smooth muscle cells 
(SMC/ICC-GCKO) has been shown to result in a 
2.5-fold increase in LES pressure [169].

The monkey IAS is under strong tonic 
nitrergic inhibition. Thus blockade of NO 
release from nerves either with TTX or with 
the NOS inhibitor L-NNA causes increased 
tone as well as a decrease in phasic contractile 
activity (Fig.  2.13a). These changes are 
accompanied by depolarization and a reduc-
tion in the amplitude of slow waves 
(Fig. 2.13b). Under these depolarizing condi-
tions, Ca2+ entry associated with CavL channel 
window current will result in more tonic con-
tracture. The effects of NOS blockade can be 
reversed either by addition of an NO donor 

such as sodium nitroprusside (Fig. 2.13a, c, d) 
or by hyperpolarizing the muscle with a potas-
sium channel opener such as pinacidil 
(Fig. 2.13e) [120]. Thus, tonic release of NO 
from inhibitory motor neurons appears to play 
an important role in determining the electro-
mechanical mechanisms underlying contrac-
tile activity in the monkey IAS. In the presence 
of NO, membrane potential is more polarized, 
and calcium delivery involves more phasic 
electrical events (i.e., slow waves). On the 
other hand, when NO is removed and mem-
brane potential is more depolarized, continu-
ous entry of calcium via window current plays 
a greater role (mechanism #3).

Besides blocking nitrergic inhibition, tone can 
also be generated by increasing extracellular potas-
sium ([K]o) leading to membrane depolarization. 
Thus, when [K]o is raised, the normally phasically 
active canine gastric antrum generates tone with 
superimposed phasic contractions [170]. Likewise 
raising (K)o in the guinea pig ICS increases tone 
while lowering [K]o diminishes tone [76, 83].

L-NNA 100 mM

b

c

d

e

a

L-NNA 100 mM

SNP 0.03 mM

SNP 0.1 mM

Pinacidil 1 mM

1 min

1 min

1 min

1 min

3 nM SNP

10 nM
30 nM

100 nM

15
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0

-20
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mV

-40

-20

mV

-40

-40

mV

-60

-40

mV

-60

Fig. 2.13 Examples of the electrical and contractile changes 
that occur in the monkey IAS with blockade of nitric oxide 
synthase with L-NNA, or following addition of the nitric 
oxide donor sodium nitroprusside (SNP) or the KATP activator 
pinacidil. (a) Tone and phasic activity are observed under 
control conditions in this muscle. Tone is significantly 
increased with addition of L-NNA while phasic activity is 
reduced. The effect of L-NNA was reversed by addition of 
increasing concentrations of SNP while the highest concen-
tration abolished all contractile activity. (b) Electrical record-
ing from a different muscle strip showing slow waves 
occurring in the absence of L-NNA (left). Following L-NNA 

addition membrane potential depolarized and slow wave 
amplitude was reduced (right). (c) Addition of 0.03 μM SNP 
in the continued presence of L-NNA restores control slow 
wave activity and returns membrane potential to the control 
level. (d) Addition of a higher concentration of SNP (0.1 μM) 
in another muscle strip caused hyperpolarization and a tran-
sient period of larger amplitude slow waves followed by fur-
ther hyperpolarization and blockade of slow waves (L-NNA 
present throughout). (e) Addition of pinacidil to another 
muscle in the presence of L-NNA also resulted in hyperpo-
larization and the return of larger amplitude slow waves 
[120] (a–d Adapted from [121])
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2.3.4  Mechanism #4 Tone May Arise 
from Sensitization 
of the Myofilaments to Calcium

Spontaneous contractile activity in GI smooth 
muscles is dependent upon a rise in [Ca2+]i. 
Furthermore, calcium entry through CavL chan-
nels plays an important role in this process. The 
first three mechanisms considered above describe 
processes linking CavL channels to tone genera-
tion in sphincters. The fourth mechanism instead 
addresses how tone in sphincters may result from 
a greater sensitivity of the myofilaments to 
calcium.

Smooth muscle myosin is composed of two 
heavy chains forming head and tail regions and 
two 20-kD regulatory light chains (MLC20). The 
phosphorylation of MLC20 at S19 by myosin light 
chain kinase (MLCK) stimulates myosin ATPase 
activity, cross-bridge cycling, and contraction 
[171–174]. MLCK is activated by a calcium- 
calmodulin complex that forms when [Ca2+]i 
increases. Contraction is terminated when myo-
sin light chain phosphatase (MLCP) dephosphor-
ylates MLC20. The extent of smooth muscle 
contraction therefore depends upon a balance 
between the activities of MLCK and MLCP. 
MLCP is composed of a catalytic subunit (pro-
tein phosphatase 1, or PP1), a regulatory subunit 
(myosin phosphatase target subunit 1, or 
MYPT1), and a 20-kD subunit (M20) of unknown 
function. The regulatory subunit MYPT1 facili-
tates the ability of PP1 to dephosphorylate 
MLC20 by serving as a scaffolding protein 
[175–181].

Several different second messenger pathways 
have been shown to inhibit MLCP resulting in 
greater phorphorylation of MLC20 at a given 
[Ca2+]i, i.e., “calcium sensitization” [177–179, 
182–184]. One such pathway involves phosphor-
ylation of MYPT1 at threonine 696 (T696) and 
853 (T853). Recent studies suggest that T696 
phosphorylation is responsible for direct inhibi-
tion of MYPT1 whereas T853 phosphorylation 
causes disassembly of the myosin-MLCP com-
plex [185]. An important regulator of MYPT1 
phosphorylation is Ras homolog gene family, 
member A (RhoA). RhoA is a small, monomeric 

G-protein that is activated when GDP is 
exchanged for GTP. Activated RhoA in turn acti-
vates Rho-associated protein kinase 2 (ROCK2). 
In many smooth muscles, the RhoA/ROCK2 
pathway is activated by G-protein coupled recep-
tors resulting in phosphorylation of T696 and 
T853, decreased MLCP activity and calcium sen-
sitization [176, 183, 186, 187]. However, since 
tone in sphincters arises spontaneously, the more 
relevant issue is whether constitutive phosphory-
lation of T696 and T853 also occurs. There is 
general agreement that constitutive T696 and 
T853 phosphorylation occurs in both phasic and 
tone-generating muscles [181, 188] and that con-
stitutive T853 phosphorylation is dependent upon 
phosphorylation by ROCK2 [176, 183, 186–188]. 
However, there are reports of ROCK2- 
independent phosphorylation of T696 [185, 188–
190]. Since there are other kinases in smooth 
muscle cells that can phosphorylate T696 [191], 
ROCK2-independent T696 phosphorylation 
likely involves one or more of these other kinases.

Recently a conditional MYPT1 KO mouse 
(MYPT1SM−/−) has become available to further 
examine the role of MYPT1 and calcium sensiti-
zation in the regulation of smooth muscle con-
traction. Surprisingly, the contractile activity of 
smooth muscles in the MYPT1SM−/− mouse is 
only modestly different from that of WT mice 
[192] including the tone-generating IAS [193]. 
However, loss of MYPTI in the MYPT1SM−/− 
mouse has also been shown to result in a reduc-
tion in PP1 levels, possibly because the cellular 
stability of PP1 depends upon MYPT1 [188, 
194]. In addition, regulation of MLCP activity by 
MYPT1 may be shared with the closely related 
MYPT1 family member myosin binding subunit 
85 (MS85) so that loss of one regulator may be 
compensated for by the other [195]. Given the 
complexity of molecular pathways that regulate 
MLCP activity, it appears premature to discount 
a possible role for calcium sensitization in tone 
development in the IAS based upon the 
MYPT1SM−/− mouse [193].

The extent to which myofilament sensitization 
contributes to tone generation in sphincters likely 
differs between sphincters as well as between 
species. The relative ability of CavL channel 
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blockers to abolish tone provide us with some 
preliminary information regarding the possible 
mechanisms contributing to tone generation since 
electromechanical coupling pathways are sensi-
tive to these antagonists while myofilament sen-
sitization pathways are not. The extreme example 
in this regard is the mouse fundus which is 
entirely insensitive to dihydropyridines. 
Biochemical studies have shown that tone in the 
fundus is generated in large part by the RhoA/
ROCK2 pathway [190]. Phasic contractions in 
the PS are abolished by dihydropyridines [57] 
while phasic activity and >90% of tone are elimi-
nated in the IAS [115]. These data clearly suggest 
an important role for electromechanical coupling 
in the PS and IAS. In contrast, dihydropyridines 
are less effective at blocking tone in the LES (i.e., 
72% inhibition [35]) and least effective in the 
ICS (i.e., <50% inhibition [82, 84]). From these 
observations, it is tempting to suggest that the 
most prominent role for myofilament sensitiza-
tion is in the ICS followed by the LES and then 
the IAS.  Unfortunately, little attempt has been 
made to examine myofilament sensitization in 
the ICS while only limited work has been com-
pleted on the LES (see below).

The most comprehensive examination of cal-
cium sensitization pathways in a sphincter are 
studies of rat and human GI muscles by Rattan 
and coworkers [196–199]. These studies 
revealed significantly greater RhoA, ROCK2, 
and T696 phosphorylation levels in the tone-
generating IAS than in rectum, the latter being 
predominantly a phasic muscle with signifi-
cantly less tone. ROCK2 antagonists also abol-
ished T696 phosphorylation and were more 
potent antagonists of contraction in the IAS than 
in other phasic muscles. From these data, the 
authors concluded that tone in the IAS is due to 
greater calcium sensitization via the ROCK2/
MYPT1 pathway (i.e., mechanism #4). We reex-
amined this topic by comparing various proteins 
in the RhoA/ROCK2 pathway in the monkey 
IAS and rectum. Our results are in general 
agreement with those of Rattan et  al. in that 
T696 and T853 phosphorylation and ROCK2 
expression levels were all greater in the IAS 
than in rectum. However, we noted little differ-

ence in the potency of ROCK2 inhibitors 
between muscles [200]. Likewise, little differ-
ence has been noted in the potency of ROCK2 
inhibitors in the phasically active mouse colon 
versus the tone-generating fundus [190]. Taken 
together, these data suggest that some degree of 
tonic myofilament sensitization is likely to be 
present in both phasic and tone-generating mus-
cles [191], a concept that is further developed in 
the summary section.

Another inhibitor of MLCP is C-kinase (PKC) 
potentiated protein phosphatase-1 Inhibitor pro-
tein- 17 (CPI-17). Phosphorylation of CPI-17 at 
threonine 38 (T38) results in a conformational 
change that permits docking of CPI-17 with PP1 
resulting in MLCP inhibition [201]. In smooth 
muscle, phosphorylation of CPI-17 is predomi-
nantly mediated by PKC or ROCK2 [191]. The 
degree to which PKC-mediated Ca2+ sensitiza-
tion occurs has been correlated with CPI-17 
expression levels in the smooth muscle [202, 
203]. Constitutive phosphorylation of CPI-17 is 
generally considered to be low in smooth mus-
cles compared with constitutive MYPT1 phos-
phorylation [190, 204–211]. In studies of the rat 
and human IAS and rectum CPI-17 levels and 
constitutive T38 phosphorylation were reported 
to be greater in the IAS than in rectum. 
Nonetheless the authors concluded that calcium 
sensitization is predominantly mediated by the 
RhoA/ROCK2/MYPT1 pathway, in part because 
of the limited ability of PKC blockers to reduce 
tone. PKC inhibitors also have very limited 
effects on basal tone in the LES whereas ROCK2 
inhibitors produce full relaxation [212, 213], 
again suggesting a more important role for the 
RhoA/ROCK2 pathway in calcium sensitization 
in sphincters than PKC/CPI-17. It should be 
noted that MYPT1 and CPI-17 phosphorylation 
were not measured in the LES studies.

NO-mediated desensitization. The discussion 
thus far has focused on how calcium sensitization 
might give rise to tone in sphincters. However, as 
previously described, it is known that contractile 
activity in sphincters is subject to tonic inhibition 
due to the release of NO from inhibitory motor 
neurons [7, 111, 165–168]. NO binds to guanylyl 
cyclase leading to increased formation of cGMP 
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and activation of cGMP-dependent protein kinase 
(PKG). PKG in turn is linked to calcium desensi-
tization in part through phosphorylation of RhoA 
at serine 188 (S188). This prevents RhoA binding 
to ROCK2, thereby reducing MYPT1 phosphor-
ylation and restoring MLCP activity [214–219]. 
Increased cGMP has also been associated with 
increased phosphorylation of MYPT1 at serine 
695 (S695) leading to a reduction in T696 phos-
phorylation, again restoring MLCP activity [220, 
221] although this effect was not observed in 
cerebral artery [222]. Telokin is another candi-
date for NO-mediated disinhibition of MLCP. 
Telokin is a small protein with partial sequence 
homology to MLCK. Following a rise in cGMP, 
telokin becomes phosphorylated at serine 13 
(S13) leading to stabilization of the unphosphor-
ylated state of MLC20 and relaxation [223]. 
Studies of a telokin-deficient mouse have reported 
increased MLCP activity and decreased cGMP- 
mediated relaxation in ileum [224], further sup-
porting a role for telokin in NO-mediated 
contractile inhibition.

Most studies examining the role of MLCP 
phosphorylation and calcium sensitization are 
undertaken in the presence of NOS inhibitors 
and/or neural blockers. This approach is likely to 
underestimate MLCP activity in vivo and conse-
quently overestimates the degree to which cal-
cium sensitization participates in tone generation. 
Indeed, our contractile and microelectrode mea-
surements in the monkey IAS further emphasize 
the substantial changes that occur in the pattern 
of spontaneous electrical and contractile activity 
following NOS blockade (Fig. 2.13). When tonic 
neural inhibition is present, there is less tone 
while phasic electrical and contractile activity are 
enhanced. In contrast, following NOS blockade, 
the membrane depolarizes, slow waves and pha-
sic contractile activity are reduced, and tone is 
increased. Thus, NO can have profound effects 
upon both electromechanical coupling mecha-
nisms and myofilament sensitization. Tonic neu-
ral  inhibition may therefore provide a system in 
which contractile activity in  vivo is predomi-
nantly controlled by electromechanical mecha-
nisms which are better suited to rapid moment to 
moment adjustments whereas calcium sensitiza-

tion represents a means for retaining contracture 
if neural pathways are compromised.

2.4  Summary

The LES, PS, ICS, and IAS each serve to restrict 
the movement of luminal contents between 
adjacent regions of the GI tract. However, the 
mechanisms by which this function is achieved 
differ significantly between sphincters. In the 
first section, we reviewed the basic anatomy and 
physiology of the various sphincters. A general 
conclusion of this section is that there is stron-
ger evidence supporting a role for spontaneous 
tonic contraction in the LES, ICS, and IAS than 
for the PS. In the second section, we examined 
the general relationship of contractile and elec-
trical activity in the GI tract to ICC along with 
the possible role of ICC-IM in the generation of 
tone in sphincters. In the third section, four dif-
ferent mechanisms were considered that have 
been proposed to give rise to tone generation in 
sphincters. Several of these mechanisms are 
likely to participate in tone generation although 
the contribution of each will differ between 
sphincters as well as between species. Both the 
IAS and LES exhibit ongoing phasic electrical 
activity while the IAS in particular generates 
substantial phasic contractile activity as well. 
Two different mechanisms have been discussed 
(mechanism #1 and #2) that result in tone gen-
eration from phasic electrical events. For this 
reason, the conventional description of the IAS 
as a “purely tonic muscle” is mistaken [225]. 
Instead the IAS is best considered as a phasi-
cally active muscle that generates tone. The 
final figure in this chapter (Fig. 2.14) presents a 
summary diagram that depicts how electrome-
chanical coupling mechanisms (#1–3) and cal-
cium sensitization (mechanism #4) might 
interface with one another to generate tone ver-
sus phasic contractions in the IAS and rectum, 
respectively. To further advance this field it is 
important that future studies consider the entire 
spectrum of mechanisms that may interact with 
one another to achieve the final contractile sta-
tus of each GI sphincter.
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Clinical Relevance. Changes in the structure 
and mechanical properties of sphincters can 
result in a number of different pathological con-
ditions that diminish their ability to carry out nor-

mal functions. For example, a reduction in the 
ability of the lower esophageal/sling/clasp region 
to contract leads to a return of gastric contents to 
the esophagus resulting in gastroesophageal 
reflux disease (i.e., GERD) [11]. Likewise, steno-
sis of the PS can lead to vomiting, delayed emp-
tying, and gastroparesis [226]. Failure of the ICS 
to adequately contract can result in an increase in 
the return of colonic contents to the small intes-
tine giving rise to bacterial overgrowth [64, 227]. 
Finally, inadequate contraction of the IAS con-
tributes to fecal incontinence [228]. In some 
cases, sphincter malfunction has been associated 
with loss of ICC [226, 229–231]. However, since 
different ICC populations perform different func-
tional roles (e.g., pacemaking versus neuromus-
cular transmission) additional studies are required 
before a definitive relationship is established 
between ICC loss and disease. Clearly, establish-
ing the basic mechanisms that underlie sphincter 
motility is an important first step in advancing 
our understanding of the etiology of disease 
states that compromise sphincter function.
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Pacemaker Mechanisms Driving 
Pyeloureteric Peristalsis: 
Modulatory Role of Interstitial 
Cells

Richard J. Lang and Hikaru Hashitani

Abstract
The peristaltic pressure waves in the renal pel-
vis that propel urine expressed by the kidney 
into the ureter towards the bladder have long 
been considered to be ‘myogenic’, being little 
affected by blockers of nerve conduction or 
autonomic neurotransmission, but sustained 
by the intrinsic release of prostaglandins and 
sensory neurotransmitters. In uni-papilla 
mammals, the funnel-shaped renal pelvis con-
sists of a lumen-forming urothelium and a 
stromal layer enveloped by a plexus of ‘typi-
cal’ smooth muscle cells (TSMCs), in multi- 
papillae kidneys a number of minor and major 
calyces fuse into a large renal pelvis. Electron 
microscopic, electrophysiological and Ca2+ 
imaging studies have established that the 
pacemaker cells driving pyeloureteric peristal-
sis are likely to be morphologically distinct 

‘atypical’ smooth muscle cells (ASMCs) that 
fire Ca2+ transients and spontaneous transient 
depolarizations (STDs) which trigger propa-
gating nifedipine-sensitive action potentials 
and Ca2+ waves in the TSMC layer. In uni- 
calyceal kidneys, ASMCs predominately 
locate on the serosal surface of the proximal 
renal pelvis while in multi-papillae kidneys 
they locate within the sub-urothelial space. 
‘Fibroblast-like’ interstitial cells (ICs) located 
in the sub-urothelial space or adventitia are a 
mixed population of cells, having regional and 
species-dependent expression of various Cl−, 
K+, Ca2+ and cationic channels. ICs display 
asynchronous Ca2+ transients that periodically 
synchronize into bursts that accelerate ASMC 
Ca2+ transient firing. This review presents cur-
rent knowledge of the architecture of the prox-
imal renal pelvis, the role Ca2+ plays in renal 
pelvis peristalsis and the mechanisms by 
which ICs may sustain/accelerate ASMC 
pacemaking.
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3.1  Introduction

Kidneys are thought to have first evolved in 
freshwater bony fish. To maintain their body flu-
ids at osmotic concentrations greater than their 
surrounds, freshwater fish, amphibians and rep-
tiles actively transport salt into their blood via 
their gills or skin, while their kidneys produce a 
dilute urine. In contrast, marine fish and reptiles 
swallow seawater, actively eliminate salt across 
their gills or via facial salt glands and excrete an 
isotonic urine by reabsorbing salt and water in 
their kidneys. Only birds and mammals can 
excrete waste products in a hypertonic urine. 
Birds concentrate their urine twice their blood 
concentration, while human kidneys can concen-
trate urine about four times greater than blood 
plasma. The kidneys of desert mammals can 
excrete urine 10–20-fold more concentrated than 
their blood plasma. The kidneys of the kangaroo 
rat are so efficient, it obtains all the its water 
needs from its food and respiration [1].

The mammalian kidney is a complex organ 
consisting of up to a million filtrating units called 
nephrons. Blood pressure forces blood through 
the glomerulus capillary bed at the top of each 
nephron. The glomerulus retains the red blood 
cells, proteins and other large molecules, but 
allows water, small molecules and waste prod-
ucts to pass into the surrounding Bowman’s cap-
sule which empties into the proximal tubule of 
the nephron. Sugars, amino acids, and ions are 
recovered by active transport in the proximal 
tubule, while water and salts are reabsorbed in 
the lower Loops of Henle which extend deep into 
the renal medulla. The remaining fluid and meta-
bolic wastes are secreted as urine.

3.2  Ultrastructure of the Upper 
Urinary Tract

In small mammals, urine produced by the neph-
ron units within a single ‘pyramid-shaped’ inner- 
medulla/papilla complex is secreted into a 
funnel-shaped renal pelvis which has a number 
of radiating ‘finger-like’ spokes for attachment to 
the kidney parenchyma (Fig.  3.1a). Between 

these spokes the outer margin of the pelvis forms 
a concave-shaped edge creating secondary 
pouches between the pelvis and the kidney paren-
chyma. In sections of kidney, this region between 
spokes appears as a thick ‘bulb’ ending of the 
pelvis wall, while the spokes appear as long grad-
ually thinning tapers [2, 3]. To cope with the fil-
tering of relatively large volumes of blood, some 
larger mammals have evolved compound 
(humans, sheep and pigs) or discrete (whales and 
seals) multi-papillae kidneys, so that urine is 
expressed by a number of papillae into minor 
calyces similar in appearance to a single-papilla 
renal pelvis. These minor calyces fuse into sev-
eral major calyxes which fuse into a single renal 
pelvis that extends to the ureter.

In single-papilla kidneys, the renal pelvic wall 
consists of a lumen-forming squamous urothe-
lium, basal epithelial cells (BECs) and a thin 
layer of stromal cells enveloped by a plexus of 
‘typical’ smooth muscle cell (TSMC) bundles. 
The BECs facing the proximal inner medulla are 
squamous or low cuboidal in shape, contain a 
large round nucleus, numerous dense bodies, 
mitochondria and free ribosomes and long inter- 
connecting projections to form a continuous 
layer of cells [3, 4] (Fig.  3.1c, Supplementary 
Video 3.1). BECs occupy the same morphologi-
cal space as cells that are intensely immunoreac-
tive to antibodies raised against the KV7.5 
(KCNQ5) channel subunit [3, 5]. TMSCs, 
intensely immunoreactive to antibodies raised 
against α-smooth muscle actin (α-SMA), also 
form a continuous layer of circumferentially ori-
entated bundles of densely packed cells adjacent 
to the urothelium originating near the base of the 
papilla and extending into the ureter [6–8]. 
KV7.5+ BECs and TSMCs both increase in num-
ber and density with distance from the base of the 
papilla so in regions distal of the fornix the renal 
pelvis consists of a thick tightly packed transi-
tional epithelial layer enveloped by a thick TSMC 
coat.

An additional layer of lightly α-SMA+ 
obliquely oriented ‘atypical’ smooth muscle cells 
(ASMCs) locates on the serosal surface of the 
renal pelvis wall of single-papilla kidneys. These 
ASMCs are not arranged in bundles, but form a 
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thin sheet of loosely arranged groups of cells 
separated by a network of collagen connective 
tissue. In multi-papillae kidneys, ASMCs form a 
thin inner layer between the urothelial and TSMC 
layers of each minor calyx [9, 10]. These ASMCs 
extend over the renal parenchyma and fuse with 
the TSMC layer to form a continuous layer 
between minor calyces. In both single-papilla 
and multi-papillae kidneys, the ASMC layer does 
not extend past the pelviureteric junction into the 
ureter [6, 8–11].

When viewed with a standard electron micro-
scope, TSMCs in single slices display a round 
darkly stained cytoplasm due to the abundance of 

numerous longitudinally arranged myofilaments 
and a large oval-shaped nucleus. In contrast, 
ASMCs are lightly stained due to their sparsely 
distributed myofilaments separated by large areas 
of clear cytoplasm containing small mitochon-
dria, granular endoplasmic reticulum and Golgi 
cisternae [2, 6, 8, 10]. In single light or electron 
micrographs, ASMCs appear to have a rounded 
nuclear region with a number of radiating thin 
projections and have previously been interpreted 
as being ‘stellate’ or ‘spindle shaped’ (Fig. 3.2ai) 
[6, 8, 12, 13]. The repeated milling of a block of 
mouse renal pelvis and imaging of each new sur-
face using focused ion beam scanning electron 
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Fig. 3.1 The architecture of the ‘bulb’ region of mouse 
proximal renal pelvis examined using FIBSEM tomogra-
phy. (ai) Single caudal section the mouse renal pelvis 
illustrating that the funnel-shaped muscle wall (ai green, 
aii) either forms ‘spoke-like’ attachments (star) to the 
kidney parenchyma or ends abruptly as a ‘bulb’ (*). (bi) 
Schematic of the focused ion beam scanning electron 
microscope (FIBSEM) in which the X–Y surface of a 

block of the bulb region of the renal pelvis is repeatedly 
milled in the Z direction (bii arrow) using the FIB, each 
new X–Y surface is then imaged using the SEM. (c) 
Similar-looking cells and structures within the block of 
900 ortho-slice micrographs were identified, volume ren-
dered and colour coded for easy identification. Calibration 
bars: 50  μm (bii), 0.5e5 nm (c). Figure from Hashitani 
et al. [3]
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microscope (FIB SEM) tomography (Fig.  3.1) 
have established that volume-rendered TSMCs 
are long cigar-shaped ‘spindles’ (Fig. 3.2bi). In 
addition, the thin ASMC projections are in fact 

continuous, resembling the rim of an irregular 
saucer or a leaf [3] (Fig. 3.2bii) and forming close 
appositions with neighbouring ASMCs and 
TSMCs (Fig. 3.2c, d) [3, 6, 8–10, 12, 13]. In the 

e i

ii ii

ii

ii

b i c i d i

iia i Y-Z X-Y

Fig. 3.2 Single cell reconstructions and close appositions 
of ASMCs, TSMCs and ICs in the mouse renal pelvis. (ai) 
Example of a single X–Y electron micrograph within a 
stack of ortho-slices illustrating the morphological differ-
ence between ASMCs (ai red square) and TSMCs (ai 
black square). (aii) Volume rendering all of the cells 
within the same region reveals the structure and regions 
occupied by TSMCs (dark green) and ASMCs (light 
green) present. Typical examples of single or groups of 
TSMCs (bi, ci) and ASMCs (bii, cii) and their close appo-

sition with like cells, projected as being solid (bi, ii) or 
relatively transparent (ci, ii) to reveal their volume- 
rendered nuclei. (di, ii) Examples of close appositions of 
TSMCs and ASMCs in the proximal renal pelvis. (e) 
Micrographs of volume-rendered TSMCs, ASMCs and 
serosal ICs (dark blue cells), in the bulb (ei) and mid 
region (eii) of the renal pelvis to illustrate their architec-
ture and close appositions. Calibration bars: 0.5 μm (a), 
0.3e4 nm (bi), 2e5 nm (bii), 1e4 nm (ci, ii, di), 0.2e4 nm 
(dii), 2e13 nm (e). Figure adapted from Hashitani et al. [3]
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spoke attachments, ASMCs are loosely arranged 
in a basket weave arrangement while in the bulb 
region they are mostly orientated in the longitudi-
nal direction [3] (Supplementary Video 3.1). In 
contrast, TSMC are mostly absent as the spoke 
attachments approach the parenchymal tissue  
[2, 3, 5, 8, 13].

As ASMCs are sparsely endowed with con-
tractile filaments and the relative number of 
ASMCs, compared to TSMCs, decreases with 
distance from the inner medulla to the ureteropel-
vic junction in both single- and multi-papillae 
kidneys [8, 10], Dixon and Gosling proposed that 
ASMCs might have a function different from 
contractile TSMCs, that they may be the pace-
maker cells driving the movement of urine 
towards the bladder [6, 9, 10, 12].

3.3  Pyeloureteric Peristalsis

The upper urinary system has evolved to trans-
port urine from the kidney to the bladder as the 
absence of an active drainage would lead to the 
development of back pressure-induced damage 
and fibrosis within the inner medulla and kidney 
parenchyma. This movement of urine occurs by 
the means of spontaneous propagating peristaltic 
contractions (pyeloureteric peristalsis). From the 
earliest investigations into pyeloureteric peristal-
sis [14], it has been recognized that the upper uri-
nary tract exists as a syncytium and that the 
excitation originates in the proximal renal pelvis 
and travels distally towards the bladder [15–20]. 
As the papilla and inner medulla are not contrac-
tile, the hydrostatic pressure changes that occur 
during these peristaltic contractions may also 
have a ‘milking’ action to promote the secretion 
of urine [7, 21]. The myogenic nature of pyelo-
ureteric peristalsis is also demonstrated by the 
presence of spontaneous contractions in  vivo 
after denervation, or ex vivo after nerve conduc-
tion blockade [15, 22–24].

Propagating contractions and associated pres-
sure waves in the renal pelvis and ureter are pre-
ceded by an electrical impulse [16, 17, 25–28] that 
is initiated at the pelvi-papilla border [19, 20, 29]. 
Early extracellular recordings from the  porcine 

multi-papillae kidney suggested that minor caly-
ces can discharge synchronously or asynchro-
nously [30] and that the calyx firing at the highest 
frequency drives the pelvic contractions. The 
excitation frequencies of the major calyces, renal 
pelvis and ureter are multiples of the discharge 
frequency within the dominate minor calyx [31–
33], thus creating a decreasing frequency gradi-
ent down the upper urinary system [27, 34–36]. 
Recordings in the multi-papillae sheep kidney 
[37] using multiple-mapping electrodes have 
demonstrated that excitation originates in only 
one minor calyx to drive the wave of excitation 
into the renal pelvis and that this site of initia-
tion moves spontaneously between calyces. If 
two sites of excitation discharge near simultane-
ously, one site predominates, sometimes alter-
natively, blocking the conduction of the wave of 
excitation from the other site. Complete or par-
tial conduction block of the waves of excitation 
within the renal pelvis can also occur anywhere, 
anytime [37].

Rodent uni-papilla kidneys display a similar 
single origin of the wave of excitation in the most 
proximal regions of the pelvi-papilla border [38, 
39] that will dominate lesser sites of excitation 
and which can spontaneously shift along the bor-
der. Spontaneous contractions can also randomly 
originate in the mid and distal renal pelvis [22, 
40]. In the rat renal pelvis, the peristaltic wave 
travels from the pelvi-papilla border to the mid 
renal pelvis and often triggers a number of addi-
tional high frequency contractions that can travel 
in both antegrade and retrograde directions [2, 
23, 41]. When the pacemaker drive from the 
proximal region of uni-papilla or multi-papillae 
kidneys is prevented upon transection [22, 42, 
43] or upon pharmacological blockade of 
hyperpolarization- activated cation nucleotide 
gated (HCN) channels [38, 39], the more distal 
regions readily trigger waves of excitation.

Circumferentially oriented strips cut from the 
uni-papilla renal pelvis [44–46] or from the 
minor and major calyces and renal pelvis of 
multi-papillae kidney [47] contract spontane-
ously in vitro at the same frequency when they 
are obtained from the same distance from the 
inner medulla pelvis border. However, their 
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 contraction frequency decreases as they are cut 
from regions increasingly more distal of the inner 
medulla/papilla complex(es) [18, 36, 45–48]. 
Stretch of strips of renal pelvis and ureter 
increases contractile force to an optimal maxi-
mum muscle length, beyond which muscle force 
decreases [22, 49]. This stretch-induced increase 
in muscle tone in human and sheep renal pelvic 
strips is associated with an increase in contrac-
tion frequency [50], but not in strips from the rab-
bit [51] or guinea pig [15, 22] renal pelvis. 
However, urine volume or wall stretch appears to 
increase the likelihood of a one-to-one propaga-
tion of excitation from the renal pelvis into the 
ureter [32, 52].

The decreasing frequency of the spontaneous 
contractions in strips from uni-papilla renal pel-
vis and the minor and major calyces and renal 
pelvis of multi-papillae kidneys contraction with 
distance from the inner medulla/papilla 
complex(es) [6, 8–10, 12] has been suggested to 
arise from the decreasing number of ‘pacemaker’ 
ASMCs [6, 44] and with the increasing number 
of TSMCs expressing ‘refractory’ K+ membrane 
conductances [8, 53]. Alternatively, these data 
have led to the concept of ‘latent’ pacemakers 
[20], which some suggest arise from the pace-
maker activity of intrinsic interstitial cells (ICs).

3.4  Sub-urothelial and Serosal 
ICs

Light and electron microscopy has established 
that ‘fibroblast-like’ ICs in the rodent renal pelvis 
are sparsely distributed in both the adventitia and 
sub-urothelial space, separated by regions of 
dense bundles of collagen [8, 13]; the absence of 
any fibronexus indicating that they are not myofi-
broblasts. These ICs display numerous caveolae, 
an incomplete basal lamina and many other mor-
phological characteristics used previously to dis-
tinguish interstitial cells of Cajal (ICC) in the 
gastrointestinal tract [8]. Volume rendering of 
ICs imaged in serial sections of mouse renal pel-
vis using FIBSEM tomography reveals that they 
are in fact ‘ribbon shaped’, that they make close 
appositions with like cells, as well as  neighbouring 
ASMCs and TSMCs (Fig.  3.2e), and that they 

increase in number with distance from the papilla 
base [3, 8] (see Supplementary Video 3.1).

Immunohistochemical analysis of the mouse 
renal pelvis has established that ICs represent a 
mixed population of cells that has yet to be fully 
characterized. Like ICC, some α-SMA− ICs are 
intensely immuno-positive for antibodies against 
the Ca2+-activated Cl− channel protein Ano1 and 
mildly immuno-positive for KV7.5 antibodies [2, 
5]. These α-SMA− Ano1+ KV7.5+ ICs are likely to 
be the freshly isolated ICs that display spontane-
ous niflumic acid-sensitive transient Cl− currents, 
as well as voltage-dependent K+ current sensitive 
to the KV7.x channel blocker XE911 when 
recorded using patch clamp technology [5]. 
These Ano1+ KV7.5+ ICs do not appear to have 
the same distribution as α-SMA− intensely 
PDGFRα-eGFP+ ICs in the lamina propria and 
serosa of the renal pelvis of B6.129S4- 
Pdgfrαtm11(EGFP)sor/J mice [3]. Interestingly, the 
nuclei of serosal ASMCs displaying spontaneous 
Ca2+ transients also lightly express PDGFRα-
eGFP fluorescence (H Hasitani & RJ Lang 
unpublished observations), suggesting that 
PDGFRα-eGFP+ cells in the mouse real pelvis 
are not a homocellular population.

3.4.1  CaV3.x+ HCN3+ ICs

In coronal sections of the mouse renal pelvis, ICs 
immunoreactive to antibodies against T-type volt-
age-dependent Ca2+ channel (TVDCC) CaV3.1 
(CaV3.1+) are selectively located in the same proxi-
mal regions as ICs that are also immunoreactive to 
antibodies raised against HCN isoform 3 channel 
subunits (HCN3+) [3]. Indeed, HCN3 staining has 
been co-located with CaV3.1 channel immunore-
activity in the mouse renal pelvis [39] and CaV3.2 
channel immunoreactivity in porcine and human 
multi-papillae kidneys [54]. There appears to be 
some confusion as to whether CaV3.1 or HCN3 
staining also co-locates with α-SMA immunoreac-
tivity. HCN3+ cells have been reported to be ‘inte-
grated’ within the smooth muscle layer of the 
proximal region of the mouse renal pelvis [38, 39] 
and the minor calyces of porcine and human kid-
ney [54]. In our hands, CaV3.1+ ICs are clearly not 
α-SMA positive and lay only in the sub-urothelial 
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space of the proximal renal pelvis [3]. In contrast, 
Hurtado et al. reported that HCN3+ CaV3.1+ cells 
are also α-SMA+ [38]. In the minor calyces of the 
porcine kidney, HCN3+ cells display both α-SMA 
and CaV3.2 immunoreactivity, while HCN3+ 
CaV3.2+ cells in the human minor calyces don’t co-
locate with α-SMA immunoreactivity [54]. In 
spite of pharmacological evidence of the effects of 
the likely presence and blockade of CaV3.2 chan-
nels on Ca2+ signalling and contractility of the 
mouse renal pelvis [3], we and others [38, 39] have 
yet to demonstrate the presence of CaV3.2 channel 
immunoreactive product. Thus, the results 
obtained to date using presently available antibod-
ies and methodologies appear to have some selec-
tivity issues that have yet to be resolved.

3.4.2  Kit Staining in the Upper 
Urinary Tract

A number of researchers have reported the pres-
ence of spindle-shaped ICs in sectioned material 
of various regions of the ovine, rat [55], porcine 
[56], human [57, 58], mouse [59, 60] upper uri-
nary tract that are immunoreactive to antibodies 
raised against the tyrosine kinase receptor Kit, 
the selective marker of ICC. In the mouse renal 
pelvis, this Kit+ staining is found predominately 
in the serosal adventitia and less often in the mus-
cle, sub-urothelial layers and urothelium [59, 60]. 
The intensity of this Kit staining also decreases 
slightly with distance from the papilla border [55, 
57]. This Kit staining does not co-locate with 
markers for endothelial and epithelial cells, mac-
rophages, hemopoietic/progenitor stem cells or 
mast cells [55, 57, 61]. When not tested immuno-
histologically, Kit+ mast cells are readily identi-
fied by their distinctive circular shape [8, 62].

In the guinea pig renal pelvis, fibroblast-like 
ICs are readily identified using standard electron 
microscopy, while Kit antibodies only stain mast 
cells [8]. Recently, we have demonstrated that Kit 
(CD117 or AK2) staining in whole mount or sec-
tioned preparations of mouse renal pelvis readily 
co-locates with the neuronal marker PGP9.5 [2, 
5]. Thus, we have suggested that Kit staining of 
neurons in low-resolution light micrographs of 
sectioned material may well appear as ‘spindle-

shaped’ Kit+ cells. Kit staining of sectioned neural 
tracts may also explain the  appearance of Kit 
staining during the functional development of the 
mouse upper urinary tract [60, 63] and its loss 
with obstruction [62, 64, 65] (see Sect. 3.9). A 
more rigorous examination of whether Kit and 
neuronal markers co-localize [55, 56] is required 
in both normal and pathological samples of the 
upper urinary tract, as well as animals that display 
a fluorescent reporter protein in cells that exclu-
sively express Kit (e.g. Kit+/copGFP mice) [66].

3.5  Spontaneous Activity 
in the Upper Urinary Tract

3.5.1  Typical Smooth Muscle Cells

Early extracellular electrode [16, 17, 25–28], 
sucrose gap [36, 67–69] and intracellular micro-
electrode [8, 53, 70–75] recordings established 
that the upper urinary tract display spontaneous 
electrical activity and that migrating contractions 
associate with action potentials consisting of an 
initial rapidly-rising spike and a long plateau 
(Fig.  3.3ai, aii) [67, 68, 76–78], which in the 
guinea pig also triggers a number of additional 
high frequency spikes [8, 71, 73, 79, 80]. These 
action potentials that propagate down the renal 
pelvis (Fig. 3.3ci, cii) into the ureter are associated 
with a propagating Ca2+ wave within long spindle-
shaped TSMCs (Fig. 3.4ai) [8] and it’s this rise in 
Ca2+ that underlies the propagating contractions 
[77, 78, 81]. When viewed at higher magnifica-
tions, TSMC Ca2+ transients occur almost simulta-
neously along the length of each cell, while the 
wave propagates between cells in a direction per-
pendicular to their long axis (Fig. 3.4aii, b) [77], 
resulting in near simultaneous action potential dis-
charge and contraction in the transverse axis of the 
renal pelvis and a slow propagation (at a velocity 
of 1.5–2 mm·s−1) of excitation in the longitudinal 
axis (Fig. 3.4b) [77, 82, 83].

The action potentials and contractions in the 
mouse and guinea pig renal pelvis are dose- 
dependently reduced then abolished by the 
L-type voltage-dependent Ca2+ channel 
(LVDCC) blocker, nifedipine (1–10  μM) [73, 
77, 78, 84] in a manner associated with a 
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 membrane  depolarization of some 5–10  mV 
[79]. In the mouse renal pelvis, LVDCC block-
ade (1–3  μM nifedipine) reduces TSMC Ca2+ 
waves (Fig.  3.4ci, cii) and contraction ampli-
tude [3], while blockade of TVDCCs (with 
Ml218, mibefradil, NNC55-0396 or R(-)efoni-
dipine) reduces contraction frequency [3, 39]. 
The blockade of CaV3.2 channels with low con-
centrations (10 μM) of Ni2+ [85] also reduces 
contraction frequency without affecting their 
amplitude [3]. Higher concentrations of Ni2+ 
(100–300 μM) evoke a transient acceleration of 
TSMC Ca2+ activity associated with a transient 
rise in the basal Ca2+, followed by gradual 
reduction in contraction frequency [3]. 
Blockade of both LVDCCs and TVDCCs (with 
1–3 μM nifedipine and 10–100 μM Ni2+) is nec-
essary to completely arrest contractile activity 
and its underlying TSMC Ca2+ transients in the 
mouse renal pelvis [3].

3.5.2  Atypical Smooth Muscle Cells

Intracellular microelectrodes impalements of 
the renal pelvis of the mouse, guinea pig and rat 
reveal that spontaneous transient depolariza-

tions (STDs) of a simple waveform and varying 
amplitude [74, 79, 86] are recorded in spindle-
shaped ASMCs (Fig.  3.3ai, bi, and ci) [8, 23, 
77]. These STDs are recorded most often in the 
‘spoke-like’ attachments and bulb regions of the 
proximal renal pelvis [3, 8, 87]. Their likelihood 
of being recorded and their frequency of dis-
charge also decreases with distance from the 
pelvis papilla border (Fig. 3.3c), they have never 
been recorded in the ureter [8, 87]. STDs, firing 
at a high frequency (5–30  min−1) are often 
(Fig. 3.3ai, ci) but not always present between 
the spontaneous TSMC action potentials 
(5–12  min−1), are not associated with muscle 
contraction (Fig. 3.3ai) and are little affected by 
the LDVCC- and TDVCC-independent Ca2+ 
entry blockers (Fig. 3.3ai), La3+ (or Gd3+) [78] 
which blocks Ca2+ signalling in the rabbit ure-
thra [88].

In the nifedipine (1 μM)-arrested mouse renal 
pelvis loaded with Ca2+ fluorophores fluo-4 or 
Cal 520, high frequency but slowly propagating 
intercellular Ca2+ waves are recorded in short 
cells at the same frequency as STDs and in the 
same adventitial region [77, 78] as ASMCs iden-
tified with standard electron microscopy or 
FIBSEM tomography [3] (see Supplementary 

a i

ii

d

b i iiiii

ii

2 s

2 s

2 s

20 mV
200 ms

5 min

10 mV
0.1 mN

10 mV

10 mV

c i

Fig. 3.3 Electrical recordings in the mouse renal pelvis. 
(a) Simultaneous recording of electrical (ai) and contrac-
tile (aii) activity illustrating that only action potentials and 
not STDS are associated with muscle contraction. (b) 
Recordings of superimposed STDs in the presence (bi) 
and absence (bii) of 1  μM nifedipine, illustrating their 
variable summation (bi) and triggering (bii) of an action 

potential. (biii) Superimposed action potentials to illus-
trate their time course. (ci, ii) Simultaneous recordings 
from two intracellular microelectrodes 240 μm apart illus-
trating that only action potentials propagate. (d) Recording 
of IC action potentials in the distal renal pelvis bathed in 
1  μM nifedipine containing physiological salt solu-
tion, note the large difference in time scale
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Video 3.2). These ASMC Ca2+ transients 
 sometimes propagate into neighbouring similar-
shaped cells if located on their longitudinal axis 
and are only reduced, not blocked by 3–10 μM 
nifedipine. When bathed in 1 μM nifedipine and 
100  μM Ni2+ the parameters (amplitude, fre-
quency ½ width and integral) describing the time 
course of these ASMC Ca2+ transients are fitted 
by single Gaussian distributions (Fig. 3.5bi–biv) 
suggesting a single population of cells. ASMC 
Ca2+ transients are mostly asynchronous but 
appear to burst synchronously every 3–5  min. 
During these bursts the ASMC basal Ca2+ rises, 
the frequency of these ASMC Ca2+ signals 

 doubles, while their other parameters are little 
affected (Fig. 3.5aiii) [3].

Contraction and action potential discharge in 
the guinea pig renal pelvis [82] and the firing of 
STDs and ASMC Ca2+ transients in the mouse 
renal pelvis [78] are dependent on the influx of 
external Ca2+, sarcoplasmic endoplasmic reticu-
lum Ca2+-ATPase (SERCA)-dependent uptake of 
Ca2+ into internal stores, IP3-dependent release 
from these endoplasmic reticulum stores and the 
cyclic movement of Ca2+ through mitochondria 
[89]. Contraction amplitude and frequency in the 
guinea pig renal pelvis [82] are little affected by 
30  μM ryanodine, the blocker of ryanodine- 
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Fig. 3.4 Ca2+ waves in typical smooth muscle cells 
(TSMCs) of the renal pelvis a sequential Ca2+ fluores-
cence intensity micrographs of a fluo-4 loaded TSMC 
layer (time intervals of 66 ms at ×20 (ai) or ×60 (aii) mag-
nification). The Ca2+ wave is clearly seen as a transient 
increase in Ca2+ intensity propagating across the field of 
view; the arrow indicates a single TSMC. (bi) 

Superimposed fluorescence intensities of the three regions 
(a–c) in ai plotted against time. (bii) Correlation of the 
Ca2+ waves recorded at a and c (separation 110 μm) show 
a high degree of 1:1 synchronicity. (c) Ca2+ waves recorded 
at two positions in a field of view (ci) were reduced but not 
completely blocked in 1 μM nifedipine (cii). Figure taken 
from Lang et al. [77]
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sensitive Ca2+ release channels. The amplitude, 
½ width and synchronization of STDs in the 
mouse renal pelvis are also reduced by ryanodine 
(30–100 μM) which reduces their ability to sum 
into a depolarization sufficiently large to trigger 
an TSMC action potential [78]. However, ryano-
dine (100 μM) has little effect on any ASMC Ca2+ 
transient parameters [78]. These minor inhibitory 
effects of ryanodine have been confirmed using 
tetracaine which blocks ryanodine-sensitive Ca2+ 
release in the rabbit urethra [88, 90] and corporal 
tissue of the guinea pig penis [91]. In 17 ASMCs 
from six preparations of mouse renal pelvis 
bathed in 1 μM nifedipine and 100 μM Ni2+, tet-
racaine (100  μM) reduces the amplitude and 

 integral of their Ca2+ transients by only 
22.2 ± 3.4% and 22.7 ± 3.3%, respectively, while 
their ½ width and frequency (0.2  ±  1.4 and 
33.5 ± 32.8%, respectively) are not significantly 
altered (Fig. 3.6).

3.5.3  Interstitial Cells

A third pattern of action potential activity has 
been recorded in both the mouse and guinea pig 
renal pelvis. These action potentials display par-
ticularly long plateaus, occur at a frequency of 
0.2–1 min−1, are not associated with TSMC con-
traction [77] and have been demonstrated to arise 
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Fig. 3.5 Comparison of spontaneous Ca2+ transients in 
ICs and ASMCs in the mouse renal pelvis. (ai) Typical 
field of view of cells bathed in 1 μM nifedipine: 100 μM 
Ni2+-containing physiological salt solution. Ca2+ transient 
activity (Ft /F0) in three ICs (ai region of interest (ROIs) 
1,2,5, aii) and two ASMCs (ai ROIs 3,4, aiii) plotted 
against time separately (aii, iii) and together (aiv). (bi–iv) 
Frequency distributions of four measured parameters of 
63 ICs (blue columns) and 62 ASMCs (black columns) 

recorded between bursts were fitted (by least squares) 
with 1 (b red line ASMC) or 2 (b green line ICs) Gaussian 
distributions. ICs display spontaneous low frequency Ca2+ 
transients that synchronize into bursts every 3–5  min. 
Neighbouring ASMCs displaying higher-frequency spon-
taneous Ca2+ transients, also accelerate their firing in syn-
chrony with the bursting ICs. Figure adapted from 
Hashitani et al. [3]
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from irregular-shaped ICs [8, 24]. During intra-
cellular microelectrode impalements, IC action 
potentials and STDs can be recorded concur-
rently with TSMC actions potentials. STDs and 
residual IC depolarizations (‘slow waves’) 
(Fig.3.3d) can also readily be recorded after 
blockade of TSMC discharge with nifedipine 
[77]. These observations confirm that the cells 
generating all three electrical events are electri-
cally coupled in a syncytium and that the varying 
amplitude and time course of STDs and IC action 
potentials merely reflects the varying distance 
between the site of their generation in the syncy-
tium and the recording electrode.

Upon blockade of TSMC Ca2+ signalling and 
contraction in the mouse renal pelvis, IC Ca2+ 
transients are mostly recorded in the bulb region 
and in regions more distal [77, 89]. Previously 
the use of fluo-4 reveals only a few (1–5) ICs dis-
playing Ca2+ transients per field of view (×40–60 
magnification) [77]. More recently, the use of Cal 
520 with its grater fluorescence, penetration and 
loading reveals that each field of view contained 
many more ICs (Fig. 3.4) [3] (see Supplementary 
Video 3.2). Upon blockade of LDVCCs and 
TVDCCs with 1 μM nifedipine and 100 μM Ni2+, 

IC Ca2+ transients separated by 20–200 μm fire 
asynchronously, but display synchronized burst-
ing behaviour every 3–5 min (Figs. 3.5 and 3.6) 
[3]. The parameters of the time course of IC Ca2+ 
transients between bursts are best described by 
two Gaussian distributions, firing at frequencies 
of 1.1 and 3.5  min−1, respectively (Fig.  3.5bi–
biv), suggesting the presence of two populations 
of ICs [3]. However, the low frequencies of dis-
charge of these two IC populations during our 
recording periods (typically 10–20 min) has not 
allowed any further discrimination based on their 
sensitivity to test agents.

3.6  Pacemaker Mechanisms 
in ASMCs and ICs

3.6.1  ASMCs

It seems likely that the initial trigger of the ASMC 
pacemaker signal involves the spontaneous 
release of a ‘packet’ of Ca2+ from internal stores 
that triggers the opening of a small number of 
Ca2+-activated inward channels, resulting in a 
small ‘unitary’ STD and the influx of Ca2+ 
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Fig. 3.6 IC Ca2+ 
transient activity and 
synchronicity (a) are 
more sensitive than 
ASMC Ca2+ transients 
(b) to tetracaine or 
ryanodine, blockers of 
CICR from internal 
stores. Ca2+ transient 
activity (Ft /F0) in 9 ICs 
(a ROIs 1–9) and 4 
ASMCs in a separate 
experiment (b) plotted 
against time (t), 
preparations bathed in 
1 μM nifedipine: 
100 μM Ni2+-containing 
physiological salt 
solution. Scale bar in a 
left panel represents 
50 μm
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through a nifedipine-insensitive Ca2+ pathway 
[78]. The 50% decrease in frequency but not 
blockade of ASMC Ca2+ transient firing when 
100 μM Ni2+ is added to the mouse renal pelvis 
exposed to only nifedipine [3] suggests that Ca2+ 
entering through TVDCCs enhances a more 
global release of Ca2+ from sarcoplasmic/endo-
plasmic reticulum stores via Ca2+ release chan-
nels coupled to both IP3 receptors and ryanodine 
receptors using Ca2+-induced Ca2+ release (CICR) 
mechanisms [78, 92]. In the absence of LDVCC 
blockade, this entrainment would result in more 
frequent and larger ASMC Ca2+ transients and the 
summation of larger STDs into pacemaker poten-
tials large enough to trigger the opening of TSMC 
LDVCCs, the firing of regenerative action poten-
tials (Fig.  3.3bii) and the propagation of Ca2+ 
waves and contraction [77, 93].

3.6.2  ICs

Ca2+ transients in ICs in the same field of view are 
equally sensitive as ASMCs to the removal of 
Ca2+ from the bathing solution, blockade of 
SERCA with cyclopiazonic acid or the blockade 
of IP3 receptor signalling with 2-APB [78]. 
However, in contrast to ASMC’s partial sensitive 
sensitivity to ryanodine, IC Ca2+ transient dis-
charge and their bursting behaviour are com-
pletely abolished by ryanodine [78] or profoundly 
reduced in tetracaine (Fig.  3.6a). This suggests 
that ICs differ fundamentally from ASMCs in 
their greater dependence on Ca2+ influx through 
TDVCCs and CICR from ryanodine-sensitive 
Ca2+ release channels.

This apparent greater dependence of IC Ca2+ 
signalling on CICR from ryanodine-sensitive 
stores and nifedipine-insensitive Ca2+ entry has 
been examined using various concentrations of 
the TVDCC blocker Ni2+. Given the 70-fold dif-
ference in the IC50 of Ni2+ for CaV3.2 and CaV3.1 
channels (5 and 350 μM, respectively) [85], the 
near complete blockade of TSMC Ca2+ waves 
and contraction in the presence of 10 μM Ni2+ 
plus nifedipine suggests the presence of active 
CaV3.2 channels in the TSMC layer. In addition, 
100 μM Ni2+ would be expected to completely 

block CaV3.2 channels, but only partially block 
CaV3.1 channels. IC Ca2+ transients in the pres-
ence of 100  μM Ni2+ plus nifedipine are abol-
ished upon the addition of the HCN channel 
blocker, ZD7288 [3]. Blockade of HCN channels 
may well lead to IC hyperpolarization to poten-
tials negative of the opening threshold of any 
residual CaV3.1 channels and reduce Ca2+ entry. 
The co-location of immunoreactive product for 
HCN3 and CaV3.1 [39] in sub-urothelial ICs in 
the mouse proximal renal pelvis [3] suggests that 
voltage-dependent Ca2+ entry through CaV3.1 
channels which triggers CICR from ryanodine- 
sensitive internal Ca2+ stores is essential for IC 
Ca2+ signalling [78], and that HCN3 channel- 
mediated depolarization contributes to the open-
ing of these Ca2+ channels [93, 94]. However, 
single ICs of the mouse renal pelvis have not yet 
been demonstrated electrophysiologically to dis-
play either CaV3.1 or HCN currents [5], even 
though TVDCC currents have been recorded in 
prostatic and urethral myocytes [95] and HCN 
currents in cultured mouse dorsal root ganglia 
(RJ Lang unpublished data) under similar 
conditions.

3.7  IC Modulation of ASMCs

When bathed in 1  μM nifedipine and 100  μM 
Ni2+, the most distinguishing property of the ICs 
was their ability to convert their asynchrony 
activity into synchronous bursts every 3–5  min 
(Fig. 3.5aii) [3]. This bursting behaviour occurs 
in cells that have no apparent close appositions, 
being often separated by 20–200 μm (Figs. 3.5ai 
and 3.6a). These bursts of IC Ca2+ transients also 
correlate in time with the accelerated activity and 
change in baseline of ASMCs within the same 
field of view (see Supplementary Video 3.2). This 
periodic acceleration of ASMC Ca2+ transient fir-
ing is blocked when IC Ca2+ transients are 
reduced by teracaine (Fig.  3.6b) or when gap 
junction cell-to-cell coupling is blocked by car-
benoxolone [3]. However, the asynchronous fir-
ing of both cell types remains in carbenoxolone, 
albeit at a reduced level [3, 96]. Thus, it appears 
that ICs enhance the firing of neighbouring 
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ASMCs. A small increase in TSMC basal Ca2+ is 
also sometimes observed during these bursts of 
IC Ca2+ transients [3] which presumably also 
raises the excitability of the smooth muscle layer.

In the presence of both LVDCC and TVDCC 
blockers, the spread of excitation between ICs 
and their neighbours is likely to be intercellular 
and slowly voltage dependent, arising solely 
from the Ca2+-activated membrane currents trig-
gered by the spontaneous IC Ca2+ transients [5]. 
In the absence of LDVCC blockade, additional 
Ca2+ influx may well result in spontaneous IC 
Cl−-selective depolarizations that are more fre-
quent and larger, which more effectively acceler-
ate ASMC activity. They may even provide a 
constant influence on ASMC STD firing. As the 
number of ASMCs and ICs decrease and increase, 
respectively, with distance from the papilla pelvis 
border this IC influence may also increase with 
distance; even take over in the absence of a proxi-
mal pacemaker drive, i.e. act as ‘latent 
pacemakers’.

3.8  Promoters of Pyeloureteric 
Peristalsis

3.8.1  Prostaglandins

It is well established that the intrinsic release of 
prostaglandins (PGs) is essential for maintaining 
spontaneous or evoked contractions in the upper 
urinary tract [24, 97]. The application of pros-
tanoids has both positive and negative effects on 
upper urinary tract contractility. Applied PGF2α 
tends to have an excitatory action on contractil-
ity in the upper urinary tract, PGE1 tends to be 
inhibitory, while the effects of PGE2 are more 
variable [24, 97]. In contrast, inhibition of PG 
synthesis with indomethacin decreases the spon-
taneous contractility in the renal pelvis and the 
spontaneous or evoked contractions in the ureter 
of various laboratory animals and human [24, 
97], as well as reduces the release of cyclooxy-
genase products such as PGF2α, 6-keto PGF1α, 
PGI2 and thromboxane B2α [98, 99]. This block-
ade of contractility in the mouse and guinea pig 
renal pelvis does not arise from a blockade of 

conduction pathways as originally suggested by 
Thulelius et al. [28]. Blockers of cell-to cell cou-
pling, 18β-glycyrrhetinic acid and carbenoxo-
lone, rapidly prevent the propagation of action 
potentials, Ca2+ waves and contractions in the 
TSMC layer [3, 96]. In contrast, TSMC action 
potential discharge and contraction in the pres-
ence of indomethacin can readily be restored by 
nerve stimulation or the PGF2α analogue, dino-
prost [75].

The indomethacin-induced decrease in con-
tractility in the renal pelvis arises from a decrease 
in the duration and frequency of the spontaneous 
action potentials due to an increase in the failures 
of underlying STDs to trigger an action potential 
[75]. In the mouse renal pelvis, the firing and 
synchronous bursting of IC Ca2+ transients are 
markedly reduced by indomethacin, which is 
associated with a 37–46% reduction in the ampli-
tude and frequency of ASMC Ca2+ transients 
(Fig. 3.7b) [3] and a near complete blockade of 
their IC-evoked bursting behaviour (Fig.  3.7a). 
This reduction in ASMC Ca2+ transients presum-
ably reduces the frequency and amplitude of the 
Ca2+-activated membrane conductances underly-
ing STD discharge and summation, essential for 
the triggering of TSMC action potential dis-
charge. This reduction of IC Ca2+ transients, 
ASMC activity and pyeloureteric peristalsis upon 
cyclooxygenase inhibition suggests that their 
spontaneous activity is being fuelled by an auto-
crine/paracrine mechanism (Fig. 3.7c). It seems 
likely that locally released prostacyclins bind to 
G protein-coupled receptors on both ICs and 
ASMCs to contribute to the hydrolysis of phos-
phatidylinositol 4,5-bisphosphate (PIP2) and IP3 
formation that drives their Ca2+ cycling [100].

A number of non-steroidal anti-inflammatory 
drugs (NSAIDs) which inhibit cyclooxygenase 
(COX)-arachidonic acid mediated production of 
eicosanoids also have various subunit-selective 
excitatory and inhibitory actions on KV7.x chan-
nels [101]. In the mouse renal pelvis, intense 
KV7.5 immunoreactivity is present in BECs, 
while Ano1+ ICs appear moderately KV7.5 
immuno-positive; both cells populations form 
close appositions with neighbouring TSMCs 
(Fig. 3.9). In single KV7.5+, Ano1+ ICs from the 
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mouse renal pelvis, the KV7 channel modulator 
meclofenamic acid partially decreases an IK that 
is abolished by the general KV7 channel blocker, 
Xe991 [5]. KV7 channel blockers Xe991 and 
linopirdine increase, while flupirtine a KV7 chan-
nel activator decreases the frequency of TSMC 
contractions in the mouse renal pelvis. However, 
the excitatory effects of the linopirdine requires 
the previous blockade of intrinsic primary sen-
sory nerves (PSNs) [2] as linopirdine also directly 
activates the capsaicin receptor TRPV1 [102]. 
The selective activation of KV7.2 or KV7.4 sub-
units with ML-213 (230–510  nM) also signifi-
cantly decreases the amplitude and frequency of 
renal pelvis contractions in a manner reversed 
upon the addition of XE991 (M.J.  Nguyen and 
R.J. Lang unpublished data). These preliminary 
pharmacological data suggest that native KV7 
(‘m-current’) channels in the renal pelvis are 
likely to be hetero-multimeric KV7.2-5 channels 

constructs which have yet to be fully character-
ized or examined for their therapeutic potential.

3.8.2  Primary Sensory Nerves

The tonic release of neuropeptides from PSNs is 
essential for maintaining spontaneous activity in 
the renal pelvis [24, 97, 100]. Unmyelinated 
C-fibres and poorly myelinated Aδ-fibres [103] 
are distributed throughout the upper urinary tract 
of many mammals, innervating the adventitia, 
smooth muscle, epithelial layer and blood vessels 
[2, 104]. The relative proportion of immunoreac-
tivity for tachykinins and calcitonin gene-related 
peptide (CGRP) neuropeptides are in equal quan-
tities in nerve terminals of the guinea pig [105, 
106] and human ureter [106, 107] but present in a 
ratio of 1:3, respectively, in rat ureter [105]. The 
rat renal pelvis also contains at least four distinct 
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Fig. 3.7 Blockade of 
prostaglandin synthesis 
inhibits the firing and 
synchronous bursting of 
IC Ca2+ transients 
associated with a similar 
blockade of ASMC Ca2+ 
transient bursting, but 
only a 50% reduction in 
their amplitude and 
frequency. Ca2+ transient 
activity (Ft /F0) in three 4 
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populations of PSNs, based on their relative neu-
ropeptide immunoreactivity [108].

Electrical stimulation of PSN terminals in the 
upper urinary tract [109] in vitro triggers action 
potentials which propagate into collateral 
branches, releasing neuropeptides in a manner 
relatively resistant to the sodium channel blocker 
tetrodotoxin (TTX) or the ‘N-type’ Ca2+ channel 
antagonist ω-conotoxin GVIA [110]. PSNs can 
also directly release and be depleted of their neu-
ropeptides upon capsaicin binding to transient 
receptor potential vanilloid 1 (TRPV1) channels 
[89, 111] in a manner dependent on the age and 
species under investigation, and the method and 
number of administrations of capsaicin [22, 
112–114].

Electrical or capsaicin stimulation of PSNs 
evokes a predominantly inhibitory effect on uri-
nary tract motility in the rat [115] and guinea 
pig [116] ureter [110] and distal renal pelvis of 
the guinea pig [22]. In proximal renal pelvis of 
the guinea pig [22, 97] and mouse [89], PSN 
stimulation transiently increases and then inhib-
its contraction frequency, this prolonged nega-
tive chronotropic effects is associated with an 
increase in contraction amplitude and duration 
(Fig.  3.8Aa). In the guinea pig proximal renal 
pelvis, electrical field stimulation evokes a tran-
sient membrane depolarization in ASMCs [84] 
as well as a prolonged increase in the duration 
of TSMC action potentials in the distal renal 
pelvis [84] and ureter [72]. These positive ino-

50 Hz, 1s

Capsaicin 10 µM

Capsaicin 10 µM

hCGRP 100 nMC

B

0.2 mN
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TTX 3 µM
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Fig. 3.8 Effects of primary sensory nerve (PSN) stimula-
tion and bath-applied calcitonin gene-related peptide 
(CGRP) on spontaneous contractions of the mouse renal 
pelvis. Trains of PSN stimuli (50 Hz, 1 s; triangles) reduce 
the frequency but increase the amplitude of the spontane-
ous contractions (Aa). Tetrodotoxin (TTX 3 μM), reduces 

(Ab), while capsaicin (10  μM) completely blocks the 
effects of PSN stimulation (Ac). Capsaicin (10 μM) (B) 
and human CGRP (100 nM hCGRP) both have negative 
chronotropic and positive inotropic effects on the sponta-
neous contractions (C). Scale bars for c refer to all traces. 
Figure taken from Hashitani et al. [89]
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tropic and chronotropic effects are reduced by 
the neurokinin A antagonist MEN 10376 sug-
gesting they involve the release of excitatory 
neuropeptides, Neurokinin A and Substance P 
[22, 97, 117, 118].

Human CGRP (hCGRP) (Fig.  3.8C) and 
agents that increase internal cAMP levels [87, 
89] mimic the PSN-mediated suppression of 
motility in the upper urinary tract (Fig. 3.8Aa) 
[89]. In the guinea pig ureter, the inhibitory 
effects of hCGRP are reduced in the presence 
of the blocker of ATP-dependent K+ channels 
(KATP), glibenclamide, the cAMP antagonist, 
Rp-cAMPS or inhibitors of protein kinase A, 
H8 and H89 [119, 120]. In the mouse renal pel-
vis, glibenclamide also blocks the TSMC mem-
brane hyperpolarization evoked by hCGRP or 
cAMP stimulators, but has little effect on their 
negative chronotropic and positive inotropic 
actions [87, 89]. Thus, the membrane potential-
independent negative chronotropic effects of 
hCGRP arise mainly from the suppression of 
Ca2+ cycling in ASMCs via a cAMP-dependent 
second messenger system [89]. The positive 
inotropic effects of hCGRP may well be arising 
from the reduced TSMC action potential fre-
quency which would promote Ca2+ store refill-
ing, as well as TSMC hyperpolarization which 
would increase the availability and driving 
force of LDVCCs that contribute to the electri-
cal discharge.

3.8.3  Autonomic Nerves

Extensive networks of parasympathetic, nitrer-
gic [121] and sympathetic [122–124] nerves lie 
within the urothelial, submucosal, TSMC and 
serosal layers of the upper urinary tract. 
However, blockers of sympathetic, parasympa-
thetic and nitrergic transmission or antagonists 
of α-adrenoceptors and muscarinic receptors 
have little effect on either renal pelvic auto-
rhythmicity or the positive/negative inotropic 
and chronotropic effects evoked upon electrical 
or chemical stimulation of intrinsic nerves [15, 
22, 86, 97, 117].

Activation of α-adrenoceptors with noradren-
aline or adrenaline stimulates spontaneous con-
tractions in the mouse [125], dog [126] and 
guinea pig [97] renal pelvis and in the pig ureter 
[36] associated with an increased Ca2+ influx 
during the prolongation of their action potential 
plateaus. In the guinea pig ureter, norepineph-
rine increases hydrolysis of PIP2 and IP3-
dependent Ca2+ release from internal stores [127] 
which activates K+ conductances that terminate 
the action potential plateau [97]. β-Adrenoceptor 
activation, membrane permeable cAMP ana-
logues and inhibition of cAMP degradation 
[128] all reduce ureteric contractility [97] asso-
ciated with a shortening of the action potential 
duration [129]. In the rabbit proximal renal pel-
vis, β-adrenoceptor activation has also been 
described to induce a positive inotropic effect 
[47, 97, 130, 131].

In comparison to other visceral smooth mus-
cles, parasympathetic nerve stimulation or mus-
carinic receptor agonists have relatively little 
effect on pyeloureteric peristalsis. Exogenous 
application of acetylcholine increases contrac-
tility in the pig [132] and guinea pig [97] renal 
pelvis and the pig [133], human [134] and 
guinea pig [135] ureter, but has little effect on 
the porcine distal ureter [136]. Carbachol also 
decreases ureteric pressure and peristalsis in 
partially or completely obstructed ureters of 
anaesthetized dogs [137]. High concentrations 
of muscarinic receptor agonists have a robust 
negative chronotropic and positive inotropic 
effect on the  spontaneous contractions in the 
mouse renal pelvis in a manner selectively pre-
vented by either a nicotinic receptor antagonist 
or PSN depletion with capsaicin [125]. 
Glibenclamide also blocks this inhibition of 
pyeloureteric peristalsis, TSMC action potential 
firing and membrane hyperpolarization suggest-
ing that carbachol activation of PSN nicotinic 
receptors leads to the release of CGRP that acti-
vates TSMC KATP channels [125].

The glibenclamide-independent inhibition of 
Ca2+ signalling in ASMCs upon PSN nicotinic 
receptor activation [125] may also arise from a 
reduction of the release of tachykinins essential 
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for sustaining pyeloureteric peristalsis. 
Alternatively, nicotinic receptor evoked release 
of CGRP may stimulate a cAMP-dependent 
increase in ASMC Ca2+ buffering that results in a 
reduction in the intracellular cycling of ASMC 
Ca2+ (Fig. 3.9) [100]. Thus, presynaptic PSN nic-
otinic receptors provide a means by which para-
sympathetic nerves can modulate the frequency 
and tone underlying pyeloureteric peristalsis. A 
combination of the inhibitory effects of PSN- 
released CGRP, a reduced release of tachykinins 
and TSMC muscarinic receptor evoked increases 
in the Ca2+ sensitivity of the contractile apparatus 
via a RhoA/Rho-associated kinase pathway [138] 
may well explain the often-contradictory effects 

of cholinergic agonists on the contractility of the 
upper urinary tract.

The autonomic and sensory innervation may 
also indirectly modulate the rate of conduction 
within and between ASMC and TSMC bundles 
by modulating the activity of neighbouring 
closely apposed KV7.5+ BECs or KV7.5+ ICs 
(Fig. 3.9) [2]. KV7 channels require the presence 
of PIP2 to remain open. Nerve-released tachyki-
nins and autonomic neurotransmitters could well 
lead to a depletion of PIP2 and KV7 channel clo-
sure [139]. The by-products of PIP2 metabolism, 
IP3 and diacylglycerol (DAG) may also stimulate 
Ca2+ release and the activation of protein kinase 
C (PKC) which both lead to further inhibition of 
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ACh NAd
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Fig. 3.9 Schematic of possible mechanisms of sympa-
thetic (Sym), parasympathetic (Psym) and PSN modula-
tion of pyeloureteric peristalsis. G protein-coupled 
receptor (GPCR) activation by acetylcholine (Ach), 
adrenaline (Ad) or tachykinins can lead to phospholipase 
C (PLC) metabolism and depletion of PIP2, KV7 channel 
closure (X) and membrane depolarization in BECs or ICs 
to increase the excitability of neighbouring electrically 
coupled ASMCs and TSMCs. Ach released from Psym 
nerves can also activate nicotinic receptors (Nic Rec) on 
neighbouring PSNs to release CGRP. This CGRP binds to 
its receptor (CGRP-1Rec) on both ASMCs and TSMCs to 
stimulate adenylyl cyclase (AC) and increase intracellular 

cAMP. In ASMCs, cAMP increases the Ca2+ buffering 
capacity of internal stores which reduces the intracellular 
cycling of Ca2+, leading to an inhibition of ASMC Ca2+ 
transient discharge. This results in a decreased pacemaker 
drive and the observed decrease in frequency of contrac-
tions, action potentials and Ca2+ transients in TSMCs. The 
rise in cAMP in TSMCs leads to the opening of gliben-
clamide-sensitive KATP channels, resulting in membrane 
hyperpolarization that de- inactivates plasmalemmal Ca2+ 
channels. When a STD in a ASMC triggers an action 
potential in a neighbouring TSMC, the resulting Ca2+ tran-
sient and contraction may well be larger and longer than 
those observed in control
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KV7.2-5 channels upon binding of Ca2+-
calmodulin and a protein kinase C (PKC)/A 
kinase anchoring protein (AKAP) complex 
[139]. Thus, closure of KV7.5 channels in BECS 
and ICs may well remove a hyperpolarizing 
influence to increase the pacemaker drive in 
ASMCs as well as the ability of neighbouring 
TSMCs to initiate and conduct a wave of excita-
tion (Fig. 3.9). It is interesting to speculate that 
KV7.5+ cells in the renal pelvis may control the 
frequency and size of the bolus at urine which 
enters the ureter from the renal pelvis in both 
uni-papilla and multi-papillae kidneys with 
changes in diuresis [40, 52], they may even con-
trol the establishment of the predominant minor 
calyx pacemaker in multi-papillae kidneys [32, 
33, 36].

3.8.4  Renin-Angiotensin System

Angiotensin II acting exclusively on angiotensin 
receptor 1A (ATr1A) in mice evokes an increase 
in peristaltic contraction frequency that is associ-
ated with a rise in muscle wall tone and an 
increase in basal Ca2+ in both TSMCs and ASMCs 
[83]. ATr1A receptors are G protein-coupled 
receptors that leads to the production of Gq11- 

protein, activation of phospholipase C (PLC)–β 
and metabolism of PIP2 to IP3 and DAG [140]. 
ATr1 activation would therefore be expected to 
contribute to the intracellular IP3 drive underly-
ing cycling Ca2+ oscillators in both ICs and 
ASMCs.

3.9  Clinical Implications

Congenital hydronephrosis or ureteropelvic junc-
tion obstruction results in a compromised urine 
flow from the renal pelvis into the ureter that 
leads to pressure-induced dilatation of the renal 
collecting system and potential parenchyma 
injury which, if left untreated, results in renal dis-
ease and the development of salt-sensitive hyper-
tension [141]. Renal pelvis dilatation is detected 
in 1 in 100 prenatal ultrasound screenings, with 
ureteropelvic junction obstruction being the most 

frequently diagnosed cause of antenatal hydrone-
phrosis [142]. This hydronephrosis can be caused 
by a ‘physical’ stenosis, that usually requires 
Anderson-Hynes pyeloplasty, or by a ‘functional’ 
obstruction arising from a subtle developmental 
defect in the urothelium or muscle wall which 
usually disappears in 80% of infants within their 
1st year [143, 144].

In children presenting with intrinsic uretero-
pelvic obstruction [62, 145], the site of dys-
function displays a decrease in the number of 
ASMCs and TSMCs, as well as a loss of their 
myofilaments and surface caveolae [146, 147]. 
Also evident is a marked collagen expression 
[145, 146, 148, 149], hyperplasia of the transi-
tional epithelium [147, 150–152] and a decrease 
in the number of nerve terminals [145, 148, 
149] and neuronal staining [64, 148, 149, 153, 
154]. One electron microscopic examination of 
the structural integrity of ICs within hydrone-
phrotic renal pelvises reports that their numbers 
are reduced and that their cytoplasm are 
enlarged with relatively few internal organelles 
[62]. A change of Kit staining, be it in nerve 
terminals or ICs, with ureteropelvic obstruction 
remains controversial; with reports that Kit 
immunoreactivity is only present in mast cells 
[155], that Kit staining increases [156], 
decreases [62, 64, 65] or little altered [157] 
with obstruction.

Little is known of the effects of hydronephro-
sis on the initiation or maintenance of pyeloure-
teric peristalsis. Mice lacking the Atr1A 
(ATr1A−/−) present with a functional ureteropel-
vic obstruction associated with a hypoplastic 
papilla and renal cortex, a dilated calyx, prolifer-
ating and apoptotic tubulointerstitial cells, mac-
rophage infiltration and fibrosis [158–160]. 
Mildly-to-moderately hydronephrotic kidneys in 
ATr1A−/− mice display spontaneous propagating 
contractions in their pelvic wall similar in fre-
quency, but smaller in amplitude to their control 
(ATr1A+/+, ATr2+/+ and ATr2−/−) mice [83]. 
However, the renal pelvis of severely hydrone-
phrotic ATr1A−/− kidneys do not show any pyelo-
ureteric contractile activity due to the complete 
destruction of the TSMC wall. Thus, the develop-
ment of a functional obstruction in the 
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 ureteropelvic junction of ATr1A−/− mice does not 
arise from a lack of development of the pyeloure-
teric pacemaker and contractile mechanisms 
[161]. It is more likely that the failure to transmit 
peristaltic contractions through the obstructed 
region of the proximal ureter in time leads to the 
development of back pressure-induced dilatation, 
apoptosis and fibrosis of the renal pelvis wall and 
kidney parenchyma [83].

Given the tendency of neonatal renal pelvis 
dilatation to resolve in the 1st few years after 
birth, it seems likely that in utero manipulation 
of the mechanisms that develop, drive or modu-
late pyeloureteric peristalsis has little therapeu-
tic potential. Post birth, persistent dilatation of 
the renal pelvis arising from pyeloureteric ste-
nosis can be closely monitored using ultra-
sound, magnetic resonance imaging or other 
voiding techniques to establish the necessity of 
further treatment or the timing of pyeloplasty 
surgery [162].

On the other hand, the control of pain, stone 
expulsion and prevention of kidney damage dur-
ing renal colic already appears to involve many 
of the mechanism discussed herein. During renal 
colic, PSN mechanoceptors and chemoceptors in 
the renal pelvis and upper ureter transmit renal 
pain via C-fibres and Aδ-fibres to the dorsal horn 
of the spinal cord, then more centrally to supra-
spinal structures and the cerebral cortex. 
Convergence with other somatovisceral signals 
result in pain radiation to other visceral regions, 
as well as symptoms such as nausea, tachycardia 
and reduced gastrointestinal peristalsis [163]. 
Opiates provide rapid pain relief but also have 
excitatory contractile effects and appear to be no 
more effective than NSAIDs. The dependence of 
renal blood flow, glomerular filtration rate, pyelo-
ureteric peristalsis etc., on prostaglandin, angio-
tensin and thromboxane A2 [163] informs the use 
of NSAIDs for pain relief, but may have detri-
mental effects in patients with pre-existing renal 
disease. Interestingly, COX-2 inhibitors reduce 
ureteric peristalsis without gastric side effects. 
The short-term pain relief with nifedipine is asso-
ciated with reduction of ureteric spasm without 
altering contraction frequency [163], consistent 
with the effects of LDVCC blockade described 

above [3]. While anticholinergic agents have 
proven not to be very useful, the muscle wall 
relaxation upon inhibition of α1D-adrenoceptors 
accelerates stone expulsion and reduces the use 
of analgesics [163]. Thus, there is potential to 
further refine the therapeutic selectivity of these 
drug groups upon a greater understanding of their 
actions in the upper urinary tract. Elucidation of 
the mechanisms by which ASMCs and ICs con-
trol contractility in the upper urinary tract under 
physiological and pathological conditions may 
also lead to the development of pharmacological 
interventions to improve outcomes in hydrone-
phrotic infants and adults. However, future thera-
pies to modulate pyeloureteric peristalsis will 
need to allow for any central, peripheral and sys-
temic effects, as well as the degree and duration 
of pelviureteric blockade.
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Abstract
The ureter acts as a functional syncytium and 
is controlled by a propagating plateau-type 
action potential (AP) which gives rise to a 
wave of contraction (ureteral peristalsis) via a 
process called excitation-contraction (E-C) 
coupling. The second messenger Ca2+  activates 
Ca2+/calmodulin-dependent myosin light 
chain kinase-dependent phosphorylation of 
20-kDa regulatory light chains of myosin 
which leads to ureteric contraction. Ca2+ entry 
from the extracellular space via voltage-gated 
L-type Ca2+ channels (VGCCs) provides the 
major source of activator Ca2+, responsible for 
generation of both the AP and a Ca2+ transient 
that appears as an intercellular Ca2+ wave. The 
AP, inward Ca2+ current, Ca2+ transient and 
twitch contraction are all fully blocked by the 
selective L-type Ca2+ channel blocker nifedip-

ine. Ca2+ entry via VGCCs, coupled to activa-
tion of Ca2+-sensitive K+ (KCa) or Cl− (ClCa) 
channels, acts as a negative or positive feed-
back mechanism, respectively, to control 
excitability and the amplitude and duration of 
the plateau component of the AP, Ca2+ tran-
sient and twitch contraction. The ureter, iso-
lated from the pelvis, is not spontaneously 
active. However, spontaneous activity can be 
initiated in the proximal and distal ureter by a 
variety of biological effectors such as neu-
rotransmitters, paracrine, endocrine and 
inflammatory factors. Applied agonists depo-
larise ureteric smooth muscles cells to thresh-
old of AP activation, initiating propagating 
intercellular AP-mediated Ca2+ waves to pro-
duce antegrade and/or retrograde ureteric peri-
stalsis. Several mechanisms have been 
proposed to describe agonist-induced depolar-
ization of ureteric smooth muscle, which 
include suppression of K+ channels, stimula-
tion of ClCa current and activation of non- 
selective cation receptor/store operated 
channels.
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4.1  Introduction

The ureter functions as the mechanical peristaltic 
pump moving urine from kidney to urinary blad-
der and serves to remove waste products from the 
body’s tissues. Under normal conditions the con-
tracting ureter fully coapts its wall to generate a 
positive pressure wave, leading to the propulsion 
of a bolus of urine from kidney to bladder in front 
of the propagating mechanical wave. The ability 
of  the ureter to generate mechanical waves 
requires that the contraction of large group of 
myocytes of the ureteral wall is synchronized and 
well coordinated in time and space. Such syn-
chronization and coordination is achieved by fast 
propagating long-lasting plateau-type action 
potentials. Based on numerous studies of their 
structure, electrophysiology, membrane ionic 
currents, Ca2+ signalling and pharmacology it has 
been established that in ureteric smooth muscle a 
set of mechanisms collaborates to achieve this 
task. The Ca2+ based AP which originates in the 
proximal renal pelvis spreads from myocyte to 
myocyte along the ureter via gap junctions pro-
ducing an intercellular Ca2+ wave accompanied 
by contraction wave of ureteric peristalsis.

4.2  The Architecture 
of the Musculature 
of the Ureter

The morphology of the ureter has been examined 
in a number of species using light, electron and 
confocal microscopy [1–7]. These studies 
revealed that in all species ureteric smooth mus-
cle cells are grouped into muscle bundles of dif-
ferent thickness and orientation (Fig.  4.1). 
Distinct stratification, such as longitudinal or cir-
cular layers, in ureters of all species including 
humans is absent. In the guinea pig ureter there 
are segmental differences of muscle bundle ori-
entation. In the upper part, muscle bundles show 
predominantly circular alignment, while in the 
lower part longitudinal orientation is evident 
(Fig. 4.1b) [4]. The bundles are separated from 

each other by big gaps of irregular width. Thread- 
like muscle cells extend across forming interbun-
dular connections (Fig.  4.1cii). In addition, 
ultrastructural studies demonstrate close connec-
tions between individual smooth muscle cells 
within and between the bundles at all levels [3, 
6–8]. The close association of the cell membranes 
and aggregation of intramembranous particles 
indicate the presence of gap junctions [2, 6, 8]. 
Gap junctions are noted to be localized within or 
along the caveolar zones, being elliptical in shape 
with their long axis parallel to muscle fibres [8]. 
Microvessels of the ureteric microvascular net-
work are seen in the gaps between the muscle 
bundles (Fig. 4.1ci) [6, 9].

Smooth muscle bundles

b
i ii

i ii

c Smooth muscle bundles

a

Fig. 4.1 The architecture of the muscle coat of the ureter. 
(a, b) The outer aspects of the muscle coat of the upper 
segment of the human ureter (a) and the upper (bi) and 
lower (bii) segments of the guinea pig ureter. In the guinea 
pig ureter, muscle bundles predominantly extend trans-
versely in the upper (bi) and longitudinally in the lower 
segments (bii) of ureter. (c) Micrographs at higher magni-
fication of the outer aspects of the rat (ci) and guinea pig 
(cii) ureter, respectively. SMCs are arranged in intercon-
nected muscle bundles of different thickness and orienta-
tion. The calibration bar is 100 μm for a, 1 mm for b and 
40 μm for c
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4.3  Ureteric Peristalsis

The ureter actively propels tubular fluid from the 
renal pelvis to the bladder, and this peristalsis, 
which starts in the foetal period [10, 11], has 
been a subject of investigation for many years. 
Temporal aspects of the  peristaltic wave have 
been assessed by measuring the velocity of prop-
agation of internal pressure changes [12, 13], 

peristaltic waves [14–16] or electrical activity 
[12, 14, 17–20]. Collectively, these studies reveal 
that the average conduction velocity of the ure-
teric AP is 3.4 cm/s in rat [17], 4.5 cm/s in dog 
[12] and 2.4 cm/s in guinea pig [20]. The veloc-
ity of the mechanical wave is 3.4  cm/s in dog 
[15], 1–2 cm/s in pig [21], 2–3 cm/s in human 
[21], 1.4–4.5 cm/s in rat [14] and 2.0–2.8 cm/s in 
the guinea pig ureter (Fig.  4.2a, b) [16]. The 
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Fig. 4.2 Axial conduction of phasic contraction evoked 
by local electrical filed stimulation of the guinea pig ure-
ter. (a) Image of a guinea pig ureteric segment mounted in 
the experimental chamber. To measure propagation of 
contraction along the ureter the force was measured from 
two ends with two force transducers T1 and T2, respec-
tively. The ureter is mounted on a supporting pin inserted 
into the lumen and is fixed to the bottom of the experimen-
tal chamber. With the help of two 3d manipulators the 
force transducer extension rods, bent at 90°, are moved 

into the lumen at each end. (b) Superimposed records of a 
propagating phasic contraction from T1 to T2 in response 
to a depolarizing pulse of KCl applied at T1. The speed of 
propagation of force in the guinea pig ureter ranges from 
1.2 to 2.2 cm/s. (c) Typical records of the evoked AP (bot-
tom trace) and force (top trace) recorded by double 
sucrose gap method from 1  mm segment of rat (a) and 
guinea pig (b) ureter in response to an electrical depolar-
izing pulse
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velocity of electrical and mechanical waves is 
slower in the proximal ureter than in the distal 
segment [12, 14, 16, 18]. There is a tight cou-
pling between AP and phasic contraction 
(Fig. 4.2). The delay between electrical activity 
and the mechanical response is in the order of 
0.1–1 s [12, 14].

The earliest recordings of the ureteric elec-
trical activity made with intracellular electrodes 
established that the conduction of the AP down 
the length of the ureter could be adequately 
explained if all ureteric smooth muscle cells are 
electrically coupled to act as a single electrical 
cable [22]. Ureteric smooth muscle possesses 
resistive and capacitative membrane properties 
similar to those of a cable or core conductor. 
The transverse resistance of the membrane is 
higher than the longitudinal resistance of the 
extracellular or intracellular fluid. This allows 
current resulting from a stimulus to propagate 
along the length of the ureteric muscle bundles. 
The spread of current is referred to as electro-
tonic spread. The space constant (λ) determines 
the degree to which the electrotonic potential 
dissipates with increasing distance from an 
applied voltage. The space constant of the 
guinea pig ureter is around 2.5–3 mm [22]. The 
intercellular resistance of gap junctions is in 
series with the intracellular resistance of the 
cytoplasm, and together they represent longitu-
dinal resistance. Both resistances can affect 
conduction of AP but it is the gap junction 
channels composed of connexions 43 and 45 
that dominates longitudinal resistance [11]. 
Blockers of gap junctions such as 
18β-glycyrrhetinic acid or carbenoxolone pre-
vent the propagation of AP, Ca2+ waves and 
contractions in the ureter [23, 24] and trans-
form normal single-unit into abnormal multi-
unit pattern of behaviour in the guinea pig 
ureter [25]. Recently it was shown that knock-
out of the cell adhesion CAR-like membrane 
protein (CLMP) in mice leads to downregula-
tion of connexion 43 and 45 expression in ure-
ter which prevents normal propagation of 
peristaltic waves and is associated with func-
tional obstruction in the ureter [11].

4.4  Action Potential

The early recordings of the electrical activity of 
the ureteric smooth muscle strips made with 
intracellular microelectrode and extracellular 
sucrose gap recording techniques [22, 26–29], or 
in single current-clamped ureteric myocytes [30–
32] demonstrated that the ureteric AP is unique in 
its shape and duration consisting of initial spike 
followed by a long-lasting plateau phase. In the 
rat and human ureter, the AP consists of an initial 
single spike followed by a clear plateau phase 
(Fig. 4.2c(a)) [33, 34], whereas in the guinea pig 
ureter the initial spike is normally followed by a 
group of spikes superimposed on the plateau 
phase (Fig.  4.2c(b)) [22, 27–29]. The recorded 
values of resting membrane potentials in ureter of 
different species are: −45 mV in cat ureter [26], 
−60  mV in human ureter [35], −55  mV in rat 
ureter [36], and −68 mV in the guinea pig ureter 
[22, 37, 38]. The threshold for initiating an AP 
lies around −40 mV. The AP recorded from sin-
gle ureteral cells had a remarkable resemblance 
to that recorded from the intact ureter [30–32], 
although the spikes recorded from the intact tis-
sue are more regular and regenerative than the 
potential oscillations seen in isolated cells [31].

The nature of the ionic conductance changes 
underlying the various phases of the ureteric AP 
was originally examined using ion replacement 
protocols, as well as the application of specific 
ion channel blockers or agonists. Removal of 
Ca2+ from the bathing saline or the application of 
the Ca2+-entry blockers nifedipine, La3+, Cd2+, 
Co2+ La3+ or verapamil, lead to a complete cessa-
tion of AP in the guinea pig ureter [39] or ureteric 
myocytes [30] (Fig. 4.3a bottom panel). In con-
trast, raising the extracellular Ca2+ increases the 
amplitude of the initial spike(s) and reduces, if 
not completely abolishes, the plateau phase [27, 
35]. In the guinea pig ureter the removal of Na+ 
from the external medium suppresses the plateau 
phase until only the initial spike is recorded [29, 
30, 39, 40]. The effects of Na+-free solution on 
the plateau phase of the guinea pig ureteric AP 
were first explained by the opening of voltage- 
activated, slowly closing inward channels, which 

T. Burdyga and R. J. Lang



107

are permeable for both Na+ and Ca2+ and insensi-
tive to TTX [28]. However the inward current 
recorded in enzymatically isolated single cells of 
the guinea pig ureter are selective only for Ca2+ 
and is fully eliminated by the removal of extra-
cellular Ca2+. Thus, it seems that an elevation of 
[Ca2+]i is required for establishing the Na+-
dependent contribution to plateau component. 
This behaviour may involve the activation of an 
electrogenic Na/Ca exchanger in forward “Ca2+ 
extrusion” mode. Several results indicate that a 
Na/Ca exchanger exists in the guinea pig ureter 
and works in reverse “Ca2+-entry” mode in Na+-
loaded preparations [37, 38, 41]. The Ca2+ rise 
and contraction developing under these circum-
stances are dependent upon the intracellular Na+ 
concentration and the presence of extracellular 
Ca2+, resistant to L-type Ca channel blockers [37, 
38, 41]. In single voltage clamped guinea pig ure-
teric myocytes the Na/Ca exchanger was shown 
to operate in forward “Ca2+- extrusion” mode 
over the physiologically relevant range of mem-
brane potential and could generate an inward cur-
rent contributing to the plateau phase of the AP 
[42]. The application of low concentrations of 
nifedipine, papaverine [40] or caffeine [43] sup-
press the plateau phase until only the initial 
spike(s) are recorded. In contrast, the duration of 

the plateau phase of electrically evoked APs in 
the guinea pig and human ureter can be increased 
by either replacing extracellular Ca2+ with Sr2+ or 
in the presence of the K+ channel blocker tetra-
ethylammonium [28, 29, 40], the Ca2+ channel 
agonist BayK8644 [44–46] or excitatory agonists 
[34, 47–49].

4.5  Ionic Currents/Channels 
in Ureteric Myocytes

4.5.1  Ca2+ Current/Ca2+ Channels

Membrane ionic currents and channels involved 
in the generation of the ureteric AP have been 
characterized by use of voltage clamp techniques 
in single ureteric smooth muscle cells by several 
groups [30–32, 50–53]. Several important aspects 
of inward Ca2+ current (ICa) in ureteric myocytes 
have been revealed: [1] Ca2+-induced inactivation 
of ICa is slow; [2] the inactivation does not 
increase significantly in response to a train of 
depolarizing pulses; and [3] a very slowly inacti-
vating or noninactivating “window” current can 
flow through the Ca2+ channels at the plateau 
potential. This current is increased in amplitude 
in the presence of Bay K 8644 [32], when the 
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Fig. 4.3 Effects of nifedipine and TEA on membrane ion 
currents and action potential of the guinea pig ureter. (a) 
Effects of nifedipine (1  μM) on inward Ca2+ current 
recorded from patch clamped guinea pig ureteric myo-
cytes with Cs+ in the pipette solution (top panel) and AP 
recorded from guinea pig ureteric segment using double 
sucrose gap method (bottom panel). Nifedipine fully 

blocks inward current and AP. (b) Effects of TEA (5 mM) 
on total membrane current recorded from guinea pig ure-
teric myocytes (top panel) and AP recorded from guinea 
pig ureteric segment (bottom panel) using double sucrose 
gap method. TEA fully blocks all oscillatory outward cur-
rents to reveal the inward Ca2+ current, TEA also blocks 
the train of spikes and prolongs the plateau phase of the 
action potential
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external Ca2+ is replaced with Ba2+ [32, 46, 52] 
and is blocked in the absence of external Ca2+ 
[50] or in the presence of the Ca2+ entry blockers, 
nifedipine, La3+, Cd2+, Co2+, La3+ or verapamil 
(Fig. 4.3a top panel) [30, 31, 50, 51]. Based on 
these studies it was concluded that the very slow 
inactivation of ICa and its poor Ca2+-induced inac-
tivation contribute to the plateau phase of the 
AP. Simultaneous measurements of Ca2+ current 
through L-type Ca2+ channels upon step depolar-
izations and [Ca2+]i revealed a close correlation 
between ICa and its concomitant increase in 
[Ca2+]i; both ICa and the increased [Ca2+]i exhibit a 
bell-shaped voltage dependence with a peak at 
0  mV and are blocked by nifedipine [42]. 
Collectively, these studies reveal that voltage- 
dependent Ca2+ channels of the L-type provide 
the main Ca2+ inward current detected in ureteric 
smooth muscle cells.

4.5.2  K+ Current/K+ Channels

Two main outward currents have been identified 
in the guinea pig ureteric myocytes [30, 31, 50, 
51, 53], a TEA- and charybdotoxin-sensitive 
Ca2+-dependent K+ current or IK(Ca) and a voltage- 
dependent Ca2+- and TEA-insensitive transient 
K+ current (ITO) which is blocked by 
4- aminopyridine (4-AP). The potential oscilla-
tions during the initial phase of the AP in the 
intact ureter correspond in time with the repeat-
ing transient outward currents recorded upon 
membrane depolarization in single ureteric myo-
cytes under voltage clamp. These outward cur-
rent oscillations in the single ureteric myocytes 
[31, 53] and membrane potential oscillations in 
the intact tissue [39, 47] are readily blocked by 
TEA, while the plateau phase of the AP is signifi-
cantly increased (Fig. 4.3b bottom panel) [31, 53] 
and arise from the increased activity of large con-
ductance Ca2+-sensitive K+ (also known as BK or 
“maxi-K”) channels. These BK channels previ-
ously observed in excised ureteric membrane 
patches have a single channel “slope” conduc-
tance of 220 pS in a symmetrical high K+ 
(126 mM) gradient [30]. They are readily blocked 
by TEA and charybdotoxin (Fig. 4.3b top panel) 

[30, 31, 53] and are activated by both membrane 
depolarization and rises in [Ca2+]i [30].

Under voltage clamp conditions, ureteric 
myocytes display spontaneous transient outward 
currents (STOCs) arising from the opening of 
BK channels [30, 43, 54], similar to those 
described in other types of smooth muscle cells 
[55]. STOCs are known as the electrophysiologi-
cal counterpart of Ca2+ sparks [55]. Also, IK(Ca) 
seems to be the major target for the excitatory 
action of noradrenaline in the guinea pig ureter 
[48]. By suppressing IK(Ca) more than ICa, nor-
adrenaline causes a marked prolongation of the 
AP plateau which may account for its excitatory 
effect on the guinea pig ureter [48]. The role of 
ITO is unclear because it would be rapidly inacti-
vated by depolarization and does not seem to be 
suited for modulating the shape of the AP [30, 
31, 53]. ITO may regulate membrane excitability 
by opposing the Ca2+ current activated around 
the threshold of the AP [30, 31]. Thus, IK(Ca) is 
the most important current in ureteric smooth 
muscle controlling both repolarization and AP 
plateau duration.

4.5.3  Cl− Currents/Cl− Channels

There are species differences in the ionic currents 
involved in the formation of the AP in the ureter, 
with the Ca2+-activated Cl− current (ICl(Ca)) being 
present in the rat but not in the guinea pig ureter 
[46, 56]. The inward Cl− current can be activated 
by Ca2+ entering the cell via L-type VGCCs and 
is seen as a tail current upon stepping back to a 
holding potential [46, 56] or as a large inward 
current upon the release of Ca2+ from internal 
store by carbachol [46]. ClCa current is inhibited 
by niflumic acid and by Ba2+ [46, 57] and maybe 
involved in the plateau formation of the AP in the 
rat ureter [56, 57]. The depolarizing action of 
ICl(Ca) can also activate spontaneous activity of the 
rat ureter in response to agonists (Fig. 4.7) [58]. 
ClCa channels are sensitive to temperature. 
Cooling has a significant potentiation effect on 
the ICl(Ca) and the duration of the AP plateau in rat 
but not guinea pig ureter [56]. However, a lack of 
specific pharmacological blockers has hampered 
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efforts to identify the functional role of Cl− chan-
nels in ureteric smooth muscle.

4.6  Calcium and Excitation- 
Contraction Coupling 
in Ureter

The propagating AP gives rise to the wave of con-
traction of ureteral peristalsis via a process 
known as excitation-contraction (E-C) coupling. 
It is generally accepted that the second  messenger 
in this transduction system is Ca2+ which acts as 
the primary regulator of smooth muscle contrac-
tion. To activate the contractile apparatus, Ca2+ 
must increase globally throughout the cytoplasm. 
A global rise in [Ca2+]i activates Ca2+/calmodulin-
dependent myosin light chain kinase (MLCK), 
which phosphorylates the 20-kDa regulatory 
light chains of myosin, thereby triggering cross-
bridge cycling and contraction in all types of 
smooth muscle including ureter [46, 58]. Similar 
to other excitable cells, ureteric myocytes have a 
sophisticated Ca2+ control system that keeps 
[Ca2+]i at low levels at rest and ensures, that 
[Ca2+]i is rapidly and uniformly elevated within 
each myocyte in response to the propagating AP.

4.6.1  Action Potential-Mediated 
Ca2+ Transient

The generation, modulation, and termination of 
the intracellular Ca2+ transient is the essence of 
E-C coupling in ureteric smooth muscle. The 
Ca2+ transient is initiated by the entry of Ca2+ into 
the cell via L-type VGCCs which open during the 
AP (Fig. 4.3a). The favourable and large electro-
chemical gradient (low cellular Ca2+ 
 concentration, cell interior being electronegative) 
provides a strong driving force for the influx of 
Ca2+ via VGCCs during the AP. In the guinea pig 
and rat ureter, the Ca2+ transient is closely corre-
lated with the phases of their AP (Fig. 4.4C) [33, 
49, 54, 59] and is observed as a spreading inter-
cellular Ca2+ wave accompanied by a mechanical 
wave (Fig.  4.4A, B, Supplementary Video 4.1). 
The initial spike gives rise to a fast increase in 

Ca2+ (the upstroke of Ca2+ transient) followed by 
gradual rise to the steady state during the AP pla-
teau phase [33, 49, 54, 59]. Approximately 
30–40% of the elevation of [Ca2+]i occurs during 
the upstroke of the initial spike whereas about 
70% of total elevation of [Ca2+]i is contributed by 
the plateau phase of the AP [33]. In the guinea 
pig ureter, the Ca2+ wave propagates in a regen-
erative manner from the point of stimulation via 
ureteric muscle bundles with a constant ampli-
tude and a speed around 1.5–2 cm/s (Fig. 4.4A, 
B) and is seen as a Ca2+ transient coupled to both 
components of the AP and associated brief phasic 
contraction (Fig. 4.4C).

The relation between [Ca2+]i and contraction 
force during the rising and the relaxation phases 
of the AP exhibits hysteresis, i.e. force at a given 
[Ca2+]i during the rising phase of contraction is 
always lower than during the relaxation phase 
[49, 56]. This indicates that in ureteric smooth 
muscle there are slow steps linking Ca2+ and 
force development during the time course of the 
AP-mediated phasic contractions [49, 56]. Ca2+ 
transient and force are fully blocked in the pres-
ence of the L-type voltage-dependent Ca2+ chan-
nel blocker nifedipine or in the absence of 
extracellular Ca2+ [7]. So influx of Ca2+ into ure-
teric smooth muscle cells via L-type VGCCs is 
causing a quick and uniform rise of [Ca2+]i 
throughout the bulk of the cytoplasm. The dura-
tion of the Ca2+ transient is coupled to the dura-
tion of the plateau phase of the AP and plays a 
key role in controlling the amplitude and dura-
tion of the phasic contraction (Fig. 4.6) [49, 59]. 
The duration of the plateau phase and associated 
Ca2+ transient can be increased by agonists, e.g. 
noradrenaline, histamine [49], Ca2+ channel ago-
nist BayK 8644 [46], the K+ channels blocker 
TEA (Fig.  4.6 left panel) [49] and sarco-endo-
plasmic reticulum Ca2+ pump inhibitor cyclopia-
zonic acid (Fig.  4.6 middle panel) [59]. A 
decrease in the duration of the plateau and Ca2+ 
transient can be achieved upon removal of exter-
nal Na+ [49], or activation of BK channels via 
stimulation of the Ca2+ sparks/STOCs coupling 
mechanism, e.g. by low concentrations of caf-
feine (Figs.  4.5 and 4.6 right panel) [43]. The 
fact that depletion of the sarcoplasmic reticulum 
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(SR) Ca2+ stores by cyclopiazonic acid causes a 
stimulant action in the guinea pig ureter [59, 60] 
indicates that the SR Ca2+ release does not con-
tribute to the global rise in [Ca2+]i in ureteric 
smooth muscle. Thus, the major source of acti-
vator Ca2+ in ureteric smooth muscle during the 
generation of AP is Ca2+ influx through L-type 
VGCCs alone [7, 40, 44, 45]. In summary, the 

AP in the ureter plays a pivotal role in control of 
ureteric smooth muscle contraction through 
depolarization of the cell membrane coupled to 
influx of Ca2+ through L-type VGCCs. The Ca2+ 
transient associated with the AP appears as a 
regenerative intercellular Ca2+ wave accompa-
nied by wave of contraction, this wave underlies 
ureteric peristalsis.
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Fig. 4.4 Axial conduction of Ca2+ wave evoked by local 
electrical filed stimulation of the guinea pig ureteric lower 
segment. (a) Sequential images of fluo-4 loaded guinea 
pig ureteric segment at rest (a) and during propagation 
(b–f) of the intercellular Ca2+ wave evoked by EFS, 
images captured every 55 ms. (b) Superimposed records 
of propagating Ca2+ wave from region 1 (red bar) to region 
2 (blue bar) in Aa. The speed of propagation of the Ca2+ 

wave in the guinea pig ureter ranges between 1.2–2.2 cm/s. 
(c) Typical records of the evoked AP (bottom trace), Ca2+ 
transient (middle trace) and force (top trace) recorded by 
double sucrose gap method from a 1 mm segment of the 
guinea pig ureter. The intercellular Ca2+ wave appears as a 
Ca2+ transient coupled to the AP.  There is a significant 
delay between rise of Ca2+ and force during phasic 
contraction

T. Burdyga and R. J. Lang



111

Control3

0

1.1

0.7

30

0

E
m
 (

m
V

)
C

a2+
 (

r.
u.

)
F

ro
ce

 (
m

N
)

TEA Control

5 sec

CPA Control Caffeine

Fig. 4.6 Effects of TEA, cyclopiazonic acid (CPA) and 
caffeine on temporal relationship between action potential 
(bottom trace), Ca2+ transient (middle trace) and force (top 
trace) in the guinea pig ureter. Inhibition of K+ channel 
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Fig. 4.5 Effects of caffeine on Ca2+ sparks and STOCs in 
the guinea pig ureteric myocytes. (a) Sequential images 
(captured every 30 ms) of a fluo-4 loaded guinea pig ure-
teric myocyte showing the effects of caffeine on the spa-
tial spread of Ca 2+ sparks. (b) Effects of caffeine (1 mM) 

on simultaneously recorded Ca2+ sparks (top panel) and 
STOCs (bottom panel). (c) Effects of caffeine on the 
global rise of intracellular Ca2+ (top trace) and total ionic 
currents (bottom trace) evoked by voltage step from −60 
to 0 mV in a voltage clamped Fura 2 loaded myocyte
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4.6.2  Ca2+ Signalling Induced by 
Ca2+ Release from the SR

Ca2+ release from the SR in smooth muscle cells 
occurs through activation of two families of Ca2+ 
release channels, the ryanodine receptors (RyRs) 
and inositol 1,4,5-trisphosphate receptors 
(IP3Rs). Both types of receptors occur in three 
isoforms, RyR1, RyR2, RyR3, and IP3R1, 
IP3R2, IP3R3, respectively [61]. In ureter, Ca2+ 
release from the SR is species dependent with 
RyRs being the dominant mechanism for Ca2+ 
release in the guinea pig [62, 63] and IP3Rs in the 
rat ureter [63, 64]. In the rat ureter expression of 
IP3R is 10–12 times higher than that of RyRs 
[64]. Both IP3Rs and RyRs are expressed in the 
human ureter [7]. Coupling between the 
SR-mediated Ca2+ events and the Ca2+-sensitive 
ion channels can lead to changes in membrane 
potential and the parameters of the AP and thus 
serve as powerful negative or positive feedback 
mechanisms controlling excitability and contrac-
tility of ureteric smooth muscle.

4.6.2.1  Ca2+ Sparks
The opening of caffeine- and ryanodine-sensitive 
Ca2+ release channels in smooth muscle produces 
small local elevations of Ca2+ that are termed Ca2+ 
sparks (Fig.  4.5) [65]. In the guinea pig ureter 
Ca2+ sparks are produced by several frequently 
discharging sites (FDS) located at the edge of the 
cell membrane and occur spontaneously or in 
response to low concentration of caffeine 
(Fig. 4.5a, b) [43, 54]. Caffeine at 1 mM causes 
an increase in the amplitude, frequency and spa-
tial spread of the these Ca2+ sparks as well as an 
increase in the number of the discharging sites 
per cell (Fig.  4.5a, b, Supplementary Movie 2) 
[43]. Ca2+ sparks are short lived and show vari-
ability in amplitude, time course and spatial 
spread, suggesting that RyRs channels exist in 
clusters containing a variable number of chan-
nels. In the guinea pig ureter, Ca2+ sparks activate 
BK channels causing STOCs (Fig. 4.5b bottom 
panel) [54]. Ca2+ sparks and STOCs are blocked 
selectively by ryanodine [43, 54]. Regulating the 
frequency and amplitude of Ca2+ sparks and 
STOCs is an important factor controlling electri-

cal activity in the ureteric smooth muscle. The 
amplitude and frequency of Ca2+ sparks and 
STOCs in guinea pig ureter depend on SR Ca2+ 
loading (SR[Ca]). The SR[Ca] regulates Ca2+ release 
by stimulating RyRs on the luminal side of the 
store. The mechanism of this facilitation is still 
poorly understood. In the guinea pig ureter an 
increase in the SR[Ca] during the global rise of 
intracellular Ca2+ associated with the AP leads to 
a transient increase in the amplitude and the fre-
quency of Ca2+ sparks and STOCs [54]. As a 
result, the increase in the summed outward K+ 
current hyperpolarizes the cell membrane, 
decreases the excitability and contributes to the 
refractory period [54]. The refractory period is 
important in determining the frequency of ure-
teral peristalsis [54, 66]. Inhibition of Ca2+ sparks, 
e.g. by ryanodine or cyclopiazonic acid or their 
target BK channels by TEA or Iberiotoxin results 
in depolarization, termination of the refractory 
period and prolongation of the plateau compo-
nent of the AP, as well as an increase in duration 
of the Ca2+ transient accompanied by an increase 
in the amplitude and duration of force (Fig. 4.6 
left and middle panels) [54]. In contrast, activa-
tion of the Ca2+ sparks/STOCs coupling mecha-
nism by low concentrations of caffeine results in 
a decrease in the duration of the plateau compo-
nent of the AP, Ca2+ transient and force without 
affecting the inward current or global rise of Ca2+ 
induced by depolarising voltage step (Fig.  4.5c 
right panel), in a manner reversed by ryanodine 
or BK channels blockers [43]. In summary in the 
guinea pig ureter Ca2+ sparks are produced by 
several (1–3) FDS and are coupled to activation 
of BK channels to produce STOCs. The increase 
in the outward potassium current induced by Ca2+ 
sparks hyperpolarizes the cell membrane, 
decreases the excitability, increases the refractory 
period and controls the duration of the plateau 
phase of the AP.

4.6.2.2  Ca2+ Puffs and Waves
Small local elevations of Ca2+ produced by the 
opening of the IP3 receptor channels are termed 
Ca2+ puffs [67, 68]. The IP3 receptor-operated 
store was found to be the main source of Ca2+ in 
rat ureter [63, 64]. Ca2+ release by this mecha-
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nism is coupled to G protein-regulated receptors 
[63, 64]. In rat ureteric myocytes Ca2+ puffs are 
observed during photo-release of low concentra-
tions of IP3 from a caged precursor or in the pres-
ence of low concentrations of acetylcholine [64]. 
They can also occur spontaneously in Ca2+-
overloaded myocytes [64]. Spontaneous Ca2+ 
puffs have also been observed in intact rat ure-
teric preparations [61]. Ca2+ puffs showed large 
variability in amplitude, time course and spatial 
spread, suggesting that IP3R—channels in ure-
teric myocytes also—exist in clusters containing 
variable numbers of channels and that within 
these clusters a variable number of channels can 
be recruited [64]. Immuno-detection of IP3Rs 
show that in addition to an homogeneous distri-
bution, IP3R are also detected in clusters located 
at several areas within the ureteric myocytes [64]. 
Ca2+ puffs in rat ureteric myocytes are blocked 
selectively by intracellular applications of hepa-
rin or an anti-IP3R antibody, but are unaffected by 
ryanodine and intracellular application of an anti- 
ryanodine receptor antibody [64]. Stimulation 
with higher concentrations of acetylcholine [64] 
or carbachol [43] stimulate the generation of 
propagating intercellular Ca2+ waves. Ca2+ waves 
are asynchronous between smooth muscle cells 
and are initiated frequently at one of the ends and 
propagate to the other end of the cell. Ca2+ waves 
appear to result from the spatial recruitment of 
several Ca2+-release sites and propagate at a 
speed around 30–70 μm/s. To date, the physio-
logical roles of Ca2+ puffs in rat ureteric myo-
cytes remain elusive. Ca2+ waves are coupled to 
the activation of both ClCa and BK channels 
(Fig. 4.7a). The coexistence of ClCa and BK chan-
nels in the cell membrane in rat ureteric myo-
cytes suggests another level of fine control of 
membrane excitability through Ca2+ waves in rat 
ureter. At negative membrane potentials 
<−50 mV, the predominant effect of Ca2+ waves 
is to trigger inward current since at these levels of 
membrane potential the electrochemical driving 
force for Cl− is greater than that for K+. The acti-
vation of ClCa channels can cause membrane 
depolarization and thus serve as a positive feed-
back mechanism to trigger the activation of 
voltage- gated Ca2+ channels and the excitation of 

the ureteric myocytes (Fig.  4.7b) [43]. In con-
trast, at more positive potentials the electrochem-
ical driving force for K+ will make BK channels 
more active and this will enable large outward 
current to oppose the effects of any depolarising 
factors and prevent over-reactivity of ureteric 
smooth muscles. One can speculate that Ca2+ 
waves in ureteric smooth muscle can control any 
membrane potential oscillations acting as a  
pacemaking mechanism. Thus, in rat ureteric 
myocytes the Ca2+ responses to 
acetylcholine/carbachol depend on the activation 
of IP3Rs and appear as Ca2+ puffs and waves. Ca2+ 
waves are coupled to activation of both ClCa and 
BK channels presenting a novel mechanism 
underlying the control of excitability and con-
tractility in at least rat ureter.

4.7  Effects of Biological Effectors

Under normal conditions the ureters, isolated 
from the renal pelvis, are not spontaneously 
active. However, spontaneous activity can be initi-
ated by a variety of biological effectors such as 
mechanical stretch, neurotransmitters, paracrine, 
endocrine and inflammatory factors [34, 58, 69–
78]. Agonist-induced ureteral spontaneous con-
tractions have been shown to play a major role in 
causing the pain associated with ureteral colic 
[79]. The effects of agonists depend on species 
and position on the ureter. In the presence of ago-
nists, ureteric smooth muscles cells depolarise to 
a threshold of AP activation and begin to act as 
pacemaker cells producing antegrade and/or ret-
rograde peristalsis of ureter. Majority of the ago-
nists activate the ureter via activation of the G 
protein-coupled receptor (GPCR) family. 
Activation of GPCRs leads to the activation of 
phospholipase C (PLC), which in turn leads to 
formation of second messengers IP3 and diacylg-
lycerol (DAG) [68]. IP3 is involved in the mobili-
zation of Ca2+ from the SR [80], whereas DAG 
increases Ca2+ influx across the cell membrane via 
the activation of protein kinase C [81]. Several 
mechanisms have been proposed to account for 
agonist-induced depolarization of ureteric smooth 
muscles which include suppression of outward 
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potassium currents [47, 48], activation of ClCa cur-
rent [46, 58] and activation of non- selective cation 
receptor/store operated channels [34, 58, 78].

4.7.1  Effects of Neurotransmitters

The ureter is supplied by both sympathetic and 
parasympathetic systems [82, 83]. The expres-
sion and distribution of adrenergic and musca-
rinic receptors depend on the species and 
anatomical location on the ureter. The human and 
canine ureter contains α-adrenergic receptors 
along their entire length [84–86], with α1 adreno-

receptors predominantly expressed in the distal 
segment [73]. The presence of five muscarinic 
receptor subtypes (M1–M5) were immunohisto-
chemically shown in the human ureter [87]. 
Activation of α-adrenoceptors with noradrena-
line or adrenaline stimulates spontaneous con-
tractions in the human [71, 84, 85] and guinea pig 
[69] ureter. Also in the intact guinea pig ureter 
[47] or after cell isolation [48] noradrenaline 
causes a prolongation of the AP plateau. Stimulant 
action of noradrenaline on the guinea pig ureter is 
caused by inhibition of K+ conductance [47] via 
decreasing the activity of IK(Ca) upon a decrease in 
the SR Ca2+ content [48]. Activation of musca-

I m
 (

pA
)

C
a2+

 (
r.

u.
)

F
or

ce
 (

m
N

)

0.9

0.5

20

0

0

20 sec

CCh

a

b

CCh

Vh= - 80mV Vh= - 40mV Vh= 0mV

500

-500

1.5

0.5

1.5

CCh CCh

3 sec

R
at

io
 F

40
0/

50
0

∆E
m

(m
V

)

Fig. 4.7 Effects of 
carbachol (CCh) on the 
electrical activity, Ca2+ 
signalling and force in 
the rat ureter. (a) 
Biphasic membrane 
current (top trace) 
activated by Ca2+ 
transient (bottom trace) 
induced by CCh in 
voltage clamped Indo-1 
loaded rat ureteric 
myocyte at different 
holding potentials.  
(b) Effects of CCh on 
electrical activity 
(bottom trace), Ca2+ 
signalling (middle trace) 
and force (top trace) of 
the rat ureter recorded 
by double sucrose gap 
method

T. Burdyga and R. J. Lang



115

rinic receptors stimulates spontaneous contrac-
tions in the pig [88], human [89], rat [58] and 
guinea pig [90] ureter, but has little effect on the 
porcine distal ureter [90]. In rat ureter, carbachol 
causes membrane depolarization, superimposed 
by bursts of action potentials associated with 
Ca2+ transient and phasic contractions (Fig. 4.7b) 
[58]. The mechanisms of stimulant action of car-
bachol on rat ureter includes IP3-mediated Ca2+ 
release from the SR [58, 63, 64] coupled to 
 activation of ClCa channels and the opening of 
nifedipine- resistant Ca2+ entry via voltage- 
independent receptor/store operated and 
nifedipine- sensitive VGCCs [58].

4.7.2  Effects of Neuropeptides

The ureter contains capsaicin-sensitive sensory 
nerves [76, 91, 92]. The neuropeptides neuroki-
nin A (NKA) and substance P (SP) may play a 
significant role in control of the spontaneous 
activity of the proximal and distal ureter as these 
areas exhibit a high SP and NKA content and 
receptors [93]. In the rat ureter, the contractile 
responses to tachykinins are mediated by NK2 
and NK3 receptors [74] while in human and 
guinea pig ureter it is mediated exclusively by 
NK2 receptors [34]. NKA/SP receptors are pro-
teins belonging to the G protein-coupled recep-
tor family [94]. When applied to the quiescent 
isolated ureter of the human, rat and guinea pig, 
NKA and SP produce spontaneous activity char-
acterized by the appearance of rhythmic and 
long-lasting phasic contractions associated with 
prolonged APs superimposed on a slow mem-
brane depolarization [34]. In the guinea pig ure-
ter, spontaneous APs and phasic contractions 
induced by tachykinins are blocked by nifedip-
ine [34] while in the human ureter, the depolar-
ization and tonic contraction are resistant to 
nifedipine [34]. A nifedipine-resistant depolar-
ization may involve suppression of outward K+ 
currents, the activation of ICl(Ca) and/or activation 
of non- selective cation channels [34]. It is sug-
gested that NKA-induced prolongation of APs is 
caused by inhibition of repolarizing K+ currents 
[34, 94].

4.7.3  Effect of Bradykinin

Bradykinin is one of pharmacologically active 
ingredients of kinins present in urine inducing 
spontaneous activity in ureteric smooth muscle 
of various species [72, 78]. Bradykinin effects 
are mediated mostly by the high affinity B2- 
subtype receptor a member of the G protein- 
coupled receptor family and considered as the 
chief receptor in human and rats [75, 77, 95]. The 
presence of B2 receptors in ureter has been estab-
lished by pharmacological, radio ligand binding 
studies and receptor cloning and expression anal-
ysis [77, 93, 96]. The anatomic distribution of 
bradykinin receptors in the ureter corresponds to 
regions of increased spontaneous ureteral con-
tractility, more specifically the proximal and dis-
tal ureter [93]. The mechanism of stimulant 
action of bradykinin on ureteric smooth muscle 
includes voltage-independent receptor/store 
operated and L-type VDCCs [78].

4.8  Clinical Implications

From the clinical perspective, pharmacological 
research on spontaneous ureteric contractility has 
been prompted by renal colic, vesicoureteric 
reflux (VUR), and urinary tract infection. There 
is a great interest in pharmacologic modulation 
of ureteral contractility during stone passage as 
the pain associated with acute ureteral colic has 
been described as one of the most intense experi-
enced by humans. Ureteral stones occupy an 
important place in daily urological practice, usu-
ally causing an acute episode of ureteral colic by 
obstructing the urinary tract and most of these 
calculi are usually impacted in the lower portion 
of the ureter [95, 97]. Ureterovesical junction 
obstruction causes spontaneous ureteric activity 
and sensitizes the smooth muscle of distal ureter 
to cholinergic, adrenergic or serotonergic 
responses [98]. An increased sensitivity of the 
distal ureter to humoral agents at least theoreti-
cally, can cause urine to flow retrogradely from 
the bladder to the kidneys. Based on a high 
expression of α1-adrenoceptors and involvement 
of adrenergic receptors in control of ureteric 
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activity in distal ureter, α1-adrenoreceptor antag-
onists have been introduced for medical expul-
sion therapy [99, 100]. VUR is a congenital 
defect of the urinary tract that can also cause 
urine to flow retrogradely from the bladder to the 
kidneys which can be associated with ureteric 
and renal infections [101]. Some clinical obser-
vations suggest that bacterial infection can play a 
significant role in the pathogenesis of ureter and 
kidney [102–104]. As a result, bacterial infection 
can cause renal damage and subsequent renal 
failure [102–104]. Recently it has been shown 
that strains of uropathogenic Escherichia coli 
isolated from human pyelonephritis patients have 
an inhibitory effect on Ca2+ signalling and con-
tractility of rat and human ureter by inhibiting 
L-type VGCCs and activation of KCa channels 
and this mechanism is dependent on a host- 
urothelium interaction [105, 106]. As yet, the 
mechanisms mediating these effects are unknown 
and clearly warrant further studies. An improve-
ment or even complete recovery of ureteric 
smooth muscle function normally follows eradi-
cation of the bacterial infection [104].

In conclusion, more studies are needed to 
understand the mechanisms involved in the dis-
ruption of normal ureteral function under a vari-
ety of pathophysiological conditions.

References

 1. Notley RG. The musculature of the human ureter. Br 
J Urol. 1970;42:124–7.

 2. Uehara Y, Burnstock G. Demonstration of gap junc-
tions between smooth muscle cells. J Cell Biol. 
1970;44:215–7.

 3. Dixon JS, Gosling JA.  The musculature of the 
human renal calices, pelvis and upper ureter. J Anat. 
1982;135:129–37.

 4. Tachibana S, Takeuchi M, Uehara Y. The architec-
ture of the musculature of the guinea-pig ureter as 
examined by scanning electron microscopy. J Urol. 
1985;134:582–6.

 5. Aragona F, Artibani W, de Caro R, Pizzarella M, 
Passerini G.  The morphological basis of ureteral 
peristalsis. An ultra structural study of the rat ureter. 
Int Urol Nephrol. 1988;20:239–50.

 6. Tahara H.  The three-dimensional structure of the 
musculature and the nerve in the rabbit ureter. J 
Anat. 1990;170:183–91.

 7. Floyd RV, Borisova L, Bakran A, Hart A, Wray 
S, Burdyga T.  Morphology, calcium signalling 
and mechanical activity in human ureter. J Urol. 
2008;180:398–405.

 8. Wakahara T, Mori S, Ide C.  Ultrastructural study 
of the ureter smooth muscle of the cat. Nihon 
Heikatsukin Gakkai Zasshi. 1986;22:63–72.

 9. Borysova L, Wray S, Eisner DA Burdyga T.  How 
calcium signals in myocytes and pericytes are 
integrated across in situ microvascular networks 
and control microvascular tone. Cell Calcium. 
2013;54:163–74.

 10. Bush KT, Vaughn DA, Li X, Rosenfield MG, Rose 
DW, Mendoza SA, Sanjay K, et al. Development and 
differentiation of the ureteric bud into the ureter in 
the absence of a kidney collecting system. Dev Biol. 
2006;298:571–84.

 11. Langhorst H, Jutter R, Groneberg D, 
Mohtashamdolatshahi A, Pelz L, Purfürst B, et  al. 
The IgCAM CLMP is required for intestinal and 
ureteral smooth muscle contraction by regulat-
ing Connexin 43 and 45 expression in mice. Dis 
Model Mech. 2018;11:dmm.032128. https://doi.
org/10.1242/dmm.032128.

 12. Sleator W, Butcher HR. Action potentials and pres-
sure changes in ureteral peristaltic waves. Am J 
Phys. 1955;180:261–76.

 13. Kondo A. The contraction of the ureter. Observations 
in normal human and dog ureters. Nagoya J Med 
Sci. 1969;32:387–94.

 14. Tindall AR.  Preliminary observations on the 
mechanical and electrical activity of the rat ureter. J 
Physiol. 1972;223:633–475.

 15. Ohhashi T, Miyazawa T, Azuma T.  Conduction 
velocity of peristaltic waves in the in  vivo ureter: 
application of a new diameter guage. Experientia. 
1981;37:377–8.

 16. Tsuchiya T, Takei N.  Pressure responses and con-
duction of peristaltic wave in guinea-pig ureter. Jpn 
J Physiol. 1990;40:139–49.

 17. Prosser CL, Smith CE, Melton CE. Conduction of 
action potentials in the ureter of the rat. Am J Phys. 
1955;180:651–60.

 18. Kobayashi M. Conduction velocity in various regions 
of the ureter. Tohoku J Exp Med. 1964;83:220–4.

 19. Hammad FT, Lammers WJ, Stephen B, Lubbad 
L.  Propagation characteristics of the electrical 
impulse the normal and obstructed ureter as deter-
mined at high electrophysiological resolution. Br J 
Urol. 2011;108:E36–42.

 20. Ishikawa S, Ikeda O. Recovery curve and conduction 
of action potentials in the ureter of guinea pig. Jpn J 
Physiol. 1996;10:1–12.

 21. Tscholl R, Osypka P, Goetlin J, Zingg 
E.  Measurement of the velocity and rate of ure-
teral contractions with a video-integrator in a 
model, in animals, and in humans, peropera-
tively and with intact body surface. Investig Urol. 
1974;12:224–32.

T. Burdyga and R. J. Lang

https://doi.org/10.1242/dmm.032128
https://doi.org/10.1242/dmm.032128


117

 22. Kuriyama H, Osa T, Toida N. Membrane properties 
of the smooth muscle of guinea-pig ureter. J Physiol. 
1967;191:225–38.

 23. Lang RJ, Zoltkowski BZ, Hammer JM, Meeker WF, 
Wendt I.  Electrical characterization of interstitial 
cells of Cajal-like cells and smooth muscle cells iso-
lated from the mouse ureteropelvic junction. J Urol. 
2007;177:1573–80.

 24. Hashitani H, Nguyen MJ, Noda H, Mitsui R, Higashi 
R, Ohta K, et  al. Interstitial cell modulation of 
pyeloureteric peristalsis in the mouse renal pelvis 
examined using FIBSEM tomography and calcium 
indicators. Pflugers Arch. 2017;469:797–813.

 25. Santicioli P, Maggi CA. Effect of 18β-glycyrrhetinic 
acid on electromechanical coupling in the guinea- 
pig renal pelvis and ureter. Br J Pharmacol. 
2000;129:163–9.

 26. Kobayashi M.  Relationship between membrane 
potential and spike configuration recorded by 
sucrose gap method in the ureter smooth muscle. 
Comp Biochem Physiol. 1971;38A:301–8.

 27. Vereecken RL, Hendrickx H, Casteels R. The influ-
ence of calcium on the electrical and mechani-
cal activity of the guinea pig ureter. Urol Res. 
1975;3:149–53.

 28. Hendrickx H, Vereecken RL, Casteels R. The influ-
ence of sodium on the electrical and mechanical 
activity of the ureter. Urol Res. 1975;3:159–63.

 29. Shuba MF. The effect of sodium-free and potassium- 
free solutions, ionic current inhibitors and ouabain 
on electrophysiological properties of smooth muscle 
of guinea-pig ureter. J Physiol. 1977;264:837–85.

 30. Imaizumi Y, Muraki K, Watanabe M. Ionic currents 
in single smooth muscle cells from the ureter of the 
guinea-pig. J Physiol. 1989;411:131–59.

 31. Lang RJ. Identification of the major membrane cur-
rents in freshly dispersed single smooth muscle cells 
of guinea-pig ureter. J Physiol. 1989;412:375–95.

 32. Sui JL, Kao CY. Roles of Ca2+ and Na+ in the inward 
current and action potential of guinea pig ureteral 
myocytes. Am J Phys. 1997;41:C535–42.

 33. Burdyga T, Wray S.  Simultaneous measure-
ments of electrical activity, intracellular [Ca2+] 
and force in intact smooth muscle. Pflugers Arch. 
1997;435:182–4.

 34. Patacchini R, Santicioli P, Zagorodnyuk V, Lazzeri 
M, Turini D, Maggi CA. Excitatory motor and elec-
trical effects produced by tachykinins in the human 
and guinea-pig isolated ureter and guinea-pig renal 
pelvis. Br J Pharmacol. 1998;125:987–96.

 35. Bennett MR, Burnstock G, Holman ME, Walker 
JW. The effect of Ca2+ on plateau-type action poten-
tials in smooth muscle. J Physiol. 1962;161:47–8.

 36. Cole RS, Fry CH, Shuttleworth KE.  The action 
of the prostaglandins on isolated human ureteric 
smooth muscle. Br J Urol. 1988;61:19–26.

 37. Aickin CC, Brading AF, Burdyga TV. Evidence for 
sodium-calcium exchange in the guinea-pig ureter. J 
Physiol. 1984;347:411–30.

 38. Aickin CC.  Investigation of factors affecting the 
intracellular sodium activity in the smooth muscle of 
guinea-pig ureter. J Physiol. 1987;385:483–505.

 39. Kuriyama H, Tomita T. The action potential in the 
smooth muscle of the guinea pig taenia coli and ure-
ter studied by the double sucrose-gap method. J Gen 
Physiol. 1970;55:147–62.

 40. Brading AF, Burdyga TV, Scripnyuk ZD.  The 
effects of papaverine on the electrical and mechani-
cal activity of the guinea-pig ureter. J Physiol. 
1983;34:79–89.

 41. Lamont C, Burdyga T, Wray S.  Intracellular Na+ 
measurements in guinea-pig ureteric smooth muscle 
using SBFI. Pflugers Arch. 1998;435:523–7.

 42. Aaronson PI, Benham CD.  Alterations in [Ca2+]i 
mediated by sodium-calcium exchange in smooth 
muscle cells isolated from the guinea-pig ureter. J 
Physiol. 1989;416:1–18.

 43. Borisova L, Shmygol A, Wray S, Burdyga 
T.  Evidence that Ca2+ sparks/STOCs coupling 
mechanism is responsible for the inhibitory effect 
of caffeine on the electro-mechanical coupling in 
guinea pig ureter smooth muscle. Cell Calcium. 
2007;42:303–11.

 44. Hertle L, Nawrath H.  Stimulation of voltage- 
dependent contractions by calcium channel activa-
tor Bay K 8644  in the human upper urinary tract 
in vitro. J Urol. 1989;41:1014–8.

 45. Maggi CA, Giuliani S, Santicioli P. Effect of BayK 
8644 and ryanodine on the refractory period, 
action potential and mechanical response of the 
guinea-pig ureter to electrical stimulation. Naunyn 
Schmiedeberg's Arch Pharmacol. 1994;349:510–22.

 46. Shabir S, Borisova L, Wray S, Burdyga T.  Rho- 
kinase inhibition and electromechanical coupling 
in rat and guinea pig ureter smooth muscle: Ca2+-
dependent and -independent mechanisms. J Physiol. 
2004;560:839–55.

 47. Shuba MF. The mechanism of the excitatory action of 
catecholamines and histamine on the smooth muscle 
of guinea-pig ureter. J Physiol. 1977;264:853–64.

 48. Muraki K, Imaizumi Y, Watanabe M. Effects of nor-
adrenaline on membrane currents and action poten-
tial shape in smooth muscle cells from guinea-pig 
ureter. J Physiol. 1994;481:617–27.

 49. Burdyga T, Wray S.  The relationship between the 
action potential, intracellular calcium and force in 
intact phasic guinea-pig uretic smooth muscle. J 
Physiol. 1999;520:867–83.

 50. Lang RJ. The whole-cell Ca2+channel current in sin-
gle smooth muscle cells of the guinea-pig ureter. J 
Physiol. 1990;423:453–73.

 51. Imaizumi Y, Muraki K, Watanabe M. Characteristics 
of transient outward currents in single smooth mus-
cle cells from the ureter of the guinea-pig. J Physiol. 
1990;4(27):301–24.

 52. Sui JL, Kao CY. Properties of inward calcium cur-
rent in guinea pig ureteral myocytes. Am J Phys. 
1997;41:C543–9.

4 Excitation-Contraction Coupling in Ureteric Smooth Muscle: Mechanisms Driving Ureteric Peristalsis



118

 53. Sui JL, Kao CY.  Roles of outward potassium cur-
rents in the action potential of guinea pig ureteral 
myocytes. Am J Phys. 1997;273:C962–72.

 54. Burdyga T, Wray S.  Action potential refractory 
period in ureter smooth muscle is set by Ca2+ sparks 
and BK channels. Nature. 2005;28:559–62.

 55. Benham CD, Bolton TB.  Spontaneous transient 
outward currents in single visceral and vascu-
lar smooth muscle cells of the rabbit. J Physiol. 
1986;381:385–406.

 56. Burdyga T, Wray S.  On the mechanisms whereby 
temperature affects excitation-contraction coupling 
in smooth muscle. J Gen Physiol. 2002;19:93–104.

 57. Smith RD, Borisova L, Wray S, Burdyga 
T.  Characterisation of the ionic currents in freshly 
isolated rat ureter smooth muscle cells: evidence 
for species-dependent currents. Pflugers Arch. 
2002;445:444–53.

 58. Borysova L, Shabir S, Walsh MP, Burdyga T.  The 
importance of Rho-associated kinase-induced Ca2+ 
sensitization as a component of electromechanical 
and pharmacomechanical coupling in rat ureteric 
smooth muscle. Cell Calcium. 2011;50:393–405.

 59. Burdyga T, Wray S. The effect of cyclopiazonic acid 
on excitation-contraction coupling in guinea-pig ure-
teric smooth muscle. J Physiol. 1999;517:855–66.

 60. Maggi CA, Giuliani S, Santicioli P.  Effect of the 
Ca2+-ATPase inhibitor, cyclopiazonic acid, on elec-
tromechanical coupling in the guinea-pig ureter. Br J 
Pharmacol. 1995;114:127–37.

 61. Burdyga T, Wray S.  Sarcoplasmic reticulum func-
tion and contractile consequences in ureteric smooth 
muscles. Novartis Found Symp. 2002;246:208–17.

 62. Burdyga T, Wray S. Sarcoplasmic reticulum function 
in smooth muscle. Physiol Rev. 2010;90:113–78.

 63. Burdyga T, Taggart MJ, Crichton C, Smith G, Wray 
S.  The mechanism of Ca2+ release from the SR of 
permeabilised guinea pig and rat ureteric smooth 
muscle. Biochim Biophys Acta. 1998;1402:109–14.

 64. Boittin FX, Coussin F, Morel JL, Halet G, Macrez 
N, Mirroneau J. Ca2+ signals mediated by Ins(1,4,5)
P(3)-gated channels in rat ureteric myocytes. 
Biochem J. 2000;349:323–32.

 65. Nelson MT, Cheng H, Rubart M, Sanatana LF, 
Bonev AD, Knot HJ, Ledere WJ.  Relaxation of 
arterial smooth muscle by calcium sparks. Science. 
1995;270:633–7.

 66. Lang RJ, Zhang Y. The effects of K+ channel block-
ers on the spontaneous electrical and contractile 
activity in the proximal renal pelvis of the guinea 
pig. J Urol. 1996;155:332–6.

 67. Berridge MJ, Bootman MD, Roderick HL. Calcium 
signalling: dynamics, homeostasis and remodelling. 
Nat Rev Mol Cell Biol. 2003;4:517–29.

 68. Berridge MJ.  Inositol triphosphate and diac-
ylglycerol as second messengers. Biochem J. 
1984;220:345–60.

 69. Casteels R, Hendrickx H, Vereecken R, Bulbring 
E.  Effects of catecholamines on the electrical and 

mechanical activity of the guinea-pig ureter. Br J 
Pharmacol. 1971;43:429P.

 70. Hannappel J, Golenhofen K.  The effect of cat-
echolamines on ureteral peristalsis in different 
species (dog, guinea-pigs and rat). Pflugers Arch. 
1974;350:55–68.

 71. Hertle L, Nawrath H. Calcium channel blockade in 
smooth muscle of the human upper urinary tract: 
II—effects on norepinephrine-induced activation. J 
Urol. 1984;132:1270–4.

 72. Catacutan-Labay P, Boyarski S.  Bradykinin: effect 
on ureteral peristalsis. Science. 1996;151:78–9.

 73. Arrighi N, Bodel S, Zani D, Peroni A, Simeone C 
Mirabella G, et al. Alpha 1adrenoreceptors in human 
urinary tract: expression, distribution and clinical 
implications. Urologia. 2007;74:53–60.

 74. Maggi CA, Parlani M, Astolfi M, Santicioli P, 
Rovero P, Abelli V, et  al. Neurokinin receptors in 
the rat lower urinary tract. J Pharmacol Exp Ther. 
1988;246:308–15.

 75. Maggi CA, Santicioli P, Del Bianco E, Guiliani 
S. Local motor responses to bradykinin and bacte-
rial chemotactic peptide formyl-methionyl-leucyl- 
phenylalanine (FMLP) in the guinea-pig isolated 
renal pelvis and ureter. J Urol. 1992;148:1944–50.

 76. Maggi CA, Santicioli P, Guiliani S, Albelli L, Melli 
A. The motor effect of the capsaicin sensitive inhibi-
tory innervation of the rat ureter. Eur J Pharmacol. 
1986;126:333–6.

 77. Eggerecks D, Raspe E, Bertrand D, Vassart G, 
Parmentier M. Molecular cloning, functional expres-
sion and pharmacological characterization of human 
bradykinin B2 receptor gene. Biochem Biophys Res 
Commun. 1992;187:1306–13.

 78. Ribeiro ASF, Fernandes VS, Martiınez MP, Lopez- 
Oliva ME, Barahona MV, Recio P, et  al. Pre- and 
post-junctional bradykinin B2 receptors regulate 
smooth muscle tension to the pig intravesical ureter. 
Neurourol Urodyn. 2016;35:115–21.

 79. Laird JM, Roza C, Cervero F.  Effects of artificial 
calculosis on rat ureter motility: peripheral con-
tribution to the pain of ureteric colic. Am J Phys. 
1997;272:R1409–16.

 80. Streb H, Irvine RF, Berridge MJ, Schulz I. Release 
of Ca2+ from a non- mitochondrial store in pancreatic 
acinar cell by inositol 1,4,5-triphosphate. Nature. 
1983;306:67–9.

 81. Nishizuka Y.  The role of protein kinase C in cell 
surface signal transduction and tumor production. 
Nature. 1984;308:693–8.

 82. Weiss RM, Bassett AL, Hoffman BF.  Adrenergic 
innervation of the ureter. Investig Urol. 
1978;16:123–7.

 83. Del Tacca M.  Acetylcholine content of and 
release from isolated pelviureteral tract. Naunyn 
Schmiedeberg's Arch Pharmacol. 1978;302:293–7.

 84. Malin JM, Deane RF, Boyarsky S. Characterisation 
of adrenergic receptors in human ureter. Br J Urol. 
1979;42:171–4.

T. Burdyga and R. J. Lang



119

 85. Sigala S, Dellabella M, Milanese G, Formari S, 
Faccoli S, Palazzolo F, et al. Evidence for the pres-
ence of alpha 1 adrenoreceptorssubtypes in the 
human ureter. Neurourol Urodyn. 2005;24:142–8.

 86. Morita T, Wada I, Suzuki T, Tsuchida 
S. Characterization of alpha-adrenoceptor subtypes 
involved in regulation of ureteral fluid transport. 
Tohoku J Exp Med. 1987;152:111–8.

 87. Sakamoto K, Suri D, Rajasekaran 
M.  Characterization of muscarinic receptor sub-
types in human ureter. J Endourol. 2006;20:939–42.

 88. Hernandez M, Simonsen U, Prieto D, Rivera L, 
Garcia P, Ordaz E, et  al. Different muscarinic 
receptor subtypes mediating the phasic activity and 
basal tone of pig isolated intravesical ureter. Br J 
Pharmacol. 1993;110:141–55.

 89. Yoshida S, Kuga T.  Effects of field stimulation on 
cholinergic fibers of the pelvic region in the isolated 
guinea pig ureter. Jpn J Physiol. 1980;30:415.

 90. Roshani H, Dabhoiwala NF, Dijkhuis T, Pfaffendorf 
M, Boon TA, Lamers WH. Pharmacological modu-
lation of ureteral peristalsis in a chronically instru-
mented conscious pig model. I: effect of cholinergic 
stimulation and inhibition. J Urol. 2003;170:264–7.

 91. Hua XY, Saria A, Gamse R, Theodorsson-Norheim 
E, Brodin E, Lunberg JM. Capsaicin-induced release 
of multiple tachykinins (SP, neurokinin A and 
eledoisin- like material from guinea-pig spinal cord 
and ureter). Neuroscience. 1986;19:313–9.

 92. Hua XY, Theodorsson-Norheim E, Lundberg JM, 
Kinn AC, Hokfelt T, Cuello AC. Co-localization of 
tachykinins and CGRP in capsaicin-sensitive affer-
ents in relation to motility effects in the human ureter 
in vitro. Neuroscience. 1987;23:693–703.

 93. Jerde TJ, Saban R, Bjorling DE, et al. Distribution of 
neuropeptides, histamine content, and inflammatory 
cells in the ureter. Urology. 2000;56:173–8.

 94. Santicioli P, Maggi CA.  Myogenic and neu-
rogenic factors in the control of pyeloureteral 
motility and ureteral peristalsis. Pharmacol Rev. 
1998;50:683–722.

 95. Menon M, Resnick MI.  Urinary lithiasis: etiology, 
diagnosis, and medical management. In: Walsh PC, 

Retik AB, Vaughan ED, et  al., editors. Campbell’s 
urology, vol. 4. Philadelphia: Saunders; 2002. 
p. 3227–92.

 96. Golias C, Charalabopoulos A, Stagikas D, 
Charalabopoulos K, Batistatou A. The kinin system- 
bradykinin: biological effects and clinical implica-
tions. Multiple role of the kinin system–bradykinin. 
Hippokratia. 2007;11:124–8.

 97. Stoller ML, Bolton DM. Urinary stone disease. In: 
Tanagho EA, McAninch JW, editors. Smith’s urol-
ogy. San Francisco: Lange Medical Book/McGraw- 
Hill; 2000. p. 291–320.

 98. Yalcin S, Ertunc M, Ardicli B, Kabakus IM, Tas TS 
Sara Y, et  al. Ureterovesical junction obstruction 
causes increment insmooth muscle contractility, and 
cholinergic and adrenergic activity in distal ureter of 
rabbits. J Pediatr Surg. 2013;48:1954–61.

 99. Canda AE, Turna B, Cinar GM, Nazli O. Physiology 
and pharmacology of the human ureter: basis for cur-
rent and future treatments. Urol Int. 2007;78:289–98.

 100. Ziemba JB, Matlaga BR.  Guideline of guidelines: 
kidney stones. Br J Urol. 2015;116:184–9.

 101. Mak RH, Kuo HJ. Primary ureteral reflux: emerging 
insights from molecular and genetic studies. Curr 
Opin Pediatr. 2003;15:181–5.

 102. Grana L, Donnellan WL, Swenson O.  Effects of 
gram-negative bacteria on ureteral structure and 
function. J Urol. 1968;99:539–50.

 103. Teague N, Boyarsky S.  Further effects of coli-
form bacteria on on ureteral peristalsis. J Urol. 
1968;99:720–4.

 104. King WW, Cox CE. Bacterial inhibition of ureteral 
smooth muscle contractility. I.  The effect of com-
mon urinary pathogens and endotoxin in an in vitro 
system. J Urol. 1972;108:700–5.

 105. Floyd RV, Winstanley C, Bakran A, Wray S, Burdyga 
TV.  Modulation of ureteric Ca signaling and con-
tractility in humans and rats by uropathogenic E. 
coli. Am J Physiol Ren Physiol. 2010;298:F900–8.

 106. Floyd RV, Upton M, Hultgren S, Wray S, Burdyga 
TV, Winstanley C. Escherichia coli-mediated 
impairment of ureteric contractility is uropathogenic 
E. coli specific. J Infect Dis. 2012;206:1589–96.

4 Excitation-Contraction Coupling in Ureteric Smooth Muscle: Mechanisms Driving Ureteric Peristalsis



121© Springer Nature Singapore Pte Ltd. 2019 
H. Hashitani, R. J. Lang (eds.), Smooth Muscle Spontaneous Activity, Advances in Experimental 
Medicine and Biology 1124, https://doi.org/10.1007/978-981-13-5895-1_5

Spontaneous Activity 
and the Urinary Bladder

Christopher H. Fry and Karen D. McCloskey

Abstract
The urinary bladder has two functions: to 
store urine, when it is relaxed and highly com-
pliant; and void its contents, when intravesical 
pressure rises due to co-ordinated contraction 
of detrusor smooth muscle in the bladder wall. 
Superimposed on this description are two 
observations: (1) the normal, relaxed bladder 
develops small transient increases of intravesi-
cal pressure, mirrored by local bladder wall 
movements; (2) pathological, larger pressure 
variations (detrusor overactivity) can occur 
that may cause involuntary urine loss and/or 
detrusor overactivity. Characterisation of 
these spontaneous contractions is important to 
understand: how normal bladder compliance 
is maintained during filling; and the patho-
physiology of detrusor overactivity. 
Consideration of how spontaneous contrac-
tions originate should include the structural 
complexity of the bladder wall. Detrusor 
smooth muscle layer is overlain by a mucosa, 
itself a complex structure of urothelium and a 
lamina propria containing sensory nerves, 

micro-vasculature, interstitial cells and diffuse 
muscular elements.

Several theories, not mutually exclusive, 
have been advanced for the origin of sponta-
neous contractions. These include intrinsic 
rhythmicity of detrusor muscle; modulation 
by non-muscular pacemaking cells in the 
bladder wall; motor input to detrusor by auto-
nomic nerves; regulation of detrusor muscle 
excitability and contractility by the adjacent 
mucosa and spontaneous contraction of ele-
ments of the lamina propria. This chapter will 
consider evidence for each theory in both nor-
mal and overactive bladder and how their sig-
nificance may vary during ageing and 
development. Further understanding of these 
mechanisms may also identify novel drug tar-
gets to ameliorate the clinical consequences of 
large contractions associated with detrusor 
overactivity.
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5.1  Introduction: The Filling 
and Voiding Cycle 
of the Bladder

The urinary bladder has two functions: to store 
urine, normally up to a maximum of about 
500 mL; and periodically to completely void this 
content. Bladder filling is achieved with a small 
change of intravesical pressure, up to 10–15 cm 
H2O, i.e. the bladder is compliant. This is neces-
sary to minimise increases of pressure in the 
upper urinary tract (ureters and renal pelvis) that 
would damage renal function. Several times per 
day urine is completely expelled from the blad-
der, a process that is under conscious control. 
This is achieved by active contraction of detrusor 
smooth muscle, the major tissue component of 
the bladder wall, to raise intravesical pressure 
with concomitant reduction of bladder outlet 
resistance; co-ordinated by central control of 
sacral and thoraco-lumbar centres [1]. The latter 
is achieved by relaxation of smooth muscle, com-
prising an internal sphincter, in the urethra and 
bladder neck, as well as cessation of contractile 
activity in skeletal muscle forming the external 
sphincter (rhabdosphincter). This enables intra-
vesical pressure to be raised to a sufficient level 
to overcome the fluid resistance offered by the 
outflow tract.

The periodic rise of intravesical pressure for 
voiding is achieved by generating co-ordinated 
contractions of detrusor smooth muscle, princi-
pally mediated by activation of post-ganglionic 
parasympathetic nerve fibres. However, it  is not 
accurate to view the bladder as completely inac-
tive during filling: continuous asynchronous 
movements of regions of the bladder wall occur 
that can manifest themselves as small variations 
of intravesical pressure. This chapter is con-
cerned with the origin of these small movements, 
what their physiological functions may be and if 
they change under pathological conditions. These 
movements are often called spontaneous, in that 
they are autonomous, with a non-neurogenic ori-
gin and so are intrinsic to detrusor smooth muscle 
itself, modulated or initiated by local factors or 
nearby tissue. It has been implicitly assumed by 

some that spontaneous contractions are random 
and therefore have no role in co-ordinated void-
ing and filling cycles of bladder function. 
However, this may not be an accurate description 
of their role and others consider that spontaneous 
contractions should be regarded as an integral 
part of bladder function that may become aber-
rant during ageing or disease and contribute to 
pathological activity.

5.2  The Structure of the Bladder 
Wall

A description of the tissue components of the 
bladder wall is integral to understand the nature 
of spontaneous contractions. It is convenient to 
describe four layers of the bladder wall: an outer 
serosa; a detrusor (smooth) muscle layer; a lam-
ina propria or suburothelium; and uroepithelium 
(urothelium). The lamina propria and urothelium 
are collectively described as a mucosa as these 
two layers have an integrated activity in the con-
text of spontaneous activity (Fig. 5.1a).

The serosa protects the underlying tissue and 
is a reflection of the visceral peritoneum that cov-
ers only the superior and upper lateral walls of 
the bladder. The remainder of the bladder wall is 
protected by an adventitia that merges with other 
pelvic floor organs. The detrusor muscle layer 
comprises most of the bladder wall and consists 
of detrusor smooth muscle in muscle bundles that 
can combine in circular and longitudinal direc-
tions, although distinct circular and longitudinal 
muscle layers are not as evident as they would be 
in the G-I tract or the urethra.

The mucosa is the most complex region of the 
bladder wall and provides protective and sensory 
functions, and in regard to spontaneous activity 
has an intimate relationship with the detrusor 
muscle layer. The urothelium separates underly-
ing bladder wall tissues from urine and consists 
of a tight epithelium [2] whose transport charac-
teristics will not be considered further in the con-
text of spontaneous activity. However, it also has 
the capacity to release bioactive small molecules 
that are regarded as serving a sensory function in 
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co-ordination with the lamina propria. The lam-
ina propria itself consists of numerous interstitial 
cells (ICs), interspersed with afferent nerve 
fibres, blood vessels and in some larger species a 
separate muscle layer—the muscularis mucosa.

This basic structure is maintained throughout 
the bulk of the bladder wall, called the dome. A 
small triangular region of the bladder, between 
the ureteric orifices and the bladder neck, is 
called the trigone. This consists of a superfi-
cial layer of trigonal smooth muscle overlay-
ing deeper detrusor contiguous with the dome, 
and in the guinea pig bladder the two may be 
separated by blunt dissection. The trigone and 
bladder neck are regarded by some as part of 
the outflow tract with characteristic high levels 
of spontaneous activity that will be described 
separately. The bladder dome and trigone are 
conventionally understood to have separate 

embryological origins, derived, respectively, 
from the endodermal urinogenital sinus and 
mesoderm-derived Wolffian (mesonephric) 
ducts. However, this model has been modified 
recently with the view that the eventual trigone 
musculature largely derives from bladder detru-
sor muscle, with mesodermal tissue confined to 
the ureteric openings [3].

Pathological conditions such a bladder out-
flow obstruction, as occurs in men with benign or 
malignant prostate growth, cause changes to the 
bladder wall, most evident in an increase of wall 
thickness (Fig. 5.1c). Not only does the muscle 
layer undergo cellular hyperplasia and hypertro-
phy, but the lamina propria also thickens with a 
significant increase of interstitial cell number, an 
aspect that has consequences for generation of 
spontaneous activity, as will be discussed in fol-
lowing sections.
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Fig. 5.1 Cross section 
of the sheep bladder 
wall; haematoxylin and 
eosin stain. (a) Full 
thickness section from a 
normal bladder showing 
the urothelium, lamina 
propria with muscularis 
mucosae, detrusor layer 
and serosa. The inset 
shows the urothelium 
and lamina propria 
lying immediately 
below. (b) Schematic 
structure of the lower 
urinary tract. (c) Section 
from a bladder with 
outflow obstruction
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5.3  Demonstration 
of Spontaneous Activity

Overactive bladder syndrome (OAB) is an age- 
related clinical condition characterised by 
 nocturia, urgency and frequency [4] and occurs in 
12–18% of Western populations [5]. A further 
study showed that about 12% of OAB patients 
have a condition of detrusor overactivity (DO 
[6]), i.e. over 1% of the total population. DO is 
characterised by large, spontaneous contractions 
of the bladder that are not possible to defer whilst 
the bladder is being filled. It not only decreases 
the quality of life for patients, but also can lead to 
involuntary loss of urine (incontinence) and if 
persistent a rise of pressure in the ureters that may 
lead to renal failure, especially if it associated 
with bladder outflow tract obstruction and detru-
sor sphincter dyssynergia. Figure  5.2a shows a 
clinical urodynamic record of a patient with 
DO.  Prior to the voiding contraction associated 
with flow, there are three greater overactive con-
tractions with no associated voiding, as presum-
ably there is no co-ordinated reduction of outflow 
tract resistance. One applied objective of funda-
mental research into the origin of bladder sponta-
neous activity is to explain the pathophysiology 
and inform the clinical management of DO.

In vivo, small oscillatory bladder wall move-
ments and intravesical pressure changes have 
been measured in animals and humans during the 
filling phase (Fig. 5.2b). Whilst some are associ-
ated with respiratory movements [7], others are 
independent and can coincide with sensations 
arising from the bladder itself [8, 9]. Bladder wall 
movements are asynchronous in different parts of 
the bladder wall, suggestive of localised, inde-
pendent movements. Because the variations of 
pressure are lower than those observed in DO, 
voiding is not generally initiated and so are 
termed non-voiding contractions. Amalgamation 
of these localised spontaneous contractions could 
however generate larger DO contractions, and 
this raises two questions: what are the origins of 
spontaneous contractions; and how might they 
coalesce into larger ones?

Ex vivo, asynchronous, localised micromo-
tions of the bladder wall or pressure transients are 
also measured (Fig. 5.2c) [10–13], which makes 
it unlikely they are derived only from external, 
nervous influences. These are modulated by 
increased stretch of the bladder wall [14] low 
concentrations of muscarinic agonists [11, 15] or 
pathological conditions such as bladder outflow 
obstruction [10]. Analogous transient electrical 
events also show limited propagation across the 
bladder wall [16]. The above observations are 
mirrored by isometric tension and electrophysio-
logical events from in  vitro bladder sheets 
(Fig.  5.2d), bladder wall strips (Fig.  5.2e) and 
even isolated detrusor myocytes from several ani-
mal and human sources (Fig. 5.2f) [17–22].

Overall, spontaneous contractile and electrical 
activity is a feature of the intact bladder and asso-
ciated isolated preparations and is generally 
enhanced in bladders demonstrating pathological 
overactive behaviour in vivo. Some of this activity 
will derive from detrusor myocytes themselves 
but, as shown below, this activity crucially can be 
initiated or modulated by external influences.

5.4  Significance of Spontaneous 
Activity

Spontaneous contractions in the normal bladder 
wall are generally of small amplitude and occur 
at multiple sites across the bladder wall. 
Associated intracellular Ca2+ and membrane 
potential waves do not propagate significant dis-
tances in relation to the size of the bladder itself 
[11, 16, 23]. Such low level, but relatively fre-
quent (2–3 min−1) activity would be suitable to 
set a background, low level of tension in the blad-
der wall. When nerve-mediated activation of the 
detrusor occurs for voiding, the increased muscu-
lar contraction would raise wall tension, and 
hence intravesical pressure, more quickly than if 
the initial muscle work had to overcome a fully 
flaccid structure.

Changes to passive and active tension of the 
bladder wall are proposed as a sensory transduc-
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Fig. 5.2 Spontaneous contractions from in vivo, ex vivo 
and in  vitro recordings. (a) Urodynamic traces from a 
patient with detrusor overactivity. Traces, top to bottom, 
are from catheters in the rectum, to measure abdominal 
pressure, Pabd, and the bladder lumen, to measure vesical 
pressure, Pves. Detrusor pressure, Pdet, is obtained from 
Pves—Pabd. The trace below shows urine flow from the 
bladder. The volume infused, Vinf, is shown at the bottom. 
The vertical line divides the system into filling (left, 1) 
and voiding (right, 2) periods. The filling period shows 
three uninhibited Pdet contractions in the absence of flow, 
evoked at the end of three periods of infusion. With no 
further filling a voiding contraction occurs, i.e. a rise of 
Pdet accompanied with flow (data courtesy of the Bristol 
Urological Institute). (b) Regional movements of different 

regions of the bladder wall in vivo (d1–d8) and simultane-
ous measurement of intravesical pressure [9]. (c) 
Micromotions of an ex vivo perfused pig bladder. Carbon 
particles are placed on the bladder surface and the scalar 
distance between pairs were measured from video record-
ings. Examples of three distances (a, b, c) are shown with 
time, as well as simultaneous measurement of intravesical 
pressure [12]. (d) Spontaneous isometric contractions 
from a superfused rat bladder sheet for methods [10]. (e) 
Spontaneous isometric contractions from a superfused 
guinea pig strip with an intact mucosa [48]. (f) Isolated 
human detrusor myocytes; left, intracellular Ca2+ tran-
sients, right, spontaneous action potentials for methods 
[19]

ml.s–1

Pabd

Pves

Pdet

flow

Vinf

100

0

200

0

10

0

ml

1000s

1. filling 2. voiding100

0

cm H2O

cm H2O

d1

d2

d3

d4

d5

d6

d7

d8

regional movements

pressure

2 cmH2O

2 mm

30 s

100

0

cm H2O

b

a

5 Spontaneous Activity and the Urinary Bladder



126

300

100

1 min

20
mV

20 s

0 mV

e

f

2.0
mN

10 min

[Ca2+]i, nM

Fig. 5.2 (continued)

a c

b

10

0

pressure, mm Hg

30

20

10

0

a
b

c

1 min

mm

5 min

5 mN

c

d

C. H. Fry and K. D. McCloskey



127

tion mechanism to convert bladder filling to sen-
sory signals. An increase of passive wall tension 
by filling or artificial stretch is associated with 
augmented afferent nerve activity [24, 25]. 
Stretch of the bladder wall releases neuromodu-
lators such as ATP and acetylcholine (ACh) that 
are proposed to activate afferents. It has also been 
hypothesised that added gain to the system may 
be provided by spontaneous contractions that 
will generate additional, transient changes in wall 
tension. Indeed, increased bladder filling raises 
the amplitude and frequency of spontaneous con-
tractions [14, 26]. In part, increased spontaneous 
contraction amplitude on bladder filling will be 
due to muscle cells adjusting to a new position on 
their length-tension relationship, but frequency 
alterations suggest an additional mechanism 
[26], which might include activation of local ner-
vous reflexes upon neuromodulator release. The 
important role of spontaneous contractions con-
tributing to afferent activation is gleaned from the 
fact that afferent firing is dependent not only on 
static changes to wall tension, but also the rate of 
change of tension [27]. The mode of transduction 
of a transient tension/pressure signal to afferent 
nerve activation is unclear and may involve inter-
mediate cellular responses from lamina propria 
cells (see below). However, the significance of 
the study is that alteration to spontaneous con-
tractile activity can modulate afferent nerve 
activity during bladder filling.

5.5  Spontaneous Activity 
and Detrusor Overactivity

Detrusor overactivity is an involuntary rise of 
intravesical pressure, interpreted as a contraction 
of the bladder, measured during the filling phase 
of a urodynamic investigation [4, 28]. Such con-
tractions are transient, cannot be suppressed by 
the patient and may be spontaneous or provoked 

by filling. It is tempting to hypothesise that these 
transient changes to intravesical pressure are a 
result of abnormal spontaneous contractile activ-
ity of smooth muscle in the bladder wall. However, 
it must be remembered that spontaneous contrac-
tions in isolated preparations are brief and of high 
frequency whereas overactive bladder contrac-
tions are less frequent with very much longer 
durations. Nevertheless, this hypothesis is consis-
tent with observations made from in vitro prepa-
rations from overactive bladders where the 
amplitude and frequency of spontaneous contrac-
tions and action potentials are augmented [22, 23, 
29, 30]. Optical imaging experiments show that in 
rat bladder preparations spontaneous contractions 
from in vitro bladder sheets, or pressure variations 
from ex vivo whole bladders, are associated with 
multiple sites of locally propagating Ca2+ and 
membrane potential transients [11, 23]. With sim-
ilar preparations from rats that have overactive 
bladders, there are fewer originating sites, but 
these propagate more extensively over the bladder 
wall [11, 23]. Such rises of intravesical pressure 
can be greater than those achieved during normal 
voiding and sufficient to overcome the resistance 
of a still-contracted outflow and so cause urinary 
leakage. What is unclear is the origin of the over-
active bladder contractions. Before pathological 
mechanisms can be proposed, it is first necessary 
to consider how bladder contractions arise and 
whether they are spontaneous or evoked by ner-
vous stimulation of detrusor smooth muscle.

5.6  Generation of Detrusor 
Contractions

Only a brief description of how detrusor contrac-
tions are generated is given, with more detailed 
descriptions elsewhere [31, 32]. Detrusor con-
tractions are generated by a transient rise of the 
intracellular Ca2+ concentration ([Ca2+]), initiated 
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by intracellular release of Ca2+ from stores and/or 
Ca2+ influx via L-type and T-type Ca2+ channels. 
Co-ordinated contraction of the bladder is evoked 
by parasympathetic post-ganglionic fibres releas-
ing ACh and ATP, and driven by descending 
fibres, emerging at sacral levels S2-S4. ACh and 
ATP bind, respectively, to metabotropic M3 and 
ionotropic P2X1 receptors. Detrusor muscle is a 
phasic type and can generate action potentials 
with a depolarising phase driven by L-type and 
T-type Ca2+ channels and repolarisation driven by 
K+ channels, predominantly but not exclusively 
large conductance Ca2+-activated K+ (BK) chan-
nels [33–35]. It should be noted that with normal 
human and old-world monkey bladders ACh is 
the sole functional transmitter, whilst with most 
other species and also with human detrusor from 
pathological bladders both ACh and ATP support 
nerve-mediated contractions [36]. This may be 
explained by greater extracellular ATP hydrolysis 
in normal human bladder so that released ATP 
from motor nerves does not reach the muscle 
membrane [37].

Between the muscle bundles is a network of 
detrusor interstitial cells (ICdet) that develop 
Ca2+ transients [38, 39]. There is a debate if 
they contribute a pacemaking mechanism to 
drive detrusor myocytes, like their counterparts 
in the G-I tract [40, 41]. However, Ca2+ imaging 
studies show that ICdet transients are out of 
phase with those in detrusor myocytes [39, 42] 
and it is suggested that they may co-ordinate 
activity between adjacent muscle bundles. A 
subset of ICdet label for platelet-derived growth 
factor receptor-α (PDGFRα) [43, 44]. They 
respond to purines via P2Y receptors, mainly 
P2Y2 receptors, to generate membrane hyper-
polarisation by Ca2+-induced activation of small 
conductance K+ (SK) channels. It is proposed 
that they hyperpolarise adjacent detrusor mus-
cle cells via gap junctions [45], but there is as 
yet little evidence for direct intracellular cou-
pling between detrusor myocytes and ICs. 
However, if such coupling is demonstrated this 
provides a mechanism whereby cyclical varia-
tion of ATP release from urothelium and/or 
lamina propria cells would also generate cycli-
cal variation of tension in the detrusor smooth 

muscle layer, through a direct activating 
response on detrusor via P2X1 receptors and 
tempered by the indirect effect via P2Y recep-
tors on PDGFRα- labelled ICdet.

5.7  Influence of the Mucosa 
on Spontaneous Activity

Several groups have reported that the mucosa 
from pig, guinea pig and rat bladder is capable 
of developing spontaneous contractile [46–48] 
or electrical [49] activity independent of detru-
sor smooth muscle, although others report that 
contractile activity is absent from rat and mouse 
isolated mucosa preparations (Hashitani, per-
sonal communication). Moreover, when the 
mucosa and detrusor components are not sepa-
rated the amplitude of spontaneous contractions 
is greater than that developed by the two com-
ponents separately. Figure  5.3 describes the 
basic phenomenon in guinea pig tissue: Fig. 5.3a 
(top) shows spontaneous activity in an isolated 
preparation of the bladder wall with the mucosa 
dissected away as much as possible (in all spe-
cies the mucosa may be removed by sharp or 
blunt dissection), spontaneous activity is pres-
ent but is relatively low in amplitude. In this 
example, spontaneous activity is very small but 
in other publications [50] this may be greater, 
but still smaller than in intact strips as described 
below. If the dissected mucosa is similarly 
attached to an isometric force transducer spon-
taneous activity is also recorded of equivalent or 
even greater amplitude (Fig.  5.3a, middle). 
However, if the mucosa is left intact on the 
detrusor preparation a proportionately much 
greater amplitude of spontaneous contractions 
is measured (Fig.  5.3a bottom), note also the 
change of vertical calibration bar). Thus, the 
mucosa itself is capable of spontaneous contrac-
tile and electrical activity in many animal spe-
cies, and in addition there is synergistic 
enhancement when the two layers of the bladder 
wall are in contact. The significance of the con-
tribution of the mucosa to bladder spontaneous 
contractile activity is that the lamina propria 
thickens in many pathological conditions asso-
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ciated with neurogenic or idiopathic detrusor 
overactivity [51, 52]. The particular cells con-
tributing to mucosa spontaneous activity is con-
sidered in more detail below (Sect. 5.8) and may 
be from the muscularis mucosa, with contribu-
tions also from smooth muscle cells and/or peri-
cytes around blood vessels or even ICs.

5.8  The Origins of Mucosa 
Spontaneous Activity

The mucosa itself has contractile properties and 
electrical field stimulation (EFS) can elicit con-
tractions that are abolished by tetrodotoxin, 
implying they are nerve-mediated. The fre-
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Fig. 5.3 Spontaneous contractions from isolated bladder 
wall preparations. (a) Guinea pig bladder. Baseline spon-
taneous contractile activity from a detrusor strip with the 
mucosa removed (upper); a mucosa preparation dissected 
from detrusor muscle (middle); an intact preparation of 

detrusor and mucosa (lower). (b) Spontaneous contractile 
activity on addition of 10  μM capsaicin in: a detrusor 
preparation (upper); a mucosa preparation (middle); an 
intact preparation (lower). Note the different calibration 
bars for the three preparations. Adapted from [48]
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quency dependence of EFS detrusor vs. mucosal 
contractions is different in pig preparations [53], 
but similar in other species such as guinea pig 
[49, 54], highlighting the fact that mucosal con-
tractile function can have different properties 
from detrusor. Moreover, mucosal spontaneous 
activity demonstrates different pharmacological 
characteristics whereby: capsaicin augments 
detrusor activity but inhibits that of the 
mucosa  (Fig 5.3b); extracellular acidosis ini-
tially suppresses detrusor activity but has a much 
smaller effect on isolated mucosa; and the P2X1 
agonist α,β methylene ATP, (ABMA) enhances 
detrusor but attenuates mucosa activity [48]. 
Moreover, although α- and β-adrenoceptor-
dependent modulation of spontaneous activity in 
the mucosa is evident, the functional receptor 
subtype populations involved show differences 
from the detrusor [55]. The actual cell type(s) 
contributing to mucosa contractions are unknown 
but may be from several sources, including mus-
cularis mucosae, abundant ICs and pericytes 
around blood vessels. All these cells label for 
smooth muscle actin [56, 57].

Muscularis mucosae generates bursts of spon-
taneous action potentials (APs) with a depolaris-
ing phase supported by L-type Ca2+ channel 
activity. BK and SK channels, as well as Kv7 K+ 
channels which all modulate the bursting charac-
teristics of the AP trains and hence the excitabil-
ity of the tissue [58]. The current density of K+ 
currents in the muscularis mucosae is much 
lower than in detrusor [59] and may contribute to 
increased electrical excitability. In addition, 
TRPV4 channels are also present in muscularis 
mucosae and their activation generates a sus-
tained contraction and reduction of spontaneous 
activity, possibly by Ca2+ influx opening BK 
channels [60]. Overall this might suggest that 
muscularis mucosae can exhibit a phasic contrac-
tile response and a background tonus to the blad-
der wall.

Vascular smooth muscle cells and/or pericytes 
surround suburothelial blood vessels, generate 
intracellular Ca2+ transients and also generate cir-
cular and longitudinal contractions [61, 62]. The 
physiological properties of these cells will be 

covered in a separate chapter. Longitudinal con-
tractions would contribute to mucosal force gen-
eration, although the proportional effect they 
have remains to be ascertained.

ICs are the most numerous type of cell in the 
lamina propria; the ratio of ICs to smooth mus-
cle cells in the muscularis mucosae in six sheep 
bladders was 5.1  ±  0.7 (n  =  6, Fry, Nyirady, 
unpublished data). They are especially abundant 
near the urothelium (see Fig. 5.1a, b) and often 
appose and even surround the terminals of affer-
ent nerves [63], so that they probably have 
synapse- like relations. They are electrically 
excitable, generating transient depolarisations 
via a Ca2+-activated Cl− channel, the rise of intra-
cellular Ca2+ mediated by release from intracel-
lular stores after membrane receptor activation 
via, for example, purines acting on P2Y recep-
tors [64]. Moreover, these ICs are coupled by 
connexin43 (Cx43) gap junctions suggesting 
they form a functional electrical syncytium [65]. 
Their excitatory responses to purines are consis-
tent with activation by ATP and its metabolites 
that may be released from the overlying urothe-
lium in response to stretch. Moreover, some ICs 
have a myofibroblast-like morphology where 
they contain myofilaments that form cytoplas-
mic stress fibres [66]. IC number increases sig-
nificantly as the lamina propria thickens in 
conditions associated with detrusor overactivity, 
such as bladder outflow obstruction (Fig. 5.1b), 
[67] and spinal cord injury [51] when they could 
augment indirectly mucosal spontaneous 
activity.

Overall it may be concluded that the mucosa 
has distinct contractile properties from detrusor 
with potential contributions from the three major 
cell types described above. The proportion of 
mucosal tissue occupied by muscularis mucosae 
is about 4.5% in guinea pig bladder, compared to 
73.4% occupied by detrusor in the muscle layer 
[48] to produce broadly comparable magnitudes 
of spontaneous contractile activity. Thus, if mus-
cularis mucosae solely contributed to spontane-
ous contractile activity, its unit contractile 
properties would have to be substantially greater 
than detrusor.
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5.9  Interactions Between 
Mucosa and Detrusor 
and the Generation 
of Spontaneous Activity

Augmentation of spontaneous activity by retain-
ing a mucosa-detrusor structure implies there is 
interaction between the two layers. This may be 

though diffusion of chemical modulators or cell- 
to- cell signalling (Fig. 5.4a, b). One observation 
to suggest diffusional coupling (Fig. 5.4a) shows 
that simple placement of mucosa on detrusor mus-
cle rapidly increases the amplitude and frequency 
of spontaneous contractions. Augmentation of 
spontaneous activity is not suppressed by atro-
pine implying that ACh is not the diffusible active 
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Fig. 5.4 Interaction between mucosa and detrusor in the 
generation of spontaneous contractions. (a) Evidence for 
non-cell-to-cell contact. Spontaneous activity in a detru-
sor preparation with the mucosa dissected away as a sheet 
(left) and when the mucosa was subsequently placed on 
the detrusor preparation (right): Kitney and Fry, unpub-
lished data. Pig bladder, a schematic of the experiments is 
shown above the experimental tracings. (b) Evidence for 
cell-to-cell contact. Left, a cross section of a rat bladder 
used for optical imaging experiments, the superimposed 
grid delineates separate pixels from which Ca2+ waves 

were recorded to construct conduction maps. Middle, a 
conduction map constructed from the latencies of Ca2+ 
transients from each pixel on injection of a low carbachol 
concentration at the lamina propria (red star)—increasing 
delays are designated by areas of greater darkness. Thus, 
the initiation of a signal propagates transversely in the 
mucosa before propagating laterally to the detrusor layer. 
Right: a conduction map again showing rapid transverse 
propagation and slower invasion of the detrusor after 
application of UTP, a purine that excites lamina propria 
interstitial cells. Adapted from [11, 23]
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agent. However, many other agents are released 
by mucosal cells that can have local paracrine, 
contractile effects on detrusor muscle including 
ATP, prostaglandins and nitric oxide [68]. In par-
ticular, it has been shown in guinea pig bladder 
that spontaneous activity goes through cyclical 
variations in magnitude that coincides with back-
ground release of ATP, after consideration of dif-
fusion times for ATP in the tissue [48]. However, 
Fig.  5.4b shows evidence also  for intercelluar 
coupling from the mucosa  to  the  detrusor lay-
ers. Direct evidence that spontaneous activity can 
result from localised release of ATP from detru-
sor or mucosa is shown below (Fig.  5.5b, see 
Sect. 10.2 below). Although some will be broken 
down by ecto- ATPases, some ATP undoubtedly 
persists to generate contractile events. Moreover, 
ecto-ATPase activity is reduced in bladder wall 
tissue from overactive bladders that would exac-
erbate the contractile effects of ATP released 
from tissue [37].

There are also data to suggest there is cell-to- 
cell coupling between the mucosa and detrusor. 
With intact or detrusor-only preparations, gap 
junction blockers including 18-β glycyrrhetinic 
acid, carbenoxolone or heptanol attenuate spon-
taneous activity, especially in animals where 
activity was increased by spinal cord injury or 
inflammation [51, 69]. However, it should be 
cautioned that there is evidence to show some 
gap junction blockers also block voltage-gated 
Ca2+ channels [70] which would also explain why 
these agents may reduce spontaneous activity. 
However, it remains to be shown whether this 
blockade is occurring solely between detrusor 
muscle cells or also in the lamina propria at the 
interface between the two layers. There are also 
optical signalling data that indicate that Ca2+ 
waves and electrical signals can pass within the 
lamina propria and across to the detrusor layer. 
Ca2+ signals, propagating at 60–70 μm.s−1 have 
been measured in isolated lamina propria prepa-
rations. These were augmented by ATP and 
TRPV4 agonists and attenuated by the Ca2+-
ATPase inhibitor cyclopiazonic acid, implying an 
intracellular source of Ca2+ [71]. Optical imaging 
of the rat bladder wall, with an absent muscularis 
mucosae, reveals that spontaneous waves of 

intracellular Ca2+ or changes to membrane poten-
tial originate not in the detrusor, but in the lamina 
propria where they propagate laterally within 
this layer before invading the detrusor [10]. 
Signal propagation velocity is about 0.3 cm s−1, 
faster than in muscularis mucosae [23, 59]. 
Overall it is possible that the two cellular ele-
ments exert different influences over the detrusor 
layer, with muscularis mucosae setting a back-
ground tonus and an IC layer providing a more 
dynamic response to changes of neuromodulator 
released from the urothelium.

Although the mucosa enhances spontaneous 
activity in the bladder this has to be set against 
the observation that it also suppresses contrac-
tions evoked by muscarinic receptor agonists, but 
not when depolarised by raised extracellular [K] 
[72]. Exhaustive studies by the original authors 
did not reveal the intermediate diffusible agent, 
nevertheless the augmentation of spontaneous 
activity must be offset by this observation.

5.10  Theories for the Origin 
of Spontaneous Activity 
in Normal and Pathological 
Bladders

In principle normal and overactive spontaneous 
activity may arise from several, not mutually 
conflicting, mechanisms:

• A myogenic origin
• A neurogenic origin
• A urotheliogenic origin

5.10.1  Myogenic Spontaneous 
Activity

Isolated detrusor myocytes can develop sponta-
neous action potentials and intracellular Ca2+ 
transients, the frequencies of which are greater in 
cells isolated from overactive human bladders 
(Fig.  5.2f) [22]. The depolarising phase of the 
action potential is supported by L-type and T-type 
Ca2+ currents; the latter are activated at potentials 
near to the membrane potential and so in princi-
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Fig. 5.5 Appearance of spontaneous contractions with 
absence of nerve-mediated activity. (a) Nerve-mediated 
contractions stimulated by tetanic stimulus with frequen-
cies between 0.5 and 16 Hz. Note the greater spontaneous 
activity as stimulus frequency decreases. (b) Spontaneous 
contractile activity (lower trace) during abolition of nerve- 

mediated contractions with 1  μM tetrodotoxin. Upper 
trace: Extracellular ATP transients accompany spontane-
ous contractions. Note the stimulus artefacts on the ATP 
electrode trace co-incident with stimulation at 4, 8 and 
12 Hz. Trace in panel a adapted from [120]
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ple could serve as a pacemaker current. Moreover, 
the density of T-type Ca2+ current is greater in 
myocytes from overactive human bladders and 
this could account for the increased frequency of 
spontaneous action potentials [73]. Detrusor 
myocytes are connected by connexin45 (Cx45) 
gap junctions so that electrical activity generated 
in a cell, or group of cells, could spread to adja-
cent tissue. However, the expression of Cx45 pro-
tein is reduced in human detrusor from overactive 
bladders, corroborated by an increased electrical 
resistance between adjacent myocytes. This 
would limit the speed and extent of spread of 
electrical signals across the bladder wall [74]. 
Thus, although localised electrical activity may 
be generated more in detrusor from overactive 
bladders, these signals would be confined to a 
smaller region of the wall bladder. These data do 
not support the ability of electrical signals to 
spread across larger regions of the bladder wall 
that would form the basis of an overactive blad-
der contraction [23].

It may be hypothesised that during an overac-
tive bladder contraction, detrusor contractility 
may be greater than that during normal voiding. 
An estimate of true bladder contractility may be 
obtained from transformation of the isovolumic 
phase of detrusor pressure rise during voiding or 
overactive contractions. However, an overactive 
contraction does not represent a state of enhanced 
contractility compared to that for a nerve- 
mediated voiding contraction, which does not 
support this hypothesis [75].

Overall, although myogenic activity does 
occur in detrusor smooth muscle, there is no evi-
dence that the greater frequency and larger ampli-
tude of spontaneous activity in detrusor from 
overactive bladders is a significant basis of patho-
logical detrusor overactivity.

5.10.2  Neurogenic Detrusor 
Overactivity (NDO) 
and Spontaneous Activity

A subset of patients with DO have associated 
neurological deficits such as spinal cord injury or 
Parkinson’s disease. This subgroup is described as 

suffering from NDO but whether or not the patho-
physiology of the condition is different from that 
of the majority of DO patients remains unclear 
at present. However, isolated detrusor prepara-
tions from NDO bladders are associated with 
greater spontaneous contractile activity [76, 77]. 
Spontaneous contractions from isolated multicel-
lular detrusor preparations obtained from normal 
or DO bladders are insensitive to application of 
tetrodotoxin (TTX)—to block nerve action poten-
tials—or atropine—to block the action of Ach 
that might be released or simply leaks from motor 
nerves [78]. This implies that intrinsic motor 
nerves do not generate autonomous activity result-
ing from release of neurotransmitter. Moreover, 
nerve-mediated contractions of isolated human 
detrusor preparations from DO bladders are simi-
lar in magnitude or decreased compared to those 
from normal bladders [36, 78]. This implies that 
the functional innervation by postganglionic 
fibres to DO bladders is similar or even reduced 
compared to normal bladders.

The role of several detrusor K+ channels in 
modulating spontaneous activity and their role in 
the aetiology of NDO in particular has been stud-
ied. These channels include small, intermediate 
and large conductance Ca2+-activated K+ chan-
nels (SK, IK and BK channels, respectively), as 
well as ATP-dependent K+ channels. Openers of 
both BK and SK/IK channels (NS-1619 and 
SKA-31/NS-309, respectively) reduce spontane-
ous contractions in rat and human detrusor. These 
actions are reversed by their respective channel 
blockers iberiotoxin and apamin [79–82]. IK 
channels have not been implicated as the IK 
blocker, TRAM-3K, had no effect [81]. However, 
with human detrusor samples from NDO patients 
NS-1619 and iberiotoxin had no effect on sponta-
neous activity, unlike the situation with detrusor 
from normal human bladders [76, 77]. This latter 
result was corroborated by demonstrating a 
reduced iberiotoxin-sensitive K+ current and 
expression of the α-subunit of BK channels, the 
β1 and β4-subunits were not significantly differ-
ent [76]. Thus, increased spontaneous activity in 
isolated detrusor strips from NDO patients may 
be due, at least in part, to a myogenic response 
through reduced BK channel density.
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An indirect role for motor nerves involvement 
to generate some spontaneous activity may be 
inferred from the observation that an increase of 
nerve stimulation to isolated detrusor samples, 
with an intact mucosa, leads to a decrease of 
activity (Fig. 5.5a) [54]. Not only is spontaneous 
activity resistant to atropine but persists also in 
the presence of PPADS, an antagonist to most 
P2X receptors, including P2X1 expressed in 
detrusor smooth muscle [54]. However, Fig. 5.5b 
shows an experiment after nerve-mediated con-
tractions had been abolished by addition of TTX 
where spontaneous activity was also evident and 
accompanied by transient increases of ATP, as 
measured by an amperometric ATP-selective sen-
sor placed on the surface of the preparation 
(McCarthy and Fry, unpublished data). These 
observations are consistent with the presence of 
spontaneous transient depolarisations in mouse 
detrusor that were abolished by the P2X1 receptor 
antagonist NF449 and increased by latrotoxin 
[83], a venom that acts on presynaptic nerve ter-
minals and secretory cells to release transmitters 
[84]. However, the inability of PPADS to dimin-
ish spontaneous activity requires explanation.

5.10.3  Mucosal Modulation 
of Spontaneous Activity 
and its Significance 
in Overactive Bladder

The term Urotheliogenic derives from the obser-
vation that spontaneous contractions are greater 
when in  vitro detrusor preparations retain their 
covering of mucosa [49]. Although the term 
implies that it is the urothelium itself that aug-
ments detrusor contractions, in fact control may 
derive from any of the cell types in the mucosa, 
either singly or in combination. It has been dis-
cussed above that diffusional and/or cell-to-cell 
contacts between mucosa and detrusor layers 
could generate the augmented spontaneous activ-
ity observed when the two layers of the bladder 
wall are in contact. Moreover, in bladder patholo-
gies thickening of the mucosa occurs, accompa-
nied by an increase in the population of ICs and 
these are associated with larger amplitude spon-

taneous contractions that propagate across greater 
areas of the bladder wall [48]. It is suggested that 
lamina propria IC fall into two subtypes [85], a 
more abundant population near the urothelium 
that express α-smooth muscle actin and PDGFRα 
and not CD34, and a population nearer the detru-
sor layer that had an inverse expression of these 
epitopes. It is not clear what are the functional 
distinctions between these subtypes but any study 
with isolated ICs is more likely to use the former 
due to their greater abundance.

With this caveat the pharmacological proper-
ties of lamina propria ICs can give insight into 
the interaction between mucosa and detrusor in 
generating spontaneous activity. Firstly, enzymati-
cally dispersed lamina propria ICs do not respond 
to exogenous cholinergic agonists to generate an 
intracellular Ca2+ transient or electrophysiological 
responses [64]. However, very low concentrations 
of carbachol do augment spontaneous activity and 
Ca2+-wave propagation in isolated bladder sheets 
with an intact mucosa [11], a potential resolu-
tion to this apparent paradox is discussed below. 
However, ICs respond in a complex way to purines 
as they generate large inward currents to exoge-
nous ATP, ADP and UTP that suggests that they 
act via P2Y receptors [64]. This is corroborated by 
immunohistochemistry that shows an abundance 
of P2Y6 receptors, with only sparse labelling for 
P2X1, P2Y2 and P2Y4 receptors on these cells [86]. 
The inward current is through a Ca2+-activated-Cl− 
channel in response to a rise of the intracellular 
[Ca2+] after purine application. Application of 
ADP or UTP to bladder sheets with an intact 
mucosa greatly increases the magnitude of spon-
taneous contractions, especially in bladders that 
are already overactive with a thickened mucosa 
[23]. With these intact bladder sheets, application 
of P2Y agonists greatly enhances the velocity at 
which membrane transients or Ca2+ waves propa-
gate, as well as increases the area of that bladder 
wall over which they spread.

The urothelium releases a number of bioactive 
molecules when subjected to chemical or physi-
cal interventions, which include ATP, acetylcho-
line, prostaglandins and nitric oxide. Most is 
known about stress-activated ATP release and it 
is noteworthy that release is augmented from 
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urothelium obtained from bladders that exhibit 
overactive pathologies [87–91]. Released ATP is 
rapidly broken down by ectoATPases to ADP and 
other metabolites that would have a paracrine 
effect on the increased numbers of ICs, one result 
of which would be to upregulate spontaneous 
activity.

An allied observation is that ACh release from 
urothelium occurs at much lower levels of physi-
cal stress and in much greater quantities com-
pared to ATP release [92]. Moreover, muscarinic 
receptor agonists augment ATP release from uro-
thelium via M2 receptors [93, 94]. This interac-
tion between muscarinic receptor activation and 
urothelial ATP release provides a sensory trans-
duction pathway for bladder filling or other 
stresses to activate suburothelial afferents as well 
as modulate spontaneous contractions via the 
above urotheliogenic mechanism. Moreover, the 
increase of ATP release in pathological bladders 
provides an understanding of how sensory path-
ways as well as spontaneous activity is increased 
in these pathologies.

A final consideration is the range of physical 
and chemical stressors that can release bioactive 
molecules. Urothelial cells express purinergic, 
muscarinic, nicotinic and adrenergic receptors 
[95–98] among others, which can respond in an 
autocrine/paracrine mode or to circulating cate-
cholamines. Moreover, a variety of transient 
receptor potential (TRP) channels [99–101] and 
piezo-channels [102] have been identified that 
allow urothelial cells to respond to environmental 
changes such as low pH, changes to ambient tem-
perature and physical stress or strain changes. 
This variety of receptor molecules ensures that 
the urothelium is a sensitive and multimodal sen-
sory structure that provides the link to sensation 
and outputs such as spontaneous activity and 
afferent nerve activation.

5.11  The Trigone

Because of its structural connection to the intra-
vesical portion of the ureter, and its potential role 
as part of the outflow tract, the trigone may play 
a role in regulating the opening and closure of the 

ureteric orifices to prevent vesicoureteral reflux. 
Whilst the main mechanism to prevent reflux is 
the oblique angle of the insertion of the ureter 
through the bladder wall, providing a compres-
sion valve as the bladder fills, periodic contrac-
tions of the trigone may support opening of 
ureteral orifices to facilitate filling and may also 
assist compression during voiding contractions 
of the bladder.

Spontaneous phasic contractions have been 
recorded in 71% and 89% of trigone strips from 
pigs and humans, respectively, compared with 
only 20% in muscle strips from the dome [17]. 
Moreover, in the trigone spontaneous contrac-
tions arise purely from the smooth muscle com-
ponent, as removal of the mucosa has no effect 
on their amplitude and frequency [46]. This is in 
contrast to the situation with tissue from the bulk 
of the bladder body—the dome—where the 
presence of the mucosa is crucial to maintain 
spontaneous activity. The cellular pathways 
underlying spontaneous contractions have been 
studied in the superficial trigone of the guinea 
pig bladder, where the majority of muscle strips 
also generate spontaneous phasic contractions 
[103] (Fig. 5.6a). Trigone smooth muscle gener-
ates spontaneous bursts of action potentials 
[104], similar to detrusor from the bladder dome. 
However, electrical stimulation of this region of 
the bladder elicits action potentials [105] which 
do not occur when the dome of the bladder is 
similarly excited. This demonstrates that the tri-
gone exhibits greater excitability than the blad-
der dome and that smooth muscle in the two 
regions are functionally separate. This latter 
observation is corroborated by the fact that spon-
taneous electrical activity in the trigone is gener-
ated independently from that in the bladder 
dome [106]. The greater excitability of a func-
tionally independent trigone arises from the fact 
that its smaller muscle mass, compared to detru-
sor in the bladder dome, means that the overall 
electrical resistance of the tissue is greater. Thus, 
ionic current generated in the tissue will gener-
ate larger local potential fields as observed above 
[105]. The separateness of trigone and detrusor 
is also indicated by spatiotemporal mapping 
techniques that show propagating patches of 
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Fig. 5.6 Characteristics of spontaneous activity in tri-
gone. (a) Isolated trigone tissue showing regular sponta-
neous contractions (upper trace). Different patterns of 
intracellular Ca2+ transients in isolated trigone myocytes 
(middle and lower traces). (b) Spontaneous activity and 
gap junction blockers. Effect of 18-β-glycyrrhetinic acid 
(GA) on regular spontaneous activity recorded in isolated 
detrusor (upper trace) or trigone (lower trace) smooth 
muscle. The two images below are of the muscle layer and 
are labelled for connexin proteins (red) and nuclei (blue); 

sections are from detrusor (connexin45, left) and trigone 
(connexin43, right). (c) Effect of a 0-Ca solution (upper 
panels) on spontaneous contractions (left) and intracellu-
lar Ca2+ transients (right). Effect of a niflumic acid 
(100 μM) on spontaneous contractions (middle panel) and 
intracellular Ca2+ transients (lower panel). (d) Effect of 
carbachol (carb, 1  μM) in the absence or presence of 
10 μM phenylephrine on tension (upper panel) and intra-
cellular [Ca2+], lower panel. Adapted from [8, 103]
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contraction in the dome travel mainly along the 
anterior and lateral surface of the bladder and do 
not traverse the trigone [107].

The relative ease of electrical transmission in 
the trigone compared to detrusor is mirrored by 
a greater abundance of connexin-labelling gap 
junctions, as determined by immunolabelling 
[103]. Moreover, the connexin subtype between 
smooth muscle cells in the trigone is Cx43, 
rather than Cx45 as in the dome [51], which is 
of significance as Cx43 gap junctions have a 
greater unit electrical conductance compared to 
those formed with Cx45. 18-β glycyrrhetinic 
acid, a gap junction blocker, reduces the ampli-
tude but increases the frequency of spontaneous 

contractions in the trigone, whereas under simi-
lar conditions it has little effect on detrusor 
spontaneous activity (Fig.  5.6b). The appear-
ance of less well- coordinated activity in 18-β 
glycyrrhetinic acid suggests that intercellular 
communication plays a role in developing such 
contractions.

The upstroke of the action potential is mainly 
mediated by Ca2+ influx through L-type Ca2+ 
channels as intracellular Ca2+ transients are abol-
ished by either an L-type Ca2+ channel inhibitor 
or Ca2+ free solution, but not by a T-type Ca2+ 
channel inhibitor. Furthermore, neither thapsigar-
gin, an inhibitor of SR Ca2+ uptake, nor FCCP, a 
mitochondrial uncoupler, are inhibitory, also sug-
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gesting the importance of Ca2+ influx rather than 
intracellular Ca2+ stores to support contraction 
[103]. Niflumic acid, a blocker of Ca2+-activated 
Cl− channels, also attenuates Ca2+ transients and 
spontaneous contractions of the trigone [103]. At 
membrane potentials near the resting value such 
channels would pass inward current which would 
activate L-type Ca2+ channels. Thus L-type Ca2+ 
channel antagonists inhibit both spontaneous 
contractions and intracellular Ca2+ transients 
(Fig.  5.6c). Carbachol increases intracellular 
[Ca2+] and thus muscarinic receptor activation 
would initiate the process of augmenting sponta-
neous activity.

The trigone is unusual in that both cholinergic 
and adrenergic agonists augment spontaneous 
activity, however the rise of intracellular [Ca2+] is 
greater with carbachol than with the non- selective 
α-adrenoceptor agonist, phenylephrine. 
Moreover, phenylephrine increases the choliner-
gic contractile responses independent of a further 
rise of intracellular [Ca2+], suggesting that an 
important action may be to increase the Ca2+-
sensitivity of the contractile proteins [108] 
(Fig.  5.6d). Synergy between cholinergic and 
adrenergic pathways is also suggested by the fact 
that a muscarinic receptor antagonist reduces 
contraction generated by adrenergic agonists 
[109]. Such synergy between cholinergic and 
adrenergic pathways allows the autonomic ner-
vous system to regulate spontaneous activity with 
a high degree of gain and suggests that the tri-
gone exhibits such activity in the filling and void-
ing phases of bladder activity.

Suppression of spontaneous contractions can 
be achieved by activation of K+ channels. 
However, in contrast to dome detrusor smooth 
muscle, ATP-dependent K+ (KATP) channels 
appear to have important roles in membrane 
repolarisation rather than BK and SK channels as 
is the case in bladder dome detrusor [46].

The greater contractile spontaneity and excit-
ability of the trigone and its functional separa-
tion from the bladder dome implies that 
spontaneous contractions may serve separate 
purposes. During bladder filling, maintained 
tonus by the trigone could contribute to the resis-
tance offered by the internal sphincter. 

Micromotions in the dome of the bladder, which 
help to keep bladder shape and offer a low tonus, 
would also not propagate to the trigone as this 
region of the bladder is fairly rigidly fixed to the 
bladder base. Thus, the different functions of the 
two regions of the bladder are reflected in the 
separate processes that generate and propagate 
spontaneous activity.

5.12  Changes to Spontaneous 
Activity in Development 
and Ageing

Spontaneous contractions develop in the first few 
post-natal weeks in the neonatal bladder, as 
exemplified by studies in rats and pigs [11, 110–
112]. These are greater in amplitude and less fre-
quent than in the adult bladder, reminiscent of the 
pattern observed in adult animals with spinal 
cord injury, an example of pathophysiology reca-
pitulating ontogeny. In the rat, where much work 
has been done, large bladder contractions may be 
evoked by mechanical stimulation of the 
perineum and help to empty the bladder, exem-
plified by maternal grooming of pups. This indi-
cates the activity of local spinal reflexes when 
supraspinal pathways are not yet fully developed 
[113]. Their suppression upon establishment of 
supraspinal control is supported by the fact that 
GABA antagonists increase the amplitude of 
spontaneous contractions in developing animals 
[114]. Because they have been observed in iso-
lated preparations and intact bladders it is pro-
posed that they result from intrinsic processes in 
the bladder wall. Such activity is enhanced by 
low concentrations of muscarinic receptor ago-
nists that initiate excitatory signals that originate 
in the lamina propria and propagate to the detru-
sor layer [11, 114], potentially mediated by acti-
vation of detrusor T-type Ca2+ channels [115]. 
However, the cellular pathways whereby large, 
infrequent spontaneous contractions in the neo-
natal bladder change to smaller more frequent 
ones in the adult bladder remain to be elucidated 
and have important implications to understand 
the origin of large contractions in the neurogenic 
bladder.
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An increase of spontaneous activity is also 
recorded in ageing rats [111, 116] but not mice 
[117]. However, the pattern is different from that 
observed in neonatal bladders, consisting of 
numerous, short-duration events that might imply 
a different origin. A uniform description of alter-
ation to bladder function with ageing is difficult 
to describe, as a variety of changes have been 
observed that may depend on the extent of age-
ing, as well as the experimental model. However, 
a number of changes to purinergic and choliner-
gic signalling systems have been reported in 
human and animal models. In particular, there is 
an increased dependence on purinergic signalling 
during nerve-mediated voiding responses and 
urothelial transmitter release during filling [117–
119]. However, cholinergic signalling changes 
with age are more variable with a reported 
decrease [117] or increase [118, 120] of non- 
neuronal ACh release during filling or supporting 
nerve-mediated contractions. In view of the asso-
ciation of purinergic signalling with spontaneous 
activity, or overactive bladder in human detrusor, 
such a linkage may contribute to increased activ-
ity with ageing.

An increase of bladder afferent firing and 
spontaneous contractions accompanies bladder 
filling, a phenomenon augmented by administra-
tion of P2X receptor agonists or irritants such as 
cyclophosphamide into the bladder lumen [121]. 
The induction of spontaneous contractions by 
raised afferent firing could involve spinal or 
supraspinal reflexes. A decrease of bladder com-
pliance would therefore be expected to increase 
bladder afferent firing and hence increase sponta-
neous activity. Ageing is associated with a spec-
trum of changes to bladder compliance with 
reports of it being decreased [122], increased 
[123] or unchanged [116]. This will reflect vari-
ous changes that may impact on determining 
bladder compliance, ranging from altered central 
or peripheral nervous control that determines 
detrusor tone during filling [124, 125], or deposi-
tion of excess collagen [126] that would reduce 
bladder compliance. Overall, a number of factors 
determine how ageing impacts on the biome-
chanical properties of the bladder during filling, 
so that there is no single way spontaneous activ-

ity may be impacted (see also Sect. 5.14). An 
additional confounding factor when studying 
how ageing may impact on any biological func-
tion is the range of actual ages that are used for 
animal models. The life expectancy of a mouse is 
2–3 years and for a rat up to 5 years [127], so that 
many animal models of ageing to date merely 
reflect middle-aged rather than the aged human 
for comparison.

5.13  External Influences 
on the Bladder 
and Spontaneous Activity

The urinary bladder, due its position immedi-
ately above the pelvic floor, is especially prone 
to external influences that affect its function, 
particularly in the exacerbation of spontane-
ous activity and the development of detrusor 
overactivity. For example, the bladder is prone 
to irritation by exposure to urinary tract infec-
tions or noxious agents, as well as damage 
from irradiation to treat pelvic organ malig-
nancies which may affect spontaneous activity. 
Cyclophosphamide or acetic acid are examples 
of noxious agents often used experimentally to 
induce bladder pain and inflammation, as well 
as generate increased spontaneous activity [121, 
128]. Cyclophosphamide is a cytotoxic drug with 
a major side effect of haemorrhagic cystitis medi-
ated importantly through its metabolite acrolein 
[129]. Acrolein itself has multiple effects includ-
ing urothelial damage through generation of reac-
tive oxygen species and exposure of the deeper 
bladder layers to urine [130]. Acetic acid will 
also reduce urothelial permeability with similar 
consequences [131]. In consequence, cyclophos-
phamide or acetic acid infusion into the bladder 
lumen increases ATP release [132, 133], as well 
as inducing an overactive bladder as measured 
by cytometry [132]. Cyclophosphamide- induced 
detrusor overactivity may be reduced by blocking 
urothelium receptors to prokineticin 2, a chemo-
kine-like peptide implicated in the development 
of inflammatory and pain responses in the blad-
der [128]. The important role of the mucosa has 
also been implicated in radiation- induced cystitis 
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and its regulation of bladder contractions [54]. 
Radiation-treatment increased detrusor contrac-
tion after application of contractile agonists such 
as carbachol; however, this was not observed in 
mucosal-intact preparations. Radiation cystitis 
is also associated with increased fibrosis in the 
bladder wall, a consequent decrease of compli-
ance and development of spontaneous non-void-
ing contractions with urinary leakage. Resolution 
of the fibrosis by post-irradiation treatment with 
the hormone relaxin in rat bladder not only nor-
malised the fibrosis but reversed the decrease 
of compliance and development of spontaneous 
non-voiding contractions [134]. Various noxious 
interventions will impact differently on blad-
der function, one of the final common pathways 
being the development of spontaneous contrac-
tions, but potentially by different processes. 
Thus, it is important to characterise the funda-
mental pathways altered by different interven-
tions to able to ameliorate the consequences to 
lower urinary tract  function  by these different 
processes.

5.14  The Clinical Consequences 
of Bladder Spontaneous 
Activity in Health 
and Disease

Spontaneous contractile activity is a fundamen-
tal feature of bladder function and is reflected in 
recordings from the intact bladder to isolated 
myocytes. It occurs not just in the smooth mus-
cle layer but also in the lamina propria. The 
physiological functions are postulated to add a 
resting tone to the bladder wall to enable the 
bladder itself to efficiently raise detrusor pres-
sure during initiation of voiding and also to 
affect the gain of signal transduction to afferent 
nerve activation during bladder filling. Two 
pathological states may reflect a failure of this 
basic system: (i) bladder underactivity, when the 
increase of detrusor pressure is insufficient to 
completely void the contents of the bladder and 
(ii) detrusor overactivity when large, uncontrol-
lable contractions during modest bladder filling 
leads to sensations of urgency and sometimes 

incontinence. However, whether changes to the 
processes generating normal spontaneous con-
tractions results in pathological states remains to 
be answered.

Detrusor underactivity (DU) is a relatively 
new term to describe poor voiding performance 
and various publications have attempted to define 
a clinical picture [135, 136]. However, the clini-
cal criteria used to define DU are currently 
empirical and do little to identify fundamental 
causes of the symptom complex. There is no evi-
dence that DU results from contractile failure of 
detrusor muscle [74], but more likely is due to a 
replacement of muscle with extracellular matrix. 
This has relevance to the role of spontaneous 
activity in symptoms associated with DU. If the 
extracellular matrix is predominantly of collagen 
the bladder wall will be stiffer and hence a spon-
taneous contraction will transmit more energy to 
afferent transducing mechanisms and so increase 
a sense of urgency without a powerful contrac-
tion [137]. If the extracellular matrix is composed 
more of a gel-like ground substance of glycos-
aminoglycans and glycoproteins, then bladder 
compliance will increase, and transmission of 
forces depressed [138]. Both states have been 
reported in failing bladders [139] and the path-
ways that lead from one state or another have yet 
to be determined.

Detrusor overactivity has been better described 
(Fig. 5.2a) and occurs during filling. Again, the 
precise aetiology is unknown and several theories 
have been advanced, which need not be mutually 
exclusive: altered central control of the normal 
voiding reflex [140]; a myogenic hypothesis of 
increased detrusor excitability and spontaneous 
activity [74, 141]; enhanced spinal reflexes; 
greater urotheliogenic interaction within and 
between lamina propria and detrusor, for exam-
ple from enhanced stretch-activated ATP release 
and enhanced spontaneous activity [89].

The uncertainty in characterising, by funda-
mental research, the extremely common condi-
tion of DO, and the recent description of DU, 
underlies the continuing need to interweave 
investigative and clinical research to explain how 
normal spontaneous activity can manifest itself 
as pathological entities.
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Abstract
The urethra is a muscular tube that extends 
from the bladder neck and is composed of an 
inner layer of smooth muscle referred to as the 
internal urethral sphincter and an outer layer 
of striated muscle which forms the external 
urethral sphincter. The smooth muscle layer 
can be separated into an inner layer of longitu-
dinally orientated smooth muscle and an outer, 
relatively thinner, layer of circular muscle. 
Tonic contraction of both the smooth and stri-
ated muscle components of the urethra gener-
ates a urethral closure pressure which exceeds 
intravesical pressure in the bladder to main-
tain urinary continence. It is likely that con-
traction of urethral smooth muscle is involved 
in the long-term maintenance of tone, since it 
can achieve this at relatively low energy cost, 
whereas the striated muscle contributes more 
to the rise in urethral tone that accompanies 
increases in bladder pressure secondary to 
coughing or other sudden increases in intra- 
abdominal pressure. The level of urethral 
smooth muscle tone is regulated by several 

autonomic neurotransmitters, including nor-
adrenaline, acetylcholine, ATP and nitric 
oxide. However, it is also clear that urethral 
smooth muscle is capable of generating sig-
nificant tone in the absence of neural input. In 
this chapter we will discuss the mechanisms 
responsible for contraction of urethral smooth 
muscle, with specific focus on the role of ion 
channels and Ca2+ handling proteins to this 
process. The mechanisms underlying sponta-
neous activity in urethral interstitial 
cells  (UICs), putative pacemaker cells of the 
urethra, will also be examined along with the 
modulation of these mechanisms by key excit-
atory and inhibitory neurotransmitters.

Keywords
Urethra · Smooth muscle · Pacemaker · 
Interstitial cells of Cajal · Calcium waves · 
STICs · STDs

6.1  Introduction

Urinary continence is maintained by the con-
certed actions of the bladder, urethra, pelvic floor 
muscles, and surrounding connective tissues. The 
bladder and urethra work as a functional recipro-
cal unit under normal conditions, such that dur-
ing the storage phase, the detrusor muscle of the 
bladder remains relaxed while the urethra is 
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 contracted to allow gradual filling of the bladder 
with urine and prevent leakage. In contrast, dur-
ing voiding, the urethra relaxes and the detrusor 
 contracts to facilitate emptying of the bladder [1, 
2]. Therefore, the primary functions of the ure-
thra are to (1) maintain urinary continence by 
generating a closure pressure that exceeds intra-
vesical pressure and (2) facilitate voiding of urine 
at micturition. The urethra is composed of an 
inner layer of smooth muscle referred to as the 
internal urethral sphincter and an outer layer of 
striated muscle which forms the external urethral 
sphincter. Both muscle layers function together 
as a sphincter complex, albeit with distinct roles. 
The striated muscle is thought to be important in 
resisting rapid increases in abdominal pressure 
that occur during coughing or laughing. In con-
trast, contraction of the smooth muscle layer is 
important for generating and maintaining suffi-
cient urethral closure pressure during bladder fill-
ing to prevent leakage [1, 3, 4]. Indeed, Jankowski 
et al. concluded that ‘urethral smooth muscle, in 
comparison with striated muscle, is capable of 
imparting a greater influence on the long-term 
functional responses of the urethra’ [5].

Stress urinary incontinence (SUI) arises when 
intravesical pressure exceeds urethral pressure, in 
response to sudden increases of intra-abdominal 
pressure and is common in women after vaginal 
delivery child birth [6]. Traditionally, this was 
primarily viewed as being due to loss of urethral 
support, referred to as urethral hypermobility. 
However, it has been reported that SUI in women 
was more likely to be associated with a reduction 
in urethral resistance, rather than anatomical 
changes in urethral support [7, 8]. There is also 
evidence that this may arise through an effect on 
urethral smooth muscle, as Prantil et al. showed 
that in a rat model of acute SUI, induced by simu-
lated birth trauma, there was reduced urethral 
smooth muscle tone, indicating that ‘the basal 
smooth muscle tone acts as a prime coordinator 
to the continual maintenance of continence’ [9]. 
Urethral closure pressure also declines with age 
[10, 11], and this is correlated with a decrease in 
the density of circular smooth muscle in the ure-
thra [12]. Therefore, it is clear that urethral 
smooth muscle tone makes an important contri-

bution to urinary continence and its dysfunction 
is associated with urinary incontinence.

The smooth muscle of the urethra can be sepa-
rated into two layers consisting of an internal lon-
gitudinally orientated layer and an outer, relatively 
thin, circular muscle layer. While it is clear that 
contraction of circularly orientated smooth muscle 
could maintain continence by occluding the lumen 
of the urethra, the precise role of the longitudinal 
layer is still unclear [1]. Urethral smooth muscle 
(USM) generates spontaneous tone [13], which 
can be modulated by several autonomic neu-
rotransmitters including nitric oxide [14, 15], nor-
adrenaline [16, 17], adenosine triphosphate 
[18–21] and acetylcholine [14, 22–24]. Although 
there are many unanswered questions regarding 
the mechanisms that underlie urethral tone, a 
clearer picture of the cellular mechanisms that 
contribute to spontaneous activity in USM is 
beginning to emerge. It is now recognised that sev-
eral cell types within the smooth muscle layer of 
the urethra are spontaneously active, including 
smooth muscle cells and a population of cells, 
namely urethral interstitial cells (UICs). UICs are 
also referred to variously as interstitial cells [25], 
interstitial cells of Cajal (ICC, by analogy with 
similar cells that have been well described in the 
gastrointestinal tract [26]), ICC-like cells [27], and 
Cajal-like interstitial cells [28]. In this chapter we 
will describe the mechanisms proposed to underlie 
spontaneous activity in USM and examine how it 
is modulated by autonomic neurotransmitters.

6.2  Spontaneous Activity 
in Urethral Smooth Muscle

In comparison with the detrusor and gastrointesti-
nal tract, studies on smooth muscle from the ure-
thra are relatively sparse. The lack of research on 
this tissue has been attributed to the small size of 
the urethra in rats, guinea-pigs and mice [29], but 
it may also reflect an historical underestimation of 
the functional importance of urethral smooth 
muscle in maintaining continence. Nevertheless, 
early intracellular microelectrode recordings by 
Callahan and Creed on strips of guinea-pig USM, 
found that it generated spontaneous electrical 
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activity which consisted of ‘bursts of spikes’ 
(once every 1–7 min) separated by quiescent peri-
ods [30]. There were 20–30 spikes observed 
within these bursts, which lasted for 7–10 s. The 
mean resting membrane potential in the quiescent 
periods was −42 mV. An interesting observation 
from this study was that the electrical activity in 
the USM was poorly coordinated and that there 
was ‘limited spread of activity’. For example, ‘if 
an electrode was withdrawn from one cell and 
inserted into another, less than 1 mm away, it was 
frequently found that the patterns of activity were 
out of phase’. They also reported that, in contrast 
to observations in the detrusor, it was not possible 
to record spikes evoked by extracellular current 
pulses in USM. They suggested that the limited 
spread of activity ‘probably prevents generalised, 
synchronous contraction’. Later studies by 
Callahan and Creed [31] on rabbit USM found 
that spontaneous electrical activity consisted of 
regular, single or (occasionally) compound spikes 
occurring at a frequency of 9–30  per min [31]. 
They also subsequently reported that rabbit USM 
developed action potentials and spontaneous 
depolarisations of ~16 mV in amplitude [24].

A seminal study by Hashitani et  al. further 
elucidated the mechanisms underlying spontane-
ous electrical activity in the urethra [32]. They 
made intracellular microelectrode recordings 
from the circular smooth muscle layer of rabbit 
urethra and found that it produced large, regu-
larly occurring depolarisations, termed slow 
waves (SWs) as well as smaller, irregularly 
occurring events, termed spontaneous transient 
depolarisations (STDs) (Fig. 6.1). Both SWs and 

STDs were resistant to atropine, phentolamine, 
guanethidine and tetrodotoxin, indicating that 
they were not of neural origin. The L-type Ca2+ 
channel antagonist, nifedipine failed to block 
these events, however, they were inhibited by 
reducing external [Cl−] and by application of the 
Ca2+-activated chloride channel (CACC) block-
ers niflumic acid and DIDS, suggesting an 
involvement of CACCs in their generation. 
Hashitani et al. also found that SWs and STDs 
were inhibited by the SERCA (sarcoplasmic/
endoplasmic reticulum Ca2+ ATPase) inhibitor, 
cyclopiazonic acid (CPA) as well as caffeine, 
indicating that Ca2+ released from intracellular 
stores was required for the generation of sponta-
neous electrical activity. These data indicated 
that the spontaneous electrical activity in USM 
was mediated by release of Ca2+ from intracel-
lular stores which activated CACCs. Similar 
findings were also reported for guinea-pig USM, 
whereby STDs and slow waves were also abol-
ished by niflumic acid, low chloride solution, 
CPA and caffeine [33].

The finding that tonic contraction of USM was 
associated with phasic electrical activity was not 
intuitive and was somewhat at odds with the pre-
vailing view that spontaneous myogenic tone 
depended on continuous entry of calcium through 
L-type Ca2+ channels [13]. However, given the 
poor coupling of electrical activity observed in 
the urethra [30], it is possible that asynchronous 
electrical events and their associated contrac-
tions, sum to form an overall tonic contraction. 
This idea was explored in more detail in imaging 
studies of intact USM strips [27, 34].
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Fig. 6.1 Slow waves 
(SWs) and spontaneous 
transient depolarisations 
(STDs) recorded from the 
rabbit urethra. (a, b) 
Records from the same cell 
on different time scales. 
Adapted from [32]

6 Spontaneous Activity in Urethral Smooth Muscle



152

Hashitani and Suzuki examined the properties 
of spontaneous Ca2+ transients recorded from 
both smooth muscle and interstitial cells of the 
rabbit urethra in situ [27]. The topic of interstitial 
cells in USM will be addressed later in this chap-
ter but, for now, we will focus on spontaneous 
activity that has been recorded in urethral smooth 
muscle cells (USMCs). They reported that SMC 
in the rabbit urethra, loaded with fluorescent Ca2+ 
indicator, fluo-4 AM, generated spontaneous Ca2+ 
transients at a frequency of ~11 per min. These 
events occurred either as ‘non-propagated Ca2+ 
transients or intercellular Ca2+ waves within a 
muscle bundle’. However, in contrast to intercel-
lular Ca2+ waves observed in detrusor smooth 
muscle bundles of the guinea-pig bladder [35], 
the Ca2+ waves originating from a single site in 
USM often failed to spread across muscle bun-
dles. When changes in muscle tension were mea-
sured simultaneously with intracellular [Ca2+] it 
was found that ‘there was no correlation between 
muscle contractions and Ca2+ transients in any 
particular muscle bundle within the preparations, 
presumably arising from a low synchronicity 
between bundles’ [27].

Drumm et al. investigated this matter further 
by examining Ca2+ transients in USM strips dis-
sected from SmMHC-Cre-GCaMP3 mice, which 
have a genetically encoded Ca2+ sensor, GCaMP3, 
selectively expressed in SMCs [34]. This study 
revealed that USMCs within smooth muscle bun-
dles fired spontaneous intracellular Ca2+ tran-
sients. However, while distinct Ca2+ events could 
be imaged within individual USMC there was no 
evidence of intercellular propagation of Ca2+ 
events within USM bundles. Indeed, spontaneous 
Ca2+ events that occurred in adjacent SMCs were 
not synchronised and appeared to be independent 
of the activity occurring in their neighbouring 
cell. Furthermore, it was also apparent that the 
firing of intracellular Ca2+ waves in USMCs was 
associated with small contractions of individual 
USMC in muscle bundles. These contractions, 
like the intracellular Ca2+ waves, occurred asyn-
chronously and failed to spread cell-to-cell across 
the muscle bundles.

Therefore, electrical and imaging studies of 
intact USM strips indicate that USM develops 

spontaneous depolarisations and Ca2+ transients, 
respectively, but that these events are poorly cou-
pled, resulting in asynchronous contractions 
across the tissue that sum to give an overall tonic 
contraction. The cellular mechanisms underlying 
the spontaneous activity described above are dis-
cussed below.

6.3  Spontaneous Activity 
in Isolated Urethral Smooth 
Muscle Cells

Ca2+ waves recorded from rabbit USM, in situ, 
appear to rely on a combination of Ca2+ release 
from stores and Ca2+ influx via L-type Ca2+ chan-
nels, since they were inhibited by the SERCA 
inhibitor, CPA, the ryanodine receptor (RyR) 
antagonist, ryanodine, the inositol trisphophate 
receptor (IP3R) inhibitor, 2-APB and the L-type 
Ca2+ channel antagonist nifedipine [27]. The 
involvement of L-type Ca2+ channels was consis-
tent with other reports showing that nifedipine 
inhibited spontaneous action potentials and 
spikes superimposed on slow spontaneous depo-
larisations in rabbit USM [36, 37] and that appli-
cation of 60  mM [K+]o solution evoked robust 
Ca2+ transients and contractions in isolated rabbit 
USMCs [38]. Ca2+ waves in intact murine USM 
strips were also inhibited by Ca2+ store release 
modulators, including the SERCA inhibitor, 
thapsigargin, the RyR antagonist, tetracaine and 
the IP3R inhibitor, xestospongin C [34]. 
Surprisingly however, Ca2+ waves in murine 
USMCs were resistant to the L-type Ca2+ channel 
modulators nifedipine, nicardipine, isradipine 
and FPL, but were abolished by Ca2+-free bathing 
media, the store operated Ca2+ entry channel 
(SOCE) blocker SKF 96365 and the Orai channel 
antagonist, GSK-7975A [34]. Therefore, it 
appears that, in contrast to rabbit USMCs, Ca2+ 
waves in murine USMCs are not reliant on Ca2+ 
influx via L-type Ca2+ channels.

To date, only a few labs have made patch 
clamp recordings from freshly isolated USMCs. 
One of the main contributors to this field was 
Teramoto and colleagues in Alison Brading’s Lab 
in Oxford. They systematically characterised 
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K+
ATP channels in USM and showed that these 

channels have an important functional role in 
regulating membrane potential and relaxation of 
this tissue [39, 40]. The nature and molecular 
identity of K+

ATP channels in USM has been com-
prehensively reviewed elsewhere [29, 41] and 
therefore will not be recapitulated here.

The intracellular microelectrode recordings by 
Hashitani et  al. indicated that STDs and slow 
waves recorded from intact rabbit USM strips 
arose from activation of CACCs [32]. The first 
study to examine CACC currents (IClCa) in isolated 
USMCs was by Cotton et al. [42]. Using the per-
forated patch configuration of the whole cell volt-
age clamp technique, they found that freshly 
isolated SMC from the sheep urethra exhibited 
robust IClCa. Furthermore, they found that a pro-
portion of these cells were spontaneously active, 
developing STDs and action potentials under cur-
rent clamp that were sensitive to the CACC inhib-
itor anthracene-9-carboxylic acid (A-9-C, 

Fig. 6.2). These findings led the authors to pro-
pose that CACC in sheep USMCs may function 
as a pacemaker current. Later investigation of 
these cells found that ~10% of sheep USMCs 
developed spontaneous transient inward currents 
(STICs) when maintained at −60 mV [43]. These 
events were inhibited by the CACC blockers 
niflumic acid and A-9-C, and reversed near ECl, 
confirming the importance of CACCs to sponta-
neous activity in USM. STICs in sheep USMCs 
were also inhibited by ryanodine and caffeine 
suggesting that Ca2+ release from intracellular 
stores was important for activation of these events. 
Sancho et al. found that Anoctamin 1 (Ano1), also 
referred to as TMEM16A, and now recognised as 
the molecular correlate of CACCs [44–46], was 
expressed in the smooth muscle layer of the sheep 
urethra, consistent with idea that Ano1 encoded 
CACCs in sheep USMCs [47]. This study also 
reported Ano1 expression in USM of rats and 
mice, although Huang et al. (2009) failed to detect 
Ano1 in murine USM [48]. Precise reasons for the 
divergent findings in these studies is unclear, 
although differences in antibody specificity and 
experimental protocols have been suggested [47].

In order to further explore the cellular basis of 
the spontaneous activity described by Hashitani 
et al., in the rabbit urethra, Sergeant et al. under-
took a patch clamp investigation to determine the 
properties of SMC freshly isolated from the rab-
bit urethra [25, 32]. Surprisingly however, despite 
having robust L-type Ca2+ currents, evidence for 
IClCa in these cells was weak. The large slowly 
developing inward currents and tail currents, typ-
ical of IClCa, that were evident in sheep USMCs, 
were not readily resolvable in rabbit USMCs. 
Current-voltage (IV) data averaged from 21 
SMCs demonstrated that these cells had only 
small, sustained, inward currents at −30 mV and 
which reversed close to ECl. Furthermore, only 
~3% of the rabbit SMC developed spontaneous 
electrical activity, even though they could respond 
to depolarising current injection (40 ms) by pro-
ducing action potentials [25]. A later study by 
Hollywood et  al. examined inward currents in 
SMCs isolated from the human proximal urethra 
using the whole cell patch clamp technique, and 
while L and T-type Ca2+ currents were reported, 
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Fig. 6.2 Effect of A-9-C on spontaneous electrical activ-
ity in sheep urethral SMC. (a) Top panel, shows record-
ings made in current clamp using a Cs+-filled pipette 
before addition of A-9-C (1 mM). The top two traces are a 
continuous recording. (b) events marked by * in a are 
compared on an expanded time scale, showing blockade 
of the action potential and reduced amplitude of the 
STD. Adapted from [42]
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there was no evidence of IClCa [49]. However, this 
subject warrants further investigation, using the 
perforated patch configuration of the whole cell 
patch clamp technique to optimise the conditions 
required to detect IClCa. Therefore, at the present 
time, there is still a lack of consensus regarding 
the contribution of CACCs in USMCs to sponta-
neous activity in intact USM strips. However, an 
interesting observation by Sergeant et al. was that 
although the evidence for IClCa in rabbit USMCs 
was weak, there was another cell type, termed 
‘interstitial cells’ (referred to in this review as 
urethral interstitial cells, UICs) which had 
a robust IClCa and were spontaneously active [25].

6.4  Spontaneous Activity 
in Urethral Interstitial Cells

The first evidence that the urethra may contain a 
novel population of interstitial cells came from a 
study by Smet et al., which described a popula-
tion of interstitial cells in human urethra prepara-
tions that were immuno-positive for vimentin and 
cGMP and bore a striking resemblance to the 
ICC described in the GI tract [50]. Smet et  al. 
suggested that the UIC could be the targets for 
neuronally released nitric oxide and, by analogy, 
act in similar fashion to ICC in the GI tract which 
are also known to serve as mediators of neuro-
transmission [51–54]. However, Smet et  al. did 
not propose a role for these cells in the generation 
of spontaneous electrical activity in 
USM. Interestingly however, Hashitani et al. did 
allude to the possibility that ICC could be 
involved in the development of SWs in USM by 
noting that interstitial cells of Cajal were manda-
tory for the development of SWs, in large tissues 
of the GI tract, but that such cells had not been 
discovered in USM [32].

Enzymatic dispersal of rabbit USM not only 
yielded SMCs, as noted above, but also a small 
population of branched, non-contractile cells that 
were darker and thinner than the SMCs [25], and 
were similar in appearance to freshly isolated 
ICC from the canine proximal colon [55]. These 
cells were immuno-positive for the intermediate 
filament vimentin and possessed several ultra-

structural characteristics of GI ICC, including an 
incomplete basal lamina, abundant caveolae, 
abundant mitochondria, a well-developed smooth 
endoplasmic reticulum and a sparse rough endo-
plasmic reticulum. More than 80% of UICs were 
spontaneously active, generating STDs under 
current clamp and STICs when voltage clamped 
at −60 mV. These events reversed close to ECl and 
were blocked by the traditional CACC inhibitors, 
niflumic acid and A-9-C [25, 26]. More recently, 
Fedigan et al. [56] demonstrated that STICs and 
STDs in UICs  were also sensitive to the 
TMEM16A channel inhibitors, T16Ainh-A01 and 
CACCinh-A01, indicating that spontaneous elec-
trical activity in UICs is likely to result from acti-
vation of TMEM16A channels (Fig. 6.3). Fedigan 
et al. also showed that the TMEM16A inhibitors 
reduced the level of spontaneous tone and the 
amplitude of nerve-evoked contractions of rabbit 
USM strips, indicative of an important functional 
role for these channels in urethral contraction 
[56].

Spontaneous activity in UIC is also dependent 
on Ca2+ release from intracellular stores as the 
STICs were abolished by the SERCA inhibitor 
CPA and were also sensitive to the RyR inhibitor, 
ryanodine, the phospholipase C (PLC) inhibitor, 
NCDC and the IP3R inhibitor, 2-APB [57]. When 
UIC were held under voltage clamp at ~−30 mV 
and studied with K+-rich pipettes, these cells also 
developed spontaneous transient outward current 
(STOCs). These STOCs could be categorised 
into two broad groups, based on their duration; 
(i) ‘slow’ STOCs (~1 s duration) that were cou-
pled with STICs and (ii) ‘fast’ STOCs (<100 ms 
duration) that occurred independently of slow 
STOCs and STICs. Interestingly, while all events 
were abolished when RyRs were inhibited, only 
the slow STOCs and STICs were sensitive to 
2-APB (Fig. 6.4). This observation led the authors 
to hypothesise that 2-APB-sensitive STICs and 
‘slow’ STOCs arose from global Ca2+ events 
involving IP3Rs, such as propagating Ca2+ waves, 
whereas the fast STOCs arose from RyR- 
dependent, localised Ca2+ events, such as Ca2+ 
sparks [57]. This idea was largely corroborated 
by Johnston et al. who, using a Nipkow spinning 
disc confocal microscope, reported that UIC 
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loaded with Fluo4-AM, exhibited spontaneous 
Ca2+ waves [58]. Simultaneous voltage clamp 
and Ca2+ imaging experiments revealed that 
STICs were associated with Ca2+ waves (Figs. 6.5 
and 6.6). Application of 2-APB abolished STICs, 
but only reduced the spatial spread of Ca2+ waves 
[58]. In contrast, inhibition of RyRs with tetra-
caine, or ryanodine, abolished all spontaneous 
Ca2+ events. These findings prompted the idea 
that propagation of Ca2+ waves, and subsequent 
activation of STICs, required Ca2+ release from 
IP3Rs, but that the initiation of these events was 
dependent on Ca2+ release via RyRs. In this 
model, Ca2+ release from RyRs was proposed as 
the ‘prime oscillator’.

In addition to Ca2+ release from intracellular 
stores, it is clear that spontaneous activity in UIC 
is also dependent on Ca2+ influx across the plasma 
membrane [25, 27, 58]. STDs and spontaneous 
Ca2+ waves in UIC were abolished by removal of 
external Ca2+ and the frequency of Ca2+ waves 
was correlated with the external Ca2+ concentra-
tion ([Ca2+]o) as a reduction in [Ca2+]o from 1.8 to 
0.9 mM decreased Ca2+ wave frequency by ~40%, 
whereas an increase in [Ca2+]o to 3.6  mM 
enhanced their frequency [58]. Similar findings 
were reported for UIC in situ [27]. Figure 6.6 is a 
representative trace showing the effect of Ca2+ 
removal on STICs and spontaneous Ca2+ waves, 
recorded simultaneously, in an isolated UIC. 
However, the mechanisms underlying Ca2+ influx 
in UIC and their interaction with Ca2+ release 
mechanisms has only recently been clarified.

Isolated UIC displayed robust L-type Ca2+ 
 currents in response to step depolarisation [25]; 
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Fig. 6.3 Effect of CACC/TMEM16A inhibitors, 
T16Ainh-A01 and CACCinh-A01, on STICs (a, c, respec-
tively) and STDs (b, d, respectively) recorded from 
freshly isolated rabbit UICs. Adapted from [56]
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Fig. 6.4 The IP3R 
inhibitor 2APB (100 μM) 
inhibits STICs and ‘slow’ 
STOCs, but not ‘fast’ 
STOCs in freshly isolated 
rabbit UIC voltage 
clamped at −30 mV. 
Adapted from [57]
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however, STICs recorded at −60 mV in the same 
cell type were resistant to L-type Ca2+ channel 
blockade with nifedipine [57] or D-cis diltiazem 
[59], demonstrating that spontaneous activity in 
rabbit UICs is not reliant on Ca2+ influx via L-type 
Ca2+ channels. Similarly, spontaneous Ca2+ waves 
in non-voltage-clamped UICs were also unaf-
fected by nifedipine [27, 58], consistent with this 
idea. Johnston et  al. also noted that although 
spontaneous Ca2+ waves were abolished in Ca2+-
free media, caffeine-induced Ca2+ transients 
remained intact, suggesting that the abolition of 
spontaneous activity by removal of external Ca2+, 
was not a function of Ca2+ store depletion. 
Consistent with this idea were the findings of 
Bradley et  al. who found that although UICs 
exhibited a robust capacitative Ca2+ entry signal 
upon Ca2+ store depletion, blockers of this path-

way, including Gd3+ (10 μM) and La3+ (10 μM), 
did not abolish spontaneous activity [60].

It now appears that one of the key Ca2+ influx 
pathways that drives spontaneous activity in 
UICs is via reverse mode-sodium calcium 
exchange (NCX). The selective reverse NCX 
inhibitors KB-R7943 and SEA0400 [61–64] sig-
nificantly reduced both the frequency of Ca2+ 
oscillations and STICs in isolated rabbit UICs, 
and the level of spontaneous tone in intact USM 
strips [65]. Furthermore, a reduction in extracel-
lular Na+ levels (to promote reverse mode NCX) 
increased the frequency of Ca2+ waves in UICs. 
Drumm et al. [66] investigated this issue further 
by examining the effect of the NCX inhibitors, as 
well as application of Ca2+-free solution, on Ca2+ 
waves recorded using faster acquisition rates 
(50–97 FPS) than those employed in earlier stud-
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Fig. 6.5 STICs in freshly isolated rabbit UICs are associ-
ated with spontaneous Ca2+ waves. (a.i, a.ii) Show a 
pseudo linescan image and corresponding intensity profile 
plot, of spontaneous Ca2+ waves in a rabbit UIC loaded 
with fluo4-AM. (b), is a simultaneous voltage clamp 

recording at −60 mV, showing that STICs are associated 
with the spontaneous Ca2+ waves. (c) Shows the Ca2+ wave 
and STIC depicted in the highlighted area in a.i, a.ii and b 
on an expanded time scale
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ies [58, 65]. In contrast to these studies, Drumm 
et  al. [66] found that application of Ca2+-free 
solution, KB-R7943 and SEA0400 (Fig.  6.7) 
abolished propagating Ca2+ waves, but unmasked 
brief, localised Ca2+ sparks that were not detected 
in the earlier studies [58, 65]. These effects were 
very similar to those induced by blockade of 
IP3Rs with 2-APB (Fig. 6.7) suggesting that the 
role of Ca2+ influx via reverse NCX was to sensi-
tise IP3Rs to Ca2+, which allows localised Ca2+ 
release events from RyRs to be converted into 
propagating Ca2+ waves.

Another Ca2+ influx pathway that has been 
proposed to regulate spontaneous activity in 
UICs is via cyclic nucleotide-gated (CNG) chan-
nels [59]. CNG channels are permeable to Na+ 
and Ca2+ and their activation can induce local 
changes in cytosolic Ca2+ levels in response to a 

rise in cAMP or cGMP. CNGA1 and CNGB1 sub-
units, which form functional CNGA1, or rod 
retinal- like CNG channels, were strongly 
expressed in a subpopulation of vimentin- positive 
ICC of the rat urethra, whereas only weak and 
diffuse CNG1A-immunoreactivity was evident in 
rat USMCs [67]. Furthermore, inhibition of CNG 
channels, with L-cis diltiazem, reduced the fre-
quency of STICs and Ca2+ waves in rabbit UIC 
[59], however, the precise contribution of CNG 
channels to spontaneous activity in UIC is still 
unclear and requires further investigation.

Ward et al. suggested that mitochondrial Ca2+ 
handling may regulate the frequency of pace-
maker activity in GI muscles [68]. This was based 
on the observations that inhibition of the electro-
chemical gradient across the inner mitochondrial 
membrane with the mitochondrial uncouplers 
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FCCP and CCCP or the respiratory chain (com-
plex III) inhibitor antimycin, inhibited pacemaker 
currents in cultured ICC and blocked slow wave 
activity in intact GI muscles from mouse, dog 
and guinea-pig. Sergeant et  al. reported similar 

findings on Ca2+ waves and STICs recorded from 
freshly isolated rabbit UICs [69] and Hashitani 
et al. also reported that CCCP could inhibit spon-
taneous Ca2+ waves in rabbit UICs [70]. These 
data indicated that spontaneous activity in UICs 
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may also be dependent on Ca2+ handling by mito-
chondria, as well as on Ca2+ release from the 
 sarcoplasmic reticulum and Ca2+ influx across the 
plasma membrane. However, a recent study 
showed that antimycin blocked TMEM16A cur-
rents and that CCCP inhibited CaV3.2 currents 
[71]. Therefore, firm conclusions on the role of 
mitochondrial Ca2+ handling, based on use of 
these agents, should be treated with caution and 
further investigation is required to determine the 
contribution of mitochondrial Ca2+ handling to 
spontaneous activity in UIC.

Overall, it is clear that the smooth muscle 
layer of the rabbit urethra possesses a population 
of interstitial cells (UICs), which resemble ICC 
pacemaker cells in the GI tract, and which exhibit 
a pattern of spontaneous activity that is similar in 
nature to that recorded from intact strips of rabbit 
USM [25, 26, 72]. These observations prompted 
suggestions that UIC may function as pacemaker 
cells in the urethra. However, this hypothesis still 
requires further investigation. To date, there has 
only been one study that has simultaneously 
measured spontaneous activity in UICs and 
smooth muscle cells in USM.  Hashitani and 
Suzuki were able to record Ca2+ transients in 
UICs and USMCs in tissue strips loaded with 
Fluo4-AM [27]. They found that Ca2+ transients 
recorded from rabbit UICs in situ were similar in 
nature to those recorded in isolated UICs [58]. 
Thus, they were abolished by application of CPA, 
ryanodine, caffeine and 2-APB and by removal 
of extracellular Ca2+, but were resistant to appli-
cation of nifedipine. On some occasions (21 
preparations) spontaneous Ca2+ transients in 
USMCs were observed simultaneously with 
those of UICs within a field of view. Interestingly, 
in five of these preparations, UICs and USMCs 
generated synchronous Ca2+ transients with close 
temporal correlation between the signals in the 
two cell types, indicative of a degree of synchron-
icity between these cells (Fig. 6.8). In the remain-
ing 16 preparations, USMCs generated Ca2+ 
transients independently from UICs, albeit at a 
lower frequency than those in the UICs. In con-
trast, when pairs of UICs were visualised in the 
same field of view, synchronous Ca2+ transients 
were observed in 17 out of 22 preparations, indic-

ative a high degree of coupling between UICs. 
These authors concluded that ‘UICs may act as a 
primary pacemaker in generating spontaneous 
contractions of USM. However, signal transmis-
sion from UICs to USMCs may be much less 
extensive than that between ICC and smooth 
muscle cells in the GI tract, and thus electrical 
pacemaking signals generated by UICs may be 
less securely transmitted’ to smooth muscles’ 
[27]. Thornbury et  al. reached similar conclu-
sions, noting that ‘there are multiple pacemakers 
within the urethra, but unlike the GI tract, these 
are not well networked’ [73]. Therefore, it is 
apparent that both USMCs and UICs are capable 
of generating spontaneous activity but, in the rab-
bit urethra, at least, it appears that spontaneous 
activity originating from UICs is dominant and 
forms the basis of pacemaker in the intact tissue. 
Definitive determination of UIC function in the 
future will be dependent upon determining the 
identity of these cells by the presence of selective 
markers and examining tissue function when 
these cells are lesioned.

6.5  Modulation of Spontaneous 
Activity in UIC by Autonomic 
Neurotransmitters

6.5.1  Nitric Oxide

The principal inhibitory neurotransmitter in the 
urethra is Nitric Oxide (NO [14, 15]). NO is 
thought to exert its effects by activating the 
cGMP/protein kinase G (PKG) pathway, since 
electrical field stimulation (EFS) of inhibitory 
nerves or exogenous application of NO can ele-
vate cGMP levels in this tissue [74–76], and neu-
rogenic urethral relaxations are significantly 
attenuated in mice lacking cGMP-dependent pro-
tein kinase G1 [77]. The NO donor, sodium nitro-
prusside (SNP), reduced the frequency of slow 
waves in rabbit USM [32] indicating that NO 
exerts its inhibitory effects in USM by inhibiting 
spontaneous activity. There is evidence that spon-
taneous activity in both UICs and USMCs is 
affected by NO, however, the degree to which 
these effects account for neurogenic relaxations 
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of USM is still under debate. Application of the 
NO donor, DEA-NONOate, dramatically reduced 
the frequency of Ca2+ transients in USMCs, in 
situ [34] and relaxations induced by DEA- 
NONOate were absent in smooth muscle guany-
lyl cyclase knockout (SM-GCKO) mice USM 
[78]. These findings prompted the authors to con-
clude that ‘NO-GC found in SMCs of the urethral 
sphincter mediates NO-induced relaxation’. 
Unfortunately, this study did not examine nerve- 
mediated NO responses, as responses to exoge-
nous application of agonists and NO donors can 
often be quite different to those induced by stim-
ulation of intrinsic nerves. For example, intra-
muscular ICC (IC-IM) in the murine fundus are 
known to mediate neural responses to NO, but W/
Wv mice, which lack IC-IM can still relax in 
response to the NO-donor SNP [51]. Lies et al. 
also showed that DEA-NONOate-induced relax-
ations were maintained in mice lacking 

NO-guanylyl cyclase (NO-GC) in c-kit-positive 
ICC [78]. Therefore, if UICs are involved in 
mediating NO responses in the murine urethra, 
they are not c-kit positive.

Several lines of evidence indicate that UICs 
could be involved in NO signalling in the urethra. 
Treatment of USM with SNP led to increased 
levels of cGMP fluorescence in interstitial cells 
[50, 79] and stimulation of nitrergic nerves in 
USM, led to increased cGMP production in both 
UICs and SMCs [80]. Rabbit UICs (identified by 
c-kit immunoreactivity) had frequent points of 
contact with neuronal nitric oxide synthase con-
taining nerves, consistent with the idea that they 
play a role in the inhibitory nitrergic neurotrans-
mission of USM [81]. Sergeant et  al. provided 
direct evidence that spontaneous activity in UICs 
was modulated by NO, as STDs, recorded under 
current clamp, and STICs recorded under voltage 
clamp in freshly isolated rabbit UICs were 
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 inhibited by the NO donor, DEA-NO, the soluble 
guanylate cyclase activator, YC-1, or the cGMP 
analogue, 8-Br-cGMP [82]. Finally, spontaneous 
Ca2+ transients recorded in situ from UICs of the 
rabbit urethra, were inhibited by the NO donor, 
SIN-1 [27]. It appears that inhibitory effects of 
NO in UICs are mediated by activation of PKG, 
and not protein kinase A (PKA), as the PKG acti-
vator SP-8-br-cGMP reduced the frequency of 
STDs and Ca2+ waves, whereas application of the 
adenylate cyclase activator, forskolin or the 
membrane permeable cyclic AMP analogue, 
8-Br-cAMP did not affect spontaneous Ca2+ 
waves in rabbit UIC [83].

6.5.2  Adenosine Triphosphate

Nitric Oxide is not the only inhibitory neurotrans-
mitter in the urethra. Several studies have demon-
strated that adenosine triphosphate (ATP) or its 
derivatives, adenosine and adenosine diphosphate 
(ADP), may also be potent inhibitory neurotrans-
mitters in USM, since EFS of USM strips induced 
relaxations that were inhibited by purinergic 
receptor antagonists and mimicked by exogenous 
application of ATP [18–21]. However, it has also 
been noted that ATP, or related compounds, can 
produce excitatory effects in USM [21, 30, 84–
86]. One explanation that could account for these 
opposite effects is the level of tone on the tissue 

prior to ATP application. For example, relaxant 
effects were observed in preparations which had 
been ‘pre-contracted’ with agonists such as argi-
nine vasopressin or noradrenaline, whereas con-
tractions were observed if ATP was applied at 
resting tone. Bradley et al. showed that the con-
tractile effects induced by application of ATP to 
the rabbit urethra were mimicked by the P2Y 
receptor agonist, 2-MeSADP and were inhibited 
by the selective P2Y1 receptor antagonist, 
MRS2500 suggesting that P2Y receptors were 
involved in the excitatory effects of ATP in rabbit 
USM [85]. Involvement of UICs in this response 
was inferred from experiments which showed that 
ATP and P2Y receptor agonists increased the fre-
quency of spontaneous Ca2+ waves and STICs in 
freshly isolated UICs (Fig.  6.9). Interestingly 
however, stimulation of purinergic nerves in strips 
of rabbit USM yielded contractions that were 
inhibited by desensitisation of P2X receptors 
using α,β- methylene ATP but were unaffected by 
the P2Y receptor antagonist MRS2500 [86]. This 
suggested that, in USM, neurally released ATP 
targeted P2X receptors and not P2Y receptors. 
Further investigation revealed that isolated rabbit 
USMCs had robust P2X receptor currents that 
could be inhibited by α,β-methylene 
ATP.  Therefore, it appears that P2Y receptor- 
dependent responses in UICs are unlikely to be 
involved in purinergic nerve-mediated responses 
in rabbit USM.
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waves in isolated rabbit 
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6.5.3  Noradrenaline

Noradrenaline (NA) is the principal excitatory 
neurotransmitter in the urethra [16, 17] and aug-
ments the level of urethral tone via activation of 
post-junctional α1-adrenoceptors [13, 17]. 
Hashitani et  al. indicated that α1-adrenoceptor- 
mediated increases in tone resulted from up- 
regulation of the endogenous pacemaker 
mechanism, since exogenous application of NA 
increased the frequency of slow waves in rabbit 
USM [32]. Sergeant et  al. demonstrated that 
spontaneous activity in freshly isolated UICs was 
also enhanced by NA suggesting that these cells 
could be involved in this response [25, 87]. The 
effects of NA were attenuated by CPA and 2-APB 
as well as niflumic acid and A-9-C, suggesting 
that activation of α1-adrenoceptors led to release 
of Ca2+ from IP3-sensitive stores, which in turn 
stimulated CACC. Similarly, bath application of 
the α1-adrenoceptor agonist, phenylephrine 
increased the frequency of Ca2+ transients in 
UICs in situ and elevated intracellular Ca2+ levels 
[27]. Sergeant et al. [87] and Fedigan et al. [56] 
demonstrated that EFS-induced contractions of 
rabbit USM were inhibited by the CACC inhibi-
tors, niflumic acid, A-9-C and T16Ainh-A01, 
respectively. Since CACC are more prominent in 
rabbit urethral UICs, compared to USMCs, it is 
tempting to speculate on a role for UIC in medi-
ating neural responses in USM, as is the case for 
IC-IM in the gastric fundus and ICC in the deep 
muscular plexus (IC-DMP) of the small intestine 
[88]. However, a comparison of neural responses 
in USM lacking UICs has yet to be made and 
therefore this idea remains speculative. 
Furthermore, Ca2+ waves in murine SMC were 
also accelerated by application of phenylephrine 
indicating that USMCs can be directly modulated 
by NA [34]. Kyle et al. also showed that phenyl-
ephrine reduced depolarisation-evoked large con-
ductance Ca2+-activated K+ (BK) currents in 
rabbit USMCs and suggested that the reduction 
in this current altered compound action potentials 
to promote excitability of USM [89].

Walsh et  al. [90] demonstrated that contractile 
responses of rabbit USM in response to EFS and 
exogenous application of phenylephrine were all 

potently inhibited by the Rho-associated kinase 
(ROK) inhibitors, Y27632 and H1152 [90]. 
Surprisingly, however, ROK inhibition had no effect 
on the phosphorylation of the known ROK sub-
strates, myosin regulatory light chains (LC20) at 
S19 or the myosin-targeting subunit of myosin light 
chain phosphatase (MYPT1), in either the absence 
or presence of contractile stimuli. Therefore ROK 
plays an important role in USM contraction induced 
by NA; however, the mechanisms underlying this 
response require further investigation.

6.5.4  Acetylcholine

Although the bladder neck and proximal urethra 
receive a rich cholinergic innervation [84], the 
functional role of acetylcholine (ACh) in the ure-
thra is still unclear. Studies have indicated that 
inhibition of muscarinic receptors has little effect 
on urethral tone in vivo [91] or in vitro [14, 87]. 
However, stimulation of cholinergic nerves 
in  vitro has been demonstrated to contract the 
urethra of sheep, pigs, dogs and rabbits [14, 22–
24] and these effects appear to be mediated post- 
junctionally via activation of M2 and/or M3 
muscarinic receptors [92, 93]. In the isolated 
sheep urethra, a significant component of the 
neurogenic contraction is sensitive to atropine 
[14] consistent with the idea that muscarinic 
stimulation can augment urethral tone. Similarly, 
application of cholinergic agonists to porcine 
urethra in vitro contracts the longitudinal and cir-
cular muscle layers equally. However, in the rab-
bit urethra, although an atropine-sensitive 
component of excitatory junction potentials has 
been demonstrated [24, 94], it was small com-
pared to the α1-adrenoceptor-mediated compo-
nent, suggesting that muscarinic receptors 
contributed minimally to the electrical response 
to nerve stimulation in this preparation. In 
humans, there is little evidence that muscarinic 
receptor activation has any significant effect on 
intraurethral pressure in vivo [95].

In addition to the species variability noted 
above, a number of observations suggest that the 
response to muscarinic stimulation varies along the 
length of the urethra. Thus, Nagahama et al. dem-
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onstrated that application of carbachol produced 
robust contractions in the male proximal urethra 
but had little effect on the distal urethra [96]. 
Interestingly, application of carbachol to strips of 
distal rabbit urethra pre-contracted with noradrena-
line, resulted in relaxations of tone. These effects 
were abolished when NO synthase was inhibited, 
suggesting that muscarinic stimulation may also 
induce release of NO from nitrergic nerves.

The role, if any, of interstitial cells in choliner-
gic innervation of the urethra has not yet been 
ascertained. However, the cholinergic agonist car-
bachol evoked a series of oscillatory inward cur-
rents when applied to single UIC voltage clamped 
at −60 mV [26] and these events were inhibited 
by the CACC inhibitor A-9-C, suggesting a com-
mon activation pathway to that described by nor-
adrenaline above. In contrast, Kyle et  al. were 
unable to detect any inward currents elicited by 
muscarinic agonists in freshly dispersed rabbit 
USMCs [89]. However, they demonstrated that 
carbachol altered compound action potential 
characteristics, elicited by 1 s current injections. 
Therefore, it is apparent that electrical activity in 
both UICs and USMCs can be directly modulated 
by carbachol, but more experiments are required 
to elucidate the mechanisms involved in choliner-
gic responses at the whole tissue level.

6.6  Summary

Urethral smooth muscle generates spontaneous 
tone that makes a contribution to the maintenance 
of urinary continence by generating a urethral 
closure pressure that exceeds intravesical bladder 
pressure. Stress urinary incontinence (SUI) is 
common in women after vaginal delivery child 
birth [6] and is typically thought of as being due 
to reduced urethral support, referred to as ure-
thral hypermobility. However, urethral hypermo-
bility is not predictive of SUI and it is also 
recognised that it can coexist with a defective 
closure mechanism, known as ‘intrinsic sphincter 
deficiency’ [8, 97]. There are currently no FDA- 
approved pharmacological treatments for SUI, 
therefore it is crucial that the mechanisms respon-
sible for the maintenance of urethral tone are elu-

cidated, in order to identify novel therapeutic 
targets. This chapter provides a summary of the 
mechanisms responsible for spontaneous activity 
in urethral smooth muscle.

The urethra is regarded as a ‘tonic’ smooth 
muscle but, counterintuitively, there is now con-
sensus that urethral smooth muscle tone is 
achieved by the averaging effect of numerous 
small asynchronous ‘phasic’ contractions in the 
tissue [27, 34, 73]. The phasic contractions of ure-
thral smooth muscle appear to arise from activa-
tion of CACC/Ano1 channels and may originate 
in specialised cells referred to as urethral intersti-
tial cells. This requires further investigation. 
Spontaneous activity in both USMCs and UICs 
involves Ca2+ release from intracellular stores and 
Ca2+ influx across the plasma membrane and is 
regulated by several autonomic neurotransmitters, 
including noradrenaline, acetylcholine, nitric 
oxide and adenosine triphosphate. Much of the 
work described in this chapter is based on animal 
studies, however it is apparent that there are spe-
cies differences regarding the role of Ca2+ influx 
via L-type Ca2+ channels and on the cellular basis 
of Ano1 expression and activity. Therefore, it is 
imperative that future studies should examine the 
mechanisms responsible for spontaneous activity 
in human USM samples and examine if this activ-
ity, or its modulation by neurotransmitters, is 
altered in conditions that are associated with USM 
dysfunction, such as stress urinary incontinence.
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Abstract
The corpus cavernosum smooth muscle is 
important for both erection of the penis and 
for maintaining penile flaccidity. Most of the 
time, the smooth muscle cells are in a con-
tracted state, which limits filling of the corpus 
sinuses with blood. Occasionally, however, 
they relax in a co-ordinated manner, allowing 
filling to occur. This results in an erection. 
When contractions of the corpus cavernosum 
are measured, it can be deduced that the mus-
cle cells work together in a syncytium, for not 
only do they spontaneously contract in a co- 
ordinated manner, but they also synchronously 
relax. It is challenging to understand how they 
achieve this.

In this review we will attempt to explain 
the activity of the corpus cavernosum, firstly 
by summarising current knowledge regarding 
the role of ion channels and how they influ-
ence tone, and secondly by presenting data on 

the intracellular Ca2+ signals that interact with 
the ion channels. We propose that spontaneous 
Ca2+ waves act as a primary event, driving 
transient depolarisation by activating Ca2+-
activated Cl− channels. Depolarisation then 
facilitates Ca2+ influx via L-type voltage- 
dependent Ca2+ channels. We propose that the 
spontaneous Ca2+ oscillations depend on Ca2+ 
release from both ryanodine- and inositol tri-
sphosphate (IP3)-sensitive stores and that 
modulation by signalling molecules is 
achieved mainly by interactions with the IP3- 
sensitive mechanism. This pacemaker mecha-
nism is inhibited by nitric oxide (acting 
through cyclic GMP) and enhanced by nor-
adrenaline. By understanding these mecha-
nisms better, it might be possible to design 
new treatments for erectile dysfunction.

Keywords
Corpus cavernosum · Smooth muscle · 
Calcium waves · Calcium imaging STICs · 
STOCS · STDs

7.1  Introduction

Erection of the penis requires the co-ordinated 
relaxation of the penile arteries and corpus caver-
nosum smooth muscle, which are contained in 
two parallel cylindrical structures (the corpora 
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cavernosa) running the full length of the shaft of 
the penis. Each corpus cavernosum is a sponge- 
like structure composed of multiple vascular 
sinuses, encased in a fibrous capsule called the 
tunica albuginea. The walls of the sinuses contain 
the corpus cavernosum smooth muscle cells 
(Fig. 7.1) and are lined on the inside with vascu-
lar endothelium [1].

Most of the time, these corpus cavernosum 
smooth muscle cells are in a contracted state, 
which limits filling of the sinuses with blood. 
Occasionally, however, they relax in a co- ordinated 
manner, allowing the sinuses to fill. This results in 
penile tumescence, and, because further expansion 
is restricted by the surrounding capsule, intracor-
poral pressure increases to produce penile rigidity 
and erection. Erection could not occur if the heli-
cine arteries, which supply the sinuses, did not 
also dilate; however, the details of the roles played 
by all of the participants in the erectile process are 
not the subject of this chapter. For these, the reader 
is referred to an authoritative review by Andersson 
and Wagner [2] that describes the anatomical 
details of the penis, its innervation and central ner-
vous system control and other relevant physiology. 
The pharmacology of the many mediators that 
regulate the tone of the corpus cavernosum and the 

arterial smooth muscle are also comprehensively 
reviewed elsewhere [3].

Instead, this review will focus only on the 
corpus cavernosum, unless it is deemed helpful 
to borrow information from other sources. The 
remit will be to provide an update on our under-
standing of how tone is regulated by ion chan-
nels and intracellular Ca2+ signals, as these are 
areas that have developed significantly over the 
last 15–20 years since the previous reviews were 
written. Also, despite the many mediators that 
affect the contractility of corpus cavernosum, 
only excitation by α-adrenergic agonists and 
inhibition by nitric oxide (NO) will be consid-
ered in any detail, as these are of the greatest 
importance. Reference will be made erectile 
dysfunction (ED), as it is the desire to find new 
treatment targets for this disorder that drives 
research in this field. However, for more detailed 
and specific information regarding ED, the 
reader is referred to several recent reviews on 
this topic [4, 5].

7.2  Mechanical Activity 
in Corpus Cavernosum

Isolated strips of corpus cavernosum from most 
species studied develop spontaneous tone and/or 
phasic contractions that are resistant to blockade 
with tetrodotoxin or α-adrenoceptor antagonists 
[2, 6]. One of the best studied species is the rab-
bit, from which an example of typical activity is 
presented in Fig. 7.2a. This shows the most fre-
quent type of activity observed, with long bursts 
of mixed phasic and tonic contraction inter-
spersed with complete relaxations that last for 
several minutes. The fact that many of the smooth 
muscle cells in the tissue can not only suddenly 
contract in a synchronised manner but can also 
all spontaneously relax is a strong indication that 
the corpus cavernosum smooth muscle cells work 
together in a syncytium. There is ample evidence 
that the cells are coupled by gap junctions con-
sisting of connexion43 that would facilitate elec-
trical coupling and/or cell to cell transfer of 
second messengers such as IP3 [6, 8]. Other types 
of spontaneous activity are also observed in rab-

Fig. 7.1 Transverse whole mount section of rabbit cor-
pus cavernosum slice labelled with anti-smooth muscle 
myosin antibody to show arrangement of the vascular 
sinuses. Scale bar 50 μm. Adapted from Doyle [1]
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bit corpus cavernosum, including more sustained 
tonic activity [9] or more discrete phasic contrac-
tions [10]. In contrast to rabbit, mouse corpus 
cavernosum has been previously reported to be 
quiescent [11], except when large conductance 
Ca2+-activated K+ channels have been deleted 
[12]. However, we have found that the majority 
(10 of 16) of muscle strips isolated from mouse 
corpus cavernosum developed phasic activity 
in  vitro, as shown in Fig.  7.2b. Phasic activity 
superimposed on tonic contraction was also evi-
dent when mouse corpus cavernosum was stimu-
lated with submaximal concentrations of 
phenylephrine (PE), though the maximal concen-
trations produced only tonic contractions 
(Fig.  7.2c). These could be almost completely 
relaxed by electrical field stimulation of nerves 
(Fig. 7.2c) that were susceptible to blockade with 
L-NOARG, a nitric oxide synthase blocker, or 
ODQ, a blocker of soluble guanylate cyclase [7, 
11].

To try to understand the basis of the spontane-
ous activity and its regulation by nitric oxide and 
noradrenaline, it is necessary to first review the 
ion channels present in corpus cavernosum. 

Mostly, we have confined the discussion only to 
channels where there is sound electrophysiologi-
cal evidence that they are expressed in corpus 
cavernosum myocytes, except where to draw 
attention to several promising areas of future 
research, where less detailed evidence is 
available.

7.3  Ion Channels in Corpus 
Cavernosum Myocytes

7.3.1  L-Type Ca2+ Current

Circumstantial evidence for a role for L-type 
Ca2+ currents in regulation of tone in corpus cav-
ernosum was compelling long before these cur-
rents had actually been directly demonstrated. 
Thus, L-type Ca2+ channel blockers such as nife-
dipine, diltiazem and verapamil were found to 
abolish contractures induced by high [K+] in 
human corpus cavernosum, while noradrenaline- 
induced contractions were reduced by around 
50% [13]. L-type Ca2+ channel blockers also 
block spontaneous tone, spontaneous depolarisa-
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Fig. 7.2 Mechanical 
activity in corpus 
cavernosum in vitro. (a) 
Typical spontaneous 
activity in rabbit corpus 
cavernosum. (b) 
Spontaneous activity in 
mouse corpus 
cavernosum. (c) Effect of 
phenylephrine (PE) and 
electrical field 
stimulation (EFS) in 
mouse corpus 
cavernosum. EFS 
parameters (0.3 ms 
pulses, 30 s trains, 
frequency in Hz indicated 
above filled circles). (a) 
Is a previously 
unpublished record; (b) 
and (c) are adapted from 
Hannigan [7]
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tions and attenuate Ca2+ transients in rabbit cor-
pus cavernosum [9, 14, 15].

To date, however, there have only been a few 
studies where L-type Ca2+ current has been mea-
sured in corpus cavernosum myocytes. A system-
atic characterisation of the Ca2+ currents in 
isolated corpus cavernosum myocytes from rab-
bit was carried out by McCloskey et al. [15]. On 
the basis of voltage protocols, pharmacology and 

RT-PCR, both L-type and T-type Ca2+ currents 
(see Sect. 7.3.2) were identified. L-type Ca2+ cur-
rent was blocked by nifedipine with an IC50 of 
38 nM, but was resistant to mibefradil at 300 nM 
and to Ni2+ at 30 μM.  This current activated at 
around −50  mV, peaked at −5  mV and had an 
activation V1/2 of −27 mV (Fig. 7.3a, b, d). The 
L-type Ca2+ current also voltage-dependently 
inactivated over a range of −65 to −5 mV, with a 
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Fig. 7.3 L-type Ca2+ currents recorded from myocytes 
isolated from rabbit corpus cavernosum. Records were 
obtained in whole-cell mode of the patch clamp technique 
with Cs+-rich pipettes. (a) Inward Ca2+ currents recorded 
with depolarising steps in 10 mV increments. Insert shows 
protocol. (b) Current-voltage relationship from eight cells 
(mean ± s.e.m.). (c) Inactivation protocol involving steps 

to conditioning potentials for 2 s before stepping to test 
potential of −5 mV. Protocol is shown in inset and selected 
corresponding conditioning potentials are shown in col-
umn on left. (d) Voltage-dependent activation (n = 8) and 
inactivation (n = 6) relationships. Solid line show fits of 
the data with the Boltzmann equation. Adapted from 
McCloskey et al. [15]
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V1/2 of −45  mV (Fig.  7.3c, d). Importantly, the 
steady state activation and inactivation curves 
intersected at around −30 mV and the area under 
the intersection extended from −45 to −10 mV 
(Fig. 7.3d). This area defines the range of volt-
ages over which a small proportion of the L-type 
Ca2+ channels can, in theory, be constantly acti-
vated, a phenomenon referred to as the ‘window 
current’ [16]. The window current concept 
explains how continuous Ca2+ influx through 
L-type Ca2+ channels can maintain tone in some 
vascular smooth muscles [17]. Also, it is note-
worthy that the maximal window current would 
occur at −30  mV (the peak where the curves 
intersect), as this also corresponds to the Nernst 
equilibrium potential for Cl− ions in smooth mus-
cle (see Sect. 7.3.8). Therefore, activation of the 
abundant Ca2+-activated Cl− current present in 
corpus cavernosum myocytes would tend to 
depolarise and clamp the membrane potential at 
the value where the maximal sustained Ca2+ 
influx via L-type Ca2+ channels is possible.

McCloskey and colleagues [15] also showed 
that nifedipine, at a concentration selective for 
L-type Ca2+ current, reduced phenylephrine (PE)-
induced contractions by around 50%, and reduced 
the frequency of, but did not always abolish, 
intracellular Ca2+ waves in isolated corpus caver-
nosum myocytes. Given the sensitivity of 
α-adrenoceptor-induced contractions to L-type 
Ca2+ channel blockers, it was attractive to pro-
pose that adrenergic stimulation increased tone 
by upregulating L-type Ca2+ channels [18]. It was 
suggested that this effect was mediated by the 
well-known sequence of α1-adrenoceptor activa-
tion of phospholipase C, resultant production of 
diacylglycerol (DAG), DAG activation of protein 
kinase C (PKC) and subsequent phosphorylation 
and activation of L-type Ca2+ channels. However, 
Doyle et al. [19] directly examined the effect of 
PE on L-type Ca2+ current in rabbit corpus caver-
nosum myocytes and found that it inhibited the 
current. Instances of depression of Ca2+ current in 
response to α1-adrenoceptor agonists have usu-
ally been attributed to Ca2+-dependent inactiva-
tion of the L-type Ca2+ channels as a result of 
IP3-mediated release of Ca2+ from intracellular 
stores [20]. In agreement with this mechanism, 

Doyle and colleagues [19] found that 
2- aminoethoxy diphenylborate (2-APB), known 
to inhibit IP3R-mediated Ca2+ release, completely 
prevented the inhibition of L-type Ca2+ current by 
PE.  Also, phorbol 12-myristate 13-acetate 
(PMA), a PKC activator, failed to enhance the 
L-type Ca2+ current, but chelerythrine, a PKC 
inhibitor, reduced it. They speculated that PKC 
was constituently active in isolated rabbit corpus 
cavernosum myocytes, with the result that the 
L-type Ca2+ channels were already maximally 
phosphorylated. Whether this would also be true 
in vivo, of course, is unknown. However, it seems 
likely to us that the sensitivity of α1-adrenoceptor- 
mediated contractures to L-type Ca2+ channel 
blockers depends more on the ability of α1- 
agonists to depolarise the corpus cavernosum 
myocytes [19] towards the threshold of L-type 
Ca2+ channel opening, than the ability to directly 
stimulate L-type Ca2+ channels.

7.3.2  T-Type Ca2+ Current

T-type (‘transient’) Ca2+ channels derive their 
name from that fact that they activate and inacti-
vate more rapidly than L-type Ca2+ channels. 
They also activate and inactivate over more nega-
tive voltage-ranges than L-type Ca2+ current and 
have a different pharmacology [21]. Three differ-
ent subtypes of the pore forming α-subunit have 
been recognised, namely Cav3.1, Cav3.2 and 
Cav3.3 (formerly called formerly called α1G, 
α1H, and α1I) [21]. Zeng and colleagues showed 
that mRNA transcripts for Cav3.1, but not Cav3.2 
or Cav3.3, were present in cultured human cor-
pus cavernosum myocytes, though no electro-
physiological characterisation was performed 
[22]. In experiments where cytosolic Ca2+ con-
centration ([Ca2+]i) was measured using the fura-2 
indicator, 30 and 80 mM K+ caused increases in 
Ca2+ that were only partially  sensitive to nifedip-
ine, requiring the addition of NNC 55-0396, a 
known blocker of T-type Ca2+ channels, for com-
plete inhibition. However, these were presented as 
single experiments that were not replicated. 
McCloskey and colleagues [15] were also able to 
distinguish a T-type Ca2+ current from the L-type 
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Ca2+ current in freshly isolated rabbit corpus cav-
ernosum myocytes, on the basis of their voltage 
dependence of inactivation, and its sensitivity to 
Ni2+ or mibefradil, but not nifedipine. These 
authors also performed RT-PCR on rabbit CSSM 
tissue and found the presence of mRNA for 
Cav3.1 and Cav3.2, but not Cav3.3. Their elec-
trophysiological experiments suggested that 
most, if not all, of the current was mediated by 
the Cav3.2 subtype, based on sensitivity to micro-
molar concentrations of Ni2+, a feature thought to 
apply only to the Cav3.2 subtype. Whether the 
additional expression of Cav3.2  in freshly iso-
lated rabbit corpus cavernosum myocytes, com-
pared to cultured human cells, represents a true 
species difference or may be explained by loss of 
Cav3.2 in cell culture is unknown.

McCloskey and colleagues [15], also exam-
ined the effect of Ni2+ on intracellular Ca2+ waves 
and PE-induced contractures and found no effect, 
therefore failing to support a functional role for 
this T-type Ca2+ current, at least under their 
experimental conditions. Negative findings such 
as these, however, do not preclude a role for 
T-type Ca2+ current in the corpus cavernosum 
in vivo. Indeed, T-type Ca2+ current is thought to 
be pro-proliferative in other vascular smooth 
muscle where the relative expression of T- vs. 
L-type Ca2+ current increases in dedifferentiated 
cells [23]. The Zeng study [22] showed that a 
T-type Ca2+ channel blocker reduced prolifera-
tion of cultured human corpus cavernosum myo-
cytes by 15–25%, suggesting that a proliferative 
role for T-type Ca2+ current in corpus cavernosum 
is worthy of further investigation.

7.3.3  P2X Receptor-Mediated 
Cation Current

P2X purinoceptors are a family of cation- 
permeable ligand-gated ion channels [24]. In the 
vas deferens, and some blood vessels, ATP 
behaves as an excitatory cotransmitter with nor-
adrenaline, causing contraction by acting on P2X 
purinoceptors [25, 26]. P2X receptors can cause 

depolarisation, thus activating L-type Ca2+ chan-
nels, or can directly admit Ca2+. There have been 
relatively few studies on the effect of ATP in cor-
pus cavernosum but, generally, exogenous ATP 
and its metabolites were found to be inhibitory, 
causing relaxation by a combination of P2Y 
receptor-mediated release of NO from the endo-
thelium and  a breakdown of ATP to adenosine, 
which causes relaxation by acting on P1 recep-
tors (reviewed by Phatarpekar et  al. [27]). 
However, ATP also sometimes causes contraction 
of human corpus cavernosum [28] and of rabbit 
corpus cavernosum when resting tension is ini-
tially low [29].

Doyle et al. [30] provided functional evidence 
that ATP induces an inward cationic current in 
isolated corpus cavernosum myocytes from rab-
bits (Fig.  7.4a). This current was blocked by 
desensitisation of P2X receptors to α,β-methylene 
ATP, and by NF449, a powerful selective inhibi-
tor of P2X1 receptors (Fig. 7.4a, b). Ion substitu-
tion experiments established that the current was 
partly carried by Na+ ions, clearly distinguishing 
it from the inward Cl− current, which could be 
evoked by 2-MeSADP, a specific P2Y receptor 
agonist. Immunohistochemical studies have con-
firmed the presence of P2X1 receptors on the 
membranes of corpus cavernosum smooth mus-
cle cells in rats [31], where they have been impli-
cated in a pathological role in the development of 
erectile dysfunction in diabetes [32, 33]. P2X1 
receptor expression increases as erectile capacity 
decreases during development of diabetes 
induced by streptozotocin, while PPADS, a P2X 
receptor antagonist, improves the otherwise com-
promised nerve-mediated relaxation responses in 
diabetic rats, so that they resemble those of con-
trol animals [32, 33].

In conclusion, although the functional effects 
of P2X receptors have been demonstrated in cor-
pus cavernosum, at present it is not clear whether 
they have a physiological role in contributing to 
penile flaccidity under normal circumstances. 
However, they may contribute to the anti-erectile 
effects of P2X receptors in pathological condi-
tions and thus warrant further study.

K. D. Thornbury et al.
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7.3.4  TRP Channels

Mammalian transient receptor potential (TRP) 
channels are a superfamily of Ca2+ -permeable 
nonselective cation channels consisting of six 
subfamilies, TRPC, TRPV, TRPM, TRPA, 
TRPP and TRPML, with diverse functions [34]. 
Members of the TRPC, TRPV, TRPM and TRPP 
subfamilies are expressed on vascular smooth 
muscle cells and have been implicated in 
agonist- induced vasoconstriction, myogenic 
tone regulation and proliferation [34]. So far, 
these channels have received very little attention 
in corpus cavernosum. However, preliminary 
results indicate that TRPM4 is expressed in 
mouse corpus cavernosum and phenanthrol, a 
TRPM4 antagonist, relaxes this tissue [35]. In 
arteries, TRPM4 is thought to contribute to 
pressure-induced myogenic tone regulation by 
causing membrane depolarisation [35]. 
However, as we shall see, corpus cavernosum 
myocytes are excitable, and intermittently depo-
larised by a large Cl− current (see Sects. 7.3.8 
and 7.4), so the role of TRPM4 might be differ-
ent in this situation.

7.3.5  Large Conductance Ca2+ 
Activated K+ (BKCa) Channels

BKCa channels are widely expressed in vascular 
smooth muscle and are characterised by their 
large conductance of several hundred pS, 
increased open probability in response to both 
raised cytosolic Ca2+ and membrane depolarisa-
tion, and susceptibility to blockade with iberio-
toxin, charybdotoxin or penitrem A [36, 37]. The 
channel pore is formed by four identical 
α-subunits, encoded by the KCNMA1 (alias 
Slo1) gene. The α-subunits are inherently Ca2+-
sensitive and voltage-dependent, but these char-
acteristics, as well as their gating kinetics and 
pharmacology, are altered by tissue-specific 
expression of regulatory β1, β2, β3 and β4 and γ1, 
γ2, γ3 and γ4 subunits [38, 39].

In corpus cavernosum, no ion channel has 
received as much attention as BKCa in terms of its 
functional effects, yet, despite this, it has not been 
very well characterised in this tissue. Thus, to date, 
there are no published data regarding co- expression 
of β and γ-subunits in corpus cavernosum and only 
a handful of single channel recordings have been 
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Fig. 7.4 Inward 
currents evoked by ATP 
in rabbit corpus 
cavernosum myocytes 
studied with the 
perforated patch 
technique. (a) ATP- 
evoked currents in the 
absence and presence of 
NF449, a P2X1 receptor 
inhibitor. (b) Summary 
data of experiments as in 
(a), n = 6, *P < 0.05. (c) 
ATP-evoked currents in 
the absence and 
presence of MRS2500, a 
P2Y receptor blocker. 
(d) Summary data of 
experiments as in (c), 
n = 13. Adapted from 
Doyle et al. [30]
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made, so their Ca2+-sensitivity and voltage depen-
dence have not been quantified in most species. 
However, in several studies, single channel record-
ings in excised inside-out and cell-attached 
patches, have demonstrated K+ channels with a 
single channel conductance of 221–238 pS in rats 
and humans [40, 41] and 291 pS in rabbits 
(Fig. 7.5a) [10]. The larger conductance in rabbit 
corpus cavernosum myocytes might have been 
because the recordings were made at 37 °C, rather 
than at room temperature. Lee and Kang [41] dem-
onstrated concentration-dependent increases in 
channel activity in an excised inside-out patch as 
[Ca2+]i was stepped from 10  nM, through to 
500 nM, though the effects were not quantified. In 
rabbit corpus cavernosum, ramp protocols were 
used to quantify the effects of changing [Ca2+]i 
from 100 nM to 1 μM, which shifted the V1/2 of 
activation from 133 mV to 1 mV [7, 10].

Cells that express abundant BKCa channels 
often fire spontaneous transient outward cur-
rents (STOCs). These are due to activation of 
BKCa channels by localised Ca2+ sparks, released 

from the superficial sarcoplasmic reticulum via 
ryanodine receptors (RyRs) [43]. In arterial 
smooth muscle, STOCs are believed to cause 
vasodilation by hyperpolarising the membrane, 
thus reducing Ca2+ influx through L-type Ca2+ 
channels [43]. STOCs have also been demon-
strated in corpus cavernosum myocytes from 
rats, mice and rabbits (Fig.  7.5c) [10, 40, 42, 
44]. It is possible, therefore, that Ca2+ sparks 
and BKCa channels can mechanistically contrib-
ute to relaxation and penile erection. However, 
differences in function need to be considered 
before adopting the arterial model to corpus 
cavernosum. Arteries are electrically quiescent, 
thus allowing BKCa channels to finely tune the 
L-type Ca2+ current via small adjustments in 
membrane potential, but as will be discussed in 
below, corpus cavernosum generate large spon-
taneous electrical depolarisations due to activa-
tion of Cl− channels. Thus, the corpus 
cavernosum is bimodal in function, so such fine 
adjustments are unlikely to occur, or indeed 
serve any useful purpose.
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Fig. 7.5 (a) Single channel recordings of BKCa channels 
in an excised inside-out patch from a rabbit corpus caver-
nosum myocyte. [Ca2+]i  =  100  nM, Vm  =  +40  mV. (b) 
Activation curves, derived from ramp protocols, in the 
presence of 100 nM and 1 μM Ca2+ using voltage ramp 

protocols. (c) Example of spontaneous transient outward 
currents (STOCs) recorded from a rabbit corpus caverno-
sum myocyte held at 0  mV. (a, b) Are adapted from 
Hannigan [7]. (c) Is adapted from Craven [42]
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7.3.5.1  Effects of NO/cGMP on BKCa 
Channels

Although NO has been reported to activate BKCa 
channels directly, by S-nitrosylation of protein 
thiol groups [45, 46], in corpus cavernosum NO 
donors activated BKCa channels in cell- 
attached  patches, but not in excised inside-out 
patches, suggesting a requirement for cytosolic 
mediators, most probably cGMP and cGMP- 
dependent kinase (PKG, Fig. 7.6a, b) [41, 42]. In 
rabbit isolated corpus cavernosum myocytes, the 
NO donor, diethylamine-nitric oxide (DEA-NO) 
and sildenafil, increased STOCs (Fig.  7.6c, d) 
[42], as did 8-bromo-cGMP, isoprenaline, for-
skolin and 8-bromo-cAMP [42, 47]. However, 
attempts to activate inside-out patches with alpha 
isoform of cGMP-dependent kinase I (PKG Iα) 
proved fruitless [42]. This may seem surprising 

as BKCa channels have phosphorylation sites for 
both cGMP-dependent kinase (PKG) and cAMP- 
dependent kinase (PKA) [48–51]. However, suc-
cessful activation by PKG and PKA is variable, 
depending on factors such as cell type and BKCa 
α-subunit splice variant [48, 50, 51]. Furthermore, 
activation of channels by PKG/PKA in excised 
patches is not always successful in other cells.

In the absence of direct phosphorylation, an 
indirect way by which PKG and PKA can acti-
vate BKCa channels has been described in arterial 
smooth muscle. This involves stimulation of the 
sarcoplasmic reticulum Ca2+/ATPase (SERCA) 
pump, resulting in increased Ca2+ store load and a 
consequent increase in Ca2+ spark frequency [52, 
53]. This effect is mediated by disinhibition of 
the pump by phosphorylation of phospholamban, 
a SERCA-associated inhibitory protein [54]. In 
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Fig. 7.6 (a) DETA-NO 
activated BKCa channels 
in an on-cell patch from 
a rabbit corpus 
cavernosum myocyte 
(holding potential 
+50 mV). (b) DETA-NO 
did not activate BKCa 
channels in an excised, 
inside-out patch taken 
from a different cell 
(Ca2+ buffered to 
0.5 μM). (c) DEA-NO 
inhibited STICS, but 
enhanced STOCs in a 
rabbit corpus 
cavernosum myocyte, 
studied with the 
perforated patch 
technique (holding 
potential −30 mV). (d) 
Sildenafil enhanced on 
STOCs in a rabbit 
corpus cavernosum 
myocyte studied with 
the perforated patch 
technique (holding 
potential 0 mV). (a–c) 
Are adapted from 
Craven [42]; (d) is 
adapted from 
McCloskey [47]
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arterial smooth muscle, the stimulatory effect of 
cAMP on STOCs is completely lost in phosphol-
amban−/− mice [53]. If a similar mechanism was 
important for mediating the effects of NO in 
 corpus cavernosum, NO-mediated relaxation 
should be attenuated in phospholamban−/− mice. 
However, NO is more, rather than less, effective 
at causing relaxation in these animals [55]. While 
this does not rule out the possibility that enhanced 
STOC activity by an increase in Ca2+ spark fre-
quency is a factor in NO-mediated relaxation in 
wild-type mice, it suggests that it is not a 
requirement.

Another approach to test whether BKCa chan-
nels mediate relaxation in response to NO is to 
examine responses in mice where the α subunit of 
the channel has been deleted (BKCa

−/−). Several 
papers where this was done concluded that relax-
ations in response to both nerve stimulation or 
sildenafil were impaired [12, 44]. Werner et  al. 
[44] compared the effect of nerve-evoked relax-
ation in BKCa

−/− mice with their wild-type con-
trols. They concluded that, although the 
amplitudes of relaxations in response to short 
(2 s) periods of electrical field stimulation (EFS) 
were identical in the two animal groups, peak 
amplitudes in response to 60 s stimulation peri-
ods (when the relaxation had longer to develop) 
were impaired in the BKCa

−/− animals. In a follow 
up paper [12], it was concluded that sildenafil 
was less effective at inhibiting phenylephrine- 
induced contractions in the BKCa

−/− mice. 
However, it is clear that the effects of sildenafil 
(10 μM) are, in fact, well preserved in the BKCa

−/− 
mice, (e.g. Fig. 7.4 of reference [12]), though the 
authors made the point that greater differences 
between BKCa

−/− and wild-type mice were seen at 
lower concentrations of sildenafil. The most 
obvious difference between the two groups was 
an increased presence of spontaneous contrac-
tions in the BKCa

−/− animals, and these contrac-
tions were resistant to the effects of sildenafil. 
The experience in our own laboratory is that 
penitrem A, at a concentration ten-fold higher 
than that required to completely inhibit BKCa 
channels, had little or no effect on relaxations 
evoked by EFS in rabbit corpus cavernosum. Our 
conclusion, therefore, is that while BKCa chan-

nels are likely to be activated by the NO/cGMP 
pathway, this mechanism is not essential for the 
relaxant effect of NO.

7.3.5.2  Targeting BKCa Channels 
to Treat Erectile Dysfunction

A number of other studies have also induced 
relaxation of the corpus cavernosum or penile 
arteries using BKCa openers (for detailed dis-
cussion see Hannigan et  al. 2015) [10]. 
NS11021, in concentrations of 30 and 100 μM, 
produced relaxations of 50–90% in human cor-
pus cavernosum strips [56] but, interestingly, 
lower concentrations (3–30 μM) were effective 
in human small penile arteries [57]. Other com-
pounds such as 4-aryl-3-(mercapto)quinolin-
2-ones and 3-thio- quinolinones were sometimes 
effective at opening BKCa channels, but had dis-
appointing relaxant effects on corpus caverno-
sum, a problem the authors attributed to poor 
tissue penetration [58, 59]. Recently, we have 
examined the effects of GoSlo-SR5-130, a 
novel BKCa channel opener [60] on BKCa chan-
nels and tension in rabbit corpus cavernosum 
[10]. This compound activated channels in 
excised inside-out patches (Fig.  7.7a) and 
inhibited spontaneous contractions, an effect 
that was reversed by iberiotoxin (Fig.  7.7b). 
This study showed that, at least in principle, 
BKCa openers could be used as an alternative 
therapy to PDE5 inhibitors in erectile dysfunc-
tion. Of course, many challenges exist before 
BKCa channel openers can be used for this pur-
pose, as tissue selectivity is a problem, given 
that BKCa channels are widely expressed in vas-
cular and visceral smooth muscle and neurons. 
Interestingly, in HEK293 cells the efficacy of 
GoSlo-SR5-130 was greatly enhanced by the 
presence of β1 or β4 regulatory subunits [61], 
while γ1 subunits, and to a lesser extent γ2 and γ3 
subunits, reduced the efficacy of a similar com-
pound, GoSlo-SR-5-44 [39]. However, neither 
β nor γ subunits affected the efficacy of 
GoSlo-SR-5-6, another compound in the group 
[39]. These results raise the hope that tissue 
expression of accessory subunits will allow 
selectivity of BKCa channel openers to be tuned 
to target specific tissues in future.
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Gene therapy has also been explored as a 
future treatment for erectile dysfunction 
(reviewed in Yoshimura et  al. 2010) [62] and 
the BKCa channel has been a target in some of 
these studies [63–67]. The first of these exam-
ined the effect of injection of naked hSlo cDNA 
encoding the pore forming the alpha subunit of 
the channel in ageing rats, to see if this improved 
erectile function [63]. The results were quanti-
fied with functional measurements which sug-
gested that intracorporal pressures were higher 
in transfected animals compared to age-
marched controls. However, no electrophysio-
logical quantification or comparisons of BKCa 
channel activity in the treated and untreated 
groups were performed. Subsequent studies 
suggested this technique was effective at restor-
ing erectile function in diabetic rats and athero-
sclerotic Cynomolgus monkeys [64, 67]. Thus, 
it has progressed to a Phase I human trial in 
males suffering from erectile dysfunction [66], 
where the procedure was deemed safe, but the 
sample numbers were too small to judge its 
efficacy. Despite the claimed success of BKCa 
gene therapy as a treatment for erectile dys-

function, several issues remain to be addressed 
for it to gain wide acceptance. There should be 
a systematic quantification of the expression 
levels of the transfected BKCa in the corporal 
smooth muscle cells in animal models, not only 
on a molecular level, but also at an electrophys-
iological level. The expression of β subunits 
should also be quantified, since these can 
greatly increase Ca2+-sensitivity. Without this, 
it seems unlikely that any additionally expressed 
BKCa alpha subunits would ever be activated at 
the physiological membrane potentials and 
intracellular Ca2+ concentrations experienced 
by smooth muscle cells.

In conclusion, there is still much to be learned 
regarding regulation of the corpus cavernosum 
by BKCa channels in health and disease. While 
BKCa channels are highly expressed in corpus 
cavernosum, the central role ascribed to them in 
mediating NO-induced relaxation in many previ-
ous studies may have overestimated their impor-
tance, as it is clear that in laboratory experiments 
NO/cGMP-mediated relaxations can appear 
almost normal when they are absent or com-
pletely blocked. However, the balance between 
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Fig. 7.7 (a) Recording 
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rabbit corpus 
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erection and flaccidity in vivo is a fine one, and it 
is likely that BKCa channels feed into this and 
contribute to safety factors involved in producing 
erection. The fact that activating BKCa channels 
with drugs can inhibit corpus cavernosum tone 
demonstrates the principle that upregulation of 
their function (either pharmacologically, or by 
gene therapy) could be of potential benefit in 
treating erectile dysfunction.

7.3.6  Kv2 and Kv7 Channels

When BKCa channels are blocked or genetically 
deleted, corpus cavernosum myocytes still dis-
play substantial voltage-dependent outward cur-
rents [44, 68, 69]. In mice, Werner and 
colleagues [44] identified two components of a 
voltage- dependent K+ current, one which 
showed little time-dependent inactivation and 
was TEA sensitive (designated ‘delayed rectifier 
current’), while the other was fast-activating, 
rapidly inactivating and TEA insensitive (desig-
nated ‘A-type current’). Individual cells seemed 
to preferentially express one or other of these 
two currents, suggesting that at least two pheno-
types of smooth muscle cells were present in 
mouse corpus cavernosum. Malysz et  al. [68] 
also suggested that two phenotypes were pres-
ent in rabbit corpus cavernosum, but this was 
based on the presence or absence of a delayed 
rectifier current that showed very little time- or 
voltage-dependent inactivation. In a subsequent 
study Malysz and colleagues [69] amplified 
mRNA transcripts for Kv2.2 from isolated cor-
pus cavernosum cells and showed that the cur-
rent was inhibited by 4- aminopyridine and the 
Kv2-selective blocker Hanatoxin-1, but not the 
Kv1-selective blocker α-dendrotoxin. Also, 
cells expressing this current were more hyper-
polarised than the other phenotype and, as the 
current began to activate at −50 mV, it was con-
cluded it contributed to regulation of the resting 
potential.

Finally, transcripts for Kv7 channels, 
KCNQ1, KCNQ3, KCNQ4 and KCNQ5, and 

immunofluorescence for Kv7.4 and Kv7.5 were 
found in rat corpus cavernosum [70]. Kv7 acti-
vators, ML213 and BMS204352, relaxed pre-
contracted corpus cavernosum and a Kv7 
channel blocker reduced the effect of sodium 
nitroprusside (SNP). All of these subunits, 
except KCNQ1, were also expressed in the 
penile artery, where the functional effects were 
greater than in the corpus cavernosum. The 
expression profile changed in spontaneously 
hypertensive rats, with downregulation of all 
but the KCNQ1 subtype (which was upregu-
lated in corpus cavernosum). Both tissues from 
these animals were also less responsive to 
sildenafil and SNP.  These results suggest that 
Kv7 channels deserve to be the subject of fur-
ther study in corpus cavernosum and penile 
artery.

7.3.7  KATP Channels

KATP channels are composed of an inward recti-
fier, Kir6.1 or Kir6.2, coupled to a sulphonyl-
urea receptor (SUR1, SUR2A or SUR2B), the 
latter conferring their sensitivity to sulphonyl-
ureas, and various channel openers [71]. These 
channels are expressed in vascular smooth mus-
cle, where they are targets for antihypertensive 
drugs such as minoxidil, pinacidil, nicorandil 
and cromakalim, which act as channel openers 
[72]. The above drugs have also been shown to 
relax corpus cavernosum in vitro and produced 
erections when injected in  vivo (reviewed in 
Andersson and Wagner 1995) [2]. Transcripts 
for Kir6.1, Kir6.2 and SUR2B were found in 
human corpus cavernosum cultured from 
explants and single channel studies demon-
strated channels with a conductance of 42 pS 
[73]. These were activated by pinacidil and 
inhibited by glibenclamide. Whether these 
channels play a role in corpus cavernosum 
under normal physiological conditions is 
unknown. It seems that their expression level is 
low in cultured human corpus cavernosum 
cells, as they could only be demonstrated in 

K. D. Thornbury et al.



183

10% of excised patches even in the presence of 
pinacidil [73]. However, the fact that corpus 
cavernosum myocytes appear to be very well 
coupled, might still allow KATP channels to be 
targeted with channel openers for treatment of 
erectile dysfunction.

7.3.8  Ca2+-Activated Cl− Channels

Like many other vascular and non-vascular smooth 
muscles [74], corpus cavernosum isolated from 
humans, rats and rabbits express large Ca2+-
activated Cl− currents [19, 40, 75–78]. The physi-
cal properties of the channels underlying these 
currents have not been analysed in corpus caverno-
sum, but in vascular smooth muscle they have an 
estimated conductance of <10 pS and are activated 
by cytosolic Ca2+ levels over a range of 180–
600 nM [74]. Evidence supporting the  presence of 
these currents in corpus cavernosum was initially 
based on (i) their susceptibility to block with clas-
sical Cl− channel antagonists such as niflumic acid, 
anthracene-9-carboxyluc acid (A-9-C), (ii) the fact 
that they were activated by intracellular Ca2+ and 
(iii) because their reversal potential was affected by 
the Cl− gradient in ion substitution experiments 
[40, 75–77]. In 2008, after many false dawns, the 
molecular identity of Ca2+-activated Cl− channels 
was determined to be TMEM16A, formerly known 
as ANO1 [79–81]. These channels had a slope con-
ductance of 8.3 pS [81] and showed variable Ca2+-
sensitivity depending on their splice variant [82]. 
Although this identity has not yet been proved in 
corpus cavernosum, we recently showed that 
mRNA transcript for TMEM16A was highly 
expressed in rabbit corpus cavernosum and the cur-
rent was blocked by TMEM16A inhibitors [78]. 
However, expression of TMEM16A in corpus cav-
ernosum has yet to be confirmed by Western blot-
ting or immunohistochemistry.

The effect of opening Cl− channels depends on 
where ECl is set, relative to the membrane poten-
tial, Em. Smooth muscle cells accumulate intracel-
lular Cl− ions by a number of active mechanisms, 
resulting in a cytosolic Cl− concentrations ranging 

between 32 and 44 mM (reviewed by Chipperfield 
and Harper 2000) [83]. The resultant values for 
ECl fall in the range −38 mV to −19 mV and are 
positive to Em, so that activating Cl− channels gen-
erates an inward currents due to efflux of Cl− ions 
[83]. The resultant depolarisation may excite cells 
by opening L-type Ca2+ channels. Cytosolic con-
centration of Cl− has never been measured in cor-
pus cavernosum myocytes and the existence of 
the Cl− accumulation mechanisms has not been 
studied, but there is circumstantial evidence that 
the Cl− current is excitatory in these cells.

As in vascular smooth muscle, isolated corpus 
cavernosum myocytes generate spontaneous tran-
sient inward currents (STICs) due to activation of 
the Cl− currents by Ca2+ spontaneously released 
from the sarcoplasmic reticulum [40, 75]. In rabbit 
corpus cavernosum myocytes, the STICS were 
blocked by the SERCA pump inhibitor, cyclopia-
zonic acid (CPA), suggesting that this activity 
depended on Ca2+ stored in the sarcoplasmic reticu-
lum (Fig. 7.8a) [75]. STICs were also blocked by 
2-APB (Fig.  7.8b) [75], suggesting that the Ca2+ 
release depended on IP3R, and were reduced by the 
phospholipase C blocker NCDC [75], suggesting 
that IP3 is tonically produced in corpus cavernosum 
myocytes. When isolated rabbit corpus caverno-
sum myocytes were held under current clamp, they 
developed spontaneous transient depolarisations 
(STDs) that were also inhibited by 2-APB 
(Fig.  7.8c). We believe that these depolarisations 
form the basis for generating the electrical activity 
seen in whole tissue (Sect. 7.4) which, in turn, is 
responsible for spontaneous tone. Support for this 
comes from the fact that Cl− channel blockers 
reduce both spontaneous and PE-induced tone [78, 
84, 85]. The classical blockers, niflumic acid and 
A-9-C reduced tension in rabbit corpus caverno-
sum, but only at high concentrations and inhibition 
was incomplete [84, 85]. This is not surprising, as 
these agents were rather poor blockers of Cl− cur-
rent in rabbit corpus cavernosum myocytes [75]. 
There are also worries that they are non-specific 
(see Discussion in Hannigan et  al. 2017) [78]. 
However, a newer more potent drug, CaCCinh-A01 
(10 μM) was found to block STICs in rabbit corpus 
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cavernosum myocytes (Fig. 7.8g), but had no effect 
on L-type Ca2+ current at this concentration [78]. It 
also concentration-dependently reduces both spon-
taneous (Fig. 7.8h) and phenylephrine- induced ten-

sion [78], at concentrations below the level where it 
blocks L-type Ca2+ current.

STICs in rabbit corpus cavernosum myocytes 
are inhibited by the NO/cGMP pathway [75] and 
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rents (STICs) and spontaneous transient depolarisations 
(STDS) in rabbit corpus cavernosum myocytes. (a) The 
SERCA pump inhibitor, CPA, blocked STICs. (b) STICS 
were also blocked by 2-APB, an inhibitor of IP3- mediated 
Ca2+ release. (c) 2-APB also blocked STDs. (d) The NO 
donor, nitrosocysteine, blocked STICs. (e) STICS were 
also blocked by YC-1, an activator of soluble guanylate 

cyclase. (f) YC-1 also blocked STDs. (g) CaCCinh-A01, an 
inhibitor of Ca2+-activated Cl− channels, blocked STICs. 
(h) CaCCinh-A01 also inhibited spontaneous contractions 
in an isolated rabbit corpus cavernosum strip. (a–e) Are 
adapted from Craven et al. [75]; (c) is adapted from Doyle 
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also by 8-bromo-cAMP [47]. Craven and col-
leagues [75] showed that 8-bromo-cGMP, the 
NO donor nitrosocysteine (Fig.  7.8d) and the 
soluble guanylate cyclase activator YC-1 
(Fig.  7.8e) either abolished STICs or inhibited 
their frequency. However, on washout of the 
drugs, or sometimes even before washout, large 
low frequency STICs develop, which we have 
assumed to be due to Ca2+ overload of the sarco-
plasmic reticulum. As expected from its effects 
on STICs, YC-1 inhibits STDs (Fig. 7.8f), sug-
gesting that the NO/cGMP pathway may inhibit 
spontaneous corpus cavernosum tone by inhibit-
ing STDs and their underlying STICs.

In contrast to the effect of the NO/cGMP path-
way, activation of α1-adrenoceptors evoked Cl− 
currents and increased STIC frequency in rabbit 
corpus cavernosum myocytes [19]. These effects 
were blocked by 2-APB, suggesting they involved 
activation of IP3 receptors. YC-1 almost  completely 
blocked Cl− currents evoked by noradrenaline but 
not when they were induced by caffeine, suggest-
ing that the NO/cGMP pathway potently and spe-
cifically inhibits IP3-mediated Ca2+ release [75].

7.4  Electrical Activity 
and Intracellular Ca2+ Signals 
in Whole Tissue

A few intracellular microelectrode and sucrose- 
gap recordings have been made from tissues 
related to corpus cavernosum such as bovine 
retractor penis muscle, dog corpus spongiosum 
(see review by Andersson and Wagner 1995) [2] 
and rat penile bulb [86]. However, we are only 
aware of one paper where there are published 
records of intracellular microelectrode record-
ings from corpus cavernosum, made by Hashitani 
and colleagues [9]. These were obtained from 
rabbit corpus cavernosum and examples from the 
study are presented in Fig. 7.9. Two types of elec-
trical activity were described, namely bursts of 
spontaneous depolarisations consisting of an ini-
tial spike, followed by oscillations (Fig. 7.9a). It 
is noteworthy that the spontaneous electrical 
activity in Fig. 7.9a is similar to the spontaneous 
contractile activity in Fig. 7.2a. More commonly, 

continuous bursting depolarisations were 
recorded (Fig.  7.9b). The mean frequency and 
amplitude of the bursts were 22.6 per minute and 
27.0 mV, respectively, with the resting potential 
(defined as the most negative potential between 
the bursts) averaging −46 mV. The spontaneous 
depolarisations were abolished by nifedipine or 
nicardipine, CPA and niflumic acid, suggesting a 
role for L-type Ca2+ channels, the sarcoplasmic 
reticulum and Ca2+-activated Cl− channels. 
Interestingly, niflumic acid also hyperpolarised 
the tissue by about 5  mV, but the L-type Ca2+ 
blockers did not. The NO donor, SIN-1 also 
hyperpolarised the tissue and abolished the spon-
taneous depolarisations and, significantly, the 
degree of hyperpolarisation was unaffected by 
iberiotoxin, suggesting little requirement for 
BKCa channels in mediating this effect. The elec-
trical and mechanical events were also blocked 
by NS-398, a specific COX-2 antagonist, sug-
gesting the prostaglandins had a role in facilitat-
ing the development of spontaneous activity.

We also present another previously unpub-
lished intracellular microelectrode recording 
from rabbit corpus cavernosum, made in our lab-
oratory by Professor Sean Ward (Fig. 7.9c). This 
shows more discrete depolarisations than 
described in the Hashitani study [9] and the 
membrane potential is more negative at 
−60 mV. Interestingly, they have a similar time 
course to the phasic contractions shown in 
Fig.  7.2b. Close inspection of the record in 
Fig.  7.9c reveals that the depolarisations are 
sometimes preceded by distinct bumps (marked 
by arrows). These resemble the spontaneous tran-
sient depolarisations seen in portal vein and 
sheep urethra and were attributed to activation of 
Cl− current by release of stored Ca2+ [87, 88]. 
Despite the differences in this recording and 
those presented by Hashitani et al. [9], the clear 
similarity is that the corpus cavernosum gener-
ates large spontaneous depolarisations capable of 
activating L-type Ca2+ channels, and it is likely 
that the depolarisations are initiated by Ca2+-
release from the sarcoplasmic reticulum which, 
in turn, activates the Cl− channels.

Hashitani and colleagues [9] also measured 
intracellular Ca2+ using fura-2 and found spon-
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taneous Ca2+ transients with patterns very simi-
lar to the depolarisations and phasic 
contractions, i.e. they consisted of a rapid ris-
ing phase followed by oscillations. Whole tis-
sue Ca2+ measurements were also made by us 
from tissue slices of rabbit corpus cavernosum 
loaded with fluo-4AM and studied with a 
Nipkow spinning disk laser confocal system 
coupled to an EMCCD camera [77]. This 
allowed direct visualisation of the Ca2+ signals 
in the tissue. Of eight slices studied, all devel-
oped spontaneous phasic Ca2+ events associ-
ated with phasic contraction of the smooth 
muscle trabeculae. The spread of the events 
varied from a few muscle bundles to entire tra-
beculae, and even across all of the trabeculae 
within the field of view, to the extent that they 
were associated with narrowing of the sinuses. 
The spread was too fast to measure at the image 
acquisition rate of 5 frames per second; how-

ever, it is clear from these observations that the 
corpus cavernosum smooth muscle cells are 
indeed very well coupled.

7.5  Intracellular Ca2+ Signals 
in Isolated Corpus 
Cavernosum Myocytes

Ca2+ transients were measured in rat and human 
freshly dispersed corpus cavernosum myocytes 
by Sims and colleagues using fura-2 indicator 
[89]. They showed that NO donors and cGMP 
analogues, when combined with sildenafil 
reduced PE-induced Ca2+ transients by about 
50% but had no effect basal [Ca2+]. Surprisingly, 
neither NO donors nor cGMP analogues had 
any significant effect on PE transients if used 
without sildenafil, and the authors suggested 
that this might be because degradation of 
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microelectrode 
recordings from rabbit 
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continuous oscillations 
in membrane potential. 
(c) Previously 
unpublished recording 
by Prof. Sean Ward in 
our laboratory, showing 
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time scale. (a, b) Are 
adapted from Hashitani 
et al. [9]
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cGMP by PDE5 was accelerated in isolated 
cells.

Later, the same group imaged rat corpus cav-
ernosum myocytes loaded with fluo-4AM and 
recorded localised Ca2+ sparks [76]. Sparks are 
generally thought to be due to localised release of 
Ca2+ from the sarcoplasmic reticulum via a co- 
ordinated cluster of ryanodine receptors [90]. 
Larger sparks, involving crosstalk between clus-
ters of RyR and IP3R have been observed in rab-
bit portal vein cells and some visceral smooth 
muscles [91]. The larger sparks in portal vein 
were reduced by inhibitors of IP3-induced Ca2+ 
release (2-APB and xestospongin C) or a PLC 
inhibitor (U-73122), suggesting that they 
depended on  tonic production of IP3. In the rat 
corpus cavernosum, the sparks were similar in 
amplitude and frequency (per release site) to 
many other smooth muscles [76]. However, most 
interestingly, their spatial spread and duration 
were three to five times greater than in arterial 
smooth muscle (for references see [76]). Also, 
the number of spark release sites was high 
 compared to many other smooth muscles. The 
sparks were reduced in amplitude by 2-APB, 
leading the authors to speculate that they might 
have involved both IP3-R and RyR, as in portal 
vein, but on balance they rejected this idea [76]. 
In elegant experiments, simultaneous Ca2+ imag-
ing and patch clamp recordings revealed that the 
sparks were able to evoke both STOCs and STICs 
as well as mixed events involving both currents 
where the STOC just preceded the STIC (desig-
nated ‘STOICs’), possibly because the RyRs are 
located closer to the BKCa channels than the Ca2+-
activated Cl− channels. As the membrane poten-
tial was shifted from −60  mV to −30  mV, the 
predominance changed from STICs to STOCs, 
presumably due to the much greater inherent 
voltage-sensitivity of BKCa channels compared to 
Ca2+-activated Cl− channels. More widespread 
Ca2+ events, such as Ca2+ waves, were not 
observed in rat corpus cavernosum [76].

In contrast, Ca2+ waves are a prominent fea-
ture of isolated rabbit corpus cavernosum myo-
cytes loaded with fluo-4AM and imaged with a 
Nipkow spinning disk laser confocal/EMCCD 
system (see Figs. 7.10, 7.11, and 7.12) [15, 19, 

77, 78]. In 57 cells, these propagated without 
decrement for distances of 20–100 μm at a mean 
velocity of ~65 μm per second, a mean frequency 
of ~13 per minute and mean amplitude of 1.77 
ΔF/F0 [77]. In simultaneous patch clamp and 
Ca2+ imaging experiments the Ca2+ waves were 
shown to activate STICs, as might be expected 
from such widespread Ca2+ events (Fig.  7.10) 
[77]. We have also observed Ca2+ waves with 
very similar characteristics in isolated mouse 
corpus cavernosum myocytes (Figs. 7.11a, b and 
7.12c). In both species, they were abolished by 
2-APB, CPA, tetracaine and Ca2+-free external 
solution, suggesting a role for both Ca2+ stores 
and Ca2+ influx in their generation [15, 77]. 
Nifedipine also either blocked or reduced the fre-
quency of the waves [15]. The effect of 2-APB on 
Ca2+ waves in a mouse corpus cavernosum myo-
cyte is shown in a pseudo-linescan derived from 
a movie in Fig.  7.11a (see reference [77] for 
method). 2-APB can be seen to abolish the waves, 
while leaving more localised events. This is con-
sistent with the idea that the waves depend on 
IP3Rs for their propagation, but that their initia-
tion is via another mechanism. We propose that, 
similar to urethral interstitial cells (see Chap. 6) 
and rabbit portal vein [91], Ca2+ waves are initi-
ated by typical Ca2+ sparks arising from RyRs, 
but require IP3Rs to propagate.

The initiation of Ca2+ waves can be observed 
in the linescan of a movie acquired at 30 frames 
per second from a mouse corpus cavernosum in 
Fig.  7.11bi. In this, it is evident that are some 
small spark-like events that occur at the same ini-
tiation site as most of the waves. The expanded 
record in Fig.  7.11bii shows this more clearly, 
where a single localised event is followed 3  s 
later by a similar event that, this time, propagates 
as a wave along the cell in both directions. Thus, 
it appears as if the wave is initiated by a spark. 
Although we have not yet acquired similar 
records at fast frame rates whilst also patch 
clamping the cells, the patch clamp record of 
STICs and STOCs in Fig. 7.11c, gives some idea 
of what to expect. This recording was made at 
−30 mV (with ECl set to 0 mV and EK = −85 mV) 
in order to simultaneously record STICs and 
STOCs. 2-APB abolished the STICs, while leav-
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ing STOCs intact, suggesting that the smaller 
events that persist in the presence of 2-APB are 
sufficient to activate STOCs, but that large STICs 
(Figs. 7.8 and 7.10), require Ca2+ waves. This can 
be explained by the fact that clusters of RyRs are 
believed to co-localise with clusters of BKCa 
channels [90], so that a spark activates a STOC. 
However, even if there was similar co- localisation 
of RyR and Cl− channels, to get a similar sized 
current, there would need to be 36-fold more Cl− 
channels compared to a BKCa channel, given the 
8:291 ratio of their conductances. (As an aside, 
the fact that 2-APB does not reduce STOCs to 
any great extent suggests that it has little effect on 
sarcoplasmic reticulum filling in these cells. This 
point is also supported by the fact that 
 caffeine- induced Ca2+-transients were not dimin-
ished in 2-APB [19]).

The regulation of the Ca2+ waves by NO/cGMP 
and α-adrenergic stimulation has also been stud-
ied [19]. Figure  7.12a, b shows that NO and 
8-bromo-cGMP abolish waves and reduce basal 
Ca2+ [77]. Also, sildenafil had a similar effect, 
suggesting that there is a basal level of production 
of cGMP in the absence of stimulation [77]. It is 
evident from the records in Fig. 7.12a, b that the 
Ca2+ waves increase in intensity after washout of 
the drugs and sometimes, even in the presence of 
the drug (Fig. 7.12b), albeit at a lower frequency. 
Interestingly, these ‘breakthrough’ events are not 
inhibited by 2-APB but are abolished by tetra-
caine [47]. Our interpretation of this is that the 
breakthrough events are due to discharging of an 
overloaded sarcoplasmic reticulum via RyR, as a 
result of excessive SERCA pump stimulation and 
IP3R inhibition.
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and patch clamp records 
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artefact produced by a 
corresponding triggering 
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record. Adapted from 
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Predictably, PE has the opposite effect to NO, 
in that it increases the frequency of Ca2+ waves 
(Fig.  7.12c). Figure  7.12c also shows that this 
effect is antagonised by NO. The increased fre-
quency in response to PE is also reduced by 
CaCCinh-A01 (Fig.  7.12d), suggesting that the 
sustained PE response is facilitated by depolari-
sation and influx via L-type Ca2+ channels.

The question is, why have Ca2+ waves been 
observed in rabbit and mouse corpus caverno-
sum (Figs. 7.10, 7.11, and 7.12), but not in rat 
[76]? This might be due to species differences, 
but there were several important differences in 
the methodology between these studies. 
Firstly, the rat experiments were conducted at 
room temperature, while the rabbit and mouse 

experiments were performed at 35–37 °C. This 
is likely to have had a significant effect on the 
kinetics of the IP3Rs and RyRs and also to slow 
the accumulation of Ca2+ in the SR due to the 
action of the SERCA pump. Secondly, the rat 
cells were incubated in 5  μM fluo-4AM for 
40 min, while in the rabbit and mouse experi-
ments the sensitivity of the EMCCD camera 
permitted a much lower loading protocol to be 
used (0.4  μM fluo-4  AM for 6–8  min). It is 
possible, therefore, that Ca2+ buffering by 
fluo-4, inhibited the waves in the rat experi-
ments. In support, EGTA-AM (3 μM) uncou-
pled the Ca2+ release sites and abolished waves 
leaving only sparks, in rabbit urethral intersti-
tial cells [92].
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Spontaneous Ca2+ waves 
in an isolated mouse 
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previously unpublished 
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from Craven [42]
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7.6  Conclusion: Overview 
of Regulation of Corpus 
Cavernosum Tone

There are many factors, which are important in 
regulation of tone that have not been considered 
in this review. Most notable, is regulation of Ca2+-
sensitivity of the contractile proteins by Rho 
kinase [93]. Another potentially important omis-
sion is a putative role for interstitial cells (IC). 
Hashitani reported cells in rabbit corpus caverno-
sum, which were Kit, vimentin and COX-2 posi-

tive [94]. We have also isolated vimentin positive 
cells from the rabbit corpus cavernosum that 
closely resemble those which we have described 
in the urethra (see Chap. 6). These cells display 
many of the features described for myocytes 
described in this review, including Ca2+ waves, 
L-type Ca2+ current, Ca2+-activated Cl− current 
and BKCa current (unpublished data). However, 
in the corpus cavernosum, unlike the rabbit ure-
thra, the myocytes possess the apparatus for the 
Cl− current-driven pacemaker to work, so it is not 
obvious what role corpus cavernosum IC might 
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play, though they ought to be the subject of fur-
ther study.

In summary, we propose a basic model in cor-
pus cavernosum myocytes whereby spontaneous 
tone is generated by Ca2+ influx, via L-type Ca2+ 
channels, activated as a result of spontaneous 
depolarisations. The depolarisations are initiated 
by Ca2+-activated Cl− channels (most probably 
TMEM16A), which are mainly activated by 
spontaneous Ca2+ waves that propagate from an 
initiating event, most probably a Ca2+ spark 
released via RyRs, but IP3Rs may also be 
involved. However, the Ca2+ waves need IP3Rs to 
propagate. The Ca2+ waves not only lead to acti-
vation of L-type Ca2+ currents and Ca2+ influx, 
but are also facilitated by this mechanism, as sug-
gested by the fact that they are reduced by nife-
dipine and CaCCinh-A01. Both NO and 
noradrenaline modulate this basic pacemaker 
mechanism. It is upregulated upon α-adrenoceptor 
stimulation, via stimulation of PLC and IP3 gen-
eration, and downregulated by NO, mostly by 
inhibition of IP3-mediated Ca2+ release. This inhi-
bition may be direct, by inhibiting Ca2+ release 
from IP3Rs [95, 96] or indirect by inhibiting IP3 
synthesis [97]. It is possible that components of 
this pacemaker mechanism, such as the Ca2+-
activated Cl− channels, may provide new targets 
for drug therapy to treat cases of erectile dysfunc-
tion that are resistant to PDE5 inhibitors. 
However, the challenge will be to specifically tar-
get the corpus cavernosum without producing 
unwanted effects on other tissues such as the gut, 
urethra, or blood vessels.
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Abstract
Spontaneous myogenic contractions have 
been shown to be significantly upregulated in 
prostate tissue collected from men with 
Benign Prostatic Hyperplasia (BPH), an 
extremely common disorder of the ageing 
male. Although originally thought likely to be 
involved in ‘housekeeping’ functions, mixing 
prostatic secretions to prevent stagnation, 
these spontaneous myogenic contractions pro-
vide a novel opportunity to understand and 
treat BPH.  This treatment potential differs 
from previous models, which focused exclu-
sively on attenuating nerve-mediated neuro-
genic contractions. Previous studies in the 
rodent prostate have provided an insight into 
the mechanisms underlying the regulation of 
myogenic contractions. ‘Prostatic Interstitial 
Cells’ (PICs) within the prostate appear to 
generate pacemaker potentials, which arise 
from the summation of number of spontane-
ous transient depolarisations triggered by the 
spontaneous release of Ca2+ from internal 
stores and the opening of Ca2+-activated Cl− 
channels. Pacemaker potentials then conduct 
into neighbouring smooth muscle cells to gen-
erate spontaneous slow waves. These slow 

waves trigger the firing of ‘spike-like’ action 
potentials, Ca2+ entry and contraction, which 
are not attenuated by blockers of neurotrans-
mission. However, these spontaneous pros-
tatic contractions can be modulated by the 
autonomic nervous system. Here, we discuss 
the mechanisms underlying rodent and human 
prostate myogenic contractions and the actions 
of existing and novel pharmacotherapies for 
the treatment of BPH. Understanding the gen-
eration of human prostatic smooth muscle 
tone will confirm the mechanism of action of 
existing drugs, inform the identification and 
effectiveness of new pharmacotherapies, as 
well as predict patient outcomes.

Keywords
Prostate · Slow wave activity · Pacemaker 
activity · Benign prostatic hyperplasia · 
Spontaneous activity · Prostatic interstitial 
cells

8.1  Function and Structure 
of the Prostate

8.1.1  Function

The prostate is the largest male accessory repro-
ductive organ, and produces prostatic secretions 
that comprise part of the semen. Secretions 
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produced by the accessory reproductive organs 
play a role in optimising conditions for fertili-
sation by buffering the vaginal acidic environ-
ment, enhancing sperm motility and viability, or 
by improving sperm transport in both the male 
and female reproductive tracts, thereby playing 
an important role in reproduction by facilitating 
fertilisation [1]. The average human ejaculate 
ranges from 2 to 6 mL, with prostatic secretions 
contributing approximately 0.5  mL [1]. During 
ejaculation, the first fraction of human ejaculate 
is rich in sperm and prostatic secretions, with 
secretions from the seminal vesicles elevated in 
the later fraction of ejaculate [2–4]. Components 
of prostatic secretions include citric acid [5], 
polyamines, e.g. spermine [6], lipids, cholesterol, 
and phospholipids [1], zinc [7], prostate secre-
tory proteins, e.g. prostate-specific antigen (PSA) 
[8], human kallikrein 2 [9], human kallikrein-L1 
[10], prostatic acid phosphatase [11], prostatic 
specific protein 94 [12], Zn2 glycoprotein [13], 
leucine aminopeptidase [14], lactic dehydroge-
nase [15], and immunoglobulins [16].

8.1.2  Anatomy

The anatomy of the prostate differs significantly 
between species. The human prostate is traversed 
by the prostatic urethra, and is anatomically 
defined as having anterior, posterior and lateral 
surfaces. The prostate has a narrowed apex infe-
riorly, and a broad base superiorly located poste-
rior to the bladder and is enclosed by a prostatic 
capsule [1].

Current anatomical and histological knowl-
edge of the human prostate is based on descrip-
tions by McNeal [17–21] and elegantly illustrated 
in Campbell-Walsh Urology [1]. McNeal 
describes the prostate as being composed of 
approximately 70% glandular elements, and 30% 
fibromuscular stroma extending to the fibromus-
cular capsule [20]. The glandular elements of 
the prostate are divided into discrete pathologi-
cal zones, which are distinguished by the loca-
tion of their ducts into the urethra. Three distinct 
zones of the glandular elements of the prostate 
include the peripheral, central, and transition 

zones, in addition to the anterior fibromuscular 
stroma which lacks a glandular component [20]. 
The vascular supply to the prostate arises from 
the inferior vesicle artery which branches into 
two main arteries travelling to different regions. 
The urethral arteries supply the periurethral and 
transition zones of the human prostate, while the 
capsular artery branch pierces the prostate stroma 
and supplies the glandular tissues [1].

The human prostate has several unique fea-
tures, including the anatomical zone structure 
described by McNeal [17–21], and a band of 
outer condensed fibromuscular stroma encapsu-
lating the prostate [22]. In contrast, the mouse 
[23] and guinea pig [24] prostates consists of two 
distinct bilaterally symmetrical lobes, a well-
developed dorsal lobe and a smaller ventral lobe, 
located at specific positions around the urethra, 
but do not encapsulate it. Nor do they contain an 
outer fibromuscular stroma.

8.1.3  Cellular Composition

The cellular structure of the prostate can be 
divided into three components: the epithelium, 
basement membrane and fibromuscular stroma. 
The epithelium consists of basal, neuroendocrine 
and secretory (luminal) cells [25]. The base-
ment membrane consists of extracellular matrix 
(ECM) secreted by the basal epithelial cells. 
Underlying these layers is the stroma, which con-
sists of smooth muscle cells, fibroblasts, nerves 
and blood vessels [26]. There are also a number 
of immune cells within the stroma.

Epithelial cells arise from a common urogeni-
tal epithelial progenitor cell, with the exception 
of neuroendocrine cells, which are postulated 
to arise from either the urogenital epithelial or 
neural crest progenitor cells. Basal progenitors 
give rise to basal cells, which are essential in the 
maintenance of ductal integrity and survival of 
luminal cells. Luminal cells arise from a luminal 
progenitor, form the lumen of the duct, and are 
responsible for the generation and secretion of 
prostatic secretions. The ratio of basal to lumi-
nal cells within the human prostate is estimated 
to be 1:1 [27]. Neuroendocrine cells, while of a 
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complex developmental origin not completely 
 elucidated, act in a paracrine manner to release 
endocrine signalling molecules, notably bombe-
sin, neurotensin, parathyroid hormone-related 
protein (PTHrP), serotonin, and calcitonin [28].

There are four distinct populations of stromal 
cells within the adult prostate: sub-epithelial inter-
stitial cells, smooth muscle cells, wrapping cells 
and fibroblasts [27]. Sub-epithelial interstitial cells 
are located adjacent to the basal membrane and 
between the smooth muscle cell bundles, which 
we have called prostatic interstitial cells (PICs) 
[29]. As interstitial cells of Cajal (ICC) in the gas-
trointestinal (GI) tract generate electrical activity 
underlying its spontaneous contractions [30], it 
was envisaged that PICs are capable of triggering 
slow waves to drive smooth muscle contractility 
in the prostate. Smooth muscle cells are the most 
numerous cell type, and generate muscle contrac-
tility within the prostate to facilitate the move-
ment of secretions from the ductal structures to 
the proximal urethra during ejaculation. Wrapping 
cells are located with the outer part of the smooth 
muscle layer, assisting with the formation of the 
fibromuscular stroma. Fibroblasts and myofibro-
blast are also located between ducts [27].

There are also notable differences in the cel-
lular structure of the rodent and human prostate. 
Rodent prostates do not contain a continuous basal 
cell layer present in the human prostate, leading 
to a decreased ratio of basal to luminal cells of 
1:7 in rodents (compared to 1:1 in humans) [31]. 
The composition of the stroma also significantly 
differs, with rodent prostate ducts consisting of 
a thin smooth muscle layer joined by connective 
tissue to neighbouring ducts. The human prostate 
consists of bundles of smooth muscle cells that 
form a continuous thick mass of fibromuscular 
stroma. Overall, there is less stromal content in 
rodent prostates when compared to the human 
prostate.

8.1.4  Development and Growth 
of the Prostate

Development of the prostate occurs in four dis-
tinct stages following the division of the embry-

onic cloaca into separate urogenital and anorectal 
tracts by 8 weeks of development in humans, or 
13.5 days post coitum in the mouse. In the first 
stage of prostate development, androgens pro-
duce developmental cues, both directly and indi-
rectly, that lead to prostate development [32]. 
In the second stage, prostate budding occurs to 
produce a series of ductal structures. Urogenital 
sinus epithelium (UGE) directed by Activin, 
Notch and Hedgehog signalling pathways drive 
progenitor cells located in the ductal tips into 
the urogenital sinus mesenchyme (UGM), lead-
ing to the initiation of tissue outgrowth [27]. The 
third stage, branching morphogenesis occurs, 
leading to ductal outgrowth and the forma-
tion of the mature ductal network. This stage is 
responsible for the development of the different 
prostate zones (TZ, PZ and CZ) within the uni-
lobular organ of humans. The fourth and final 
stage consists of the differentiation of the UGE 
into the ductal lumen and the formation of the 
glandular epithelium, consisting of basal, lumi-
nal, neuroendocrine and intermediate cells. The 
resultant prostate is approximately two (2) grams 
in weight.

Growth of the prostate continues over a man’s 
lifetime. During puberty, the prostate undergoes a 
wave of growth in response to androgens released 
from the testes. The synthesis and release of 
testosterone is regulated by the hypothalamus, 
which releases gonadotropin-releasing hormone 
to stimulate the pituitary release of luteinising 
hormone which is then transported to the testes 
[1]. The prohormone, testosterone is synthe-
sised in the Leydig cells of the testes and is the 
source of the major androgen in circulation [1]. 
However, dihydrotestosterone (DHT) converted 
from testosterone by 5α-reductase in the pros-
tate is more potent, concentrated in the prostate 
[33–35] and is the major androgen regulating 
cellular growth, differentiation, and function 
[36, 37]. There are two isoforms of 5α-reductase 
(type I and type II), with type I 5α-reductase pre-
dominately expressed in prostatic epithelia, and 
type II 5α-reductase predominately expressed 
in the fibromuscular stroma [38]. Activation 
of the androgen receptor by DHT (or testos-
terone) within the cytoplasm results in various 
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 downstream signalling mechanisms, ultimately 
resulting in prostatic growth [35].

8.2  Benign Prostatic Hyperplasia

In the fourth decade of a man’s life, a pathophys-
iological wave of growth commences, result-
ing in Benign Prostatic Hyperplasia (BPH), an 
extremely common disorder of the ageing male 
population. BPH has long been regarded as a dis-
ease of the prostate stroma, as the ratio of stroma 
to epithelia increases from 2:1  in the normal 
prostate to 5:1  in BPH [39]. The encapsulation 
of an enlarging prostate around the urethra with 
BPH plays a critical role in the development of 
Lower Urinary Tract Symptoms (LUTS), be they 
voiding symptoms or storage symptoms, namely 
overactive bladder (OAB) associated with blad-
der outlet obstruction (BOO). However, one 
consistent clinical observation is that the size of 
the prostate does not correlate with the severity 
of LUTS associated with BPH [40]. Therefore, 
it is proposed that the pathogenesis of BPH can 
be divided into two distinct components: a static 
component that is characterised by an increase 
in the size of the prostate, and a dynamic com-
ponent, which is thought to involve changes to 
the contractility and innervation of the smooth 
muscle [41].

BPH is a hyperplastic process, with the first 
phase of its development being characterised by 
an increased number of small glandular and stro-
mal nodules, followed by a second phase associ-
ated with a significant increase in large nodules 
[42]. Early nodules in the periurethral zone are 
purely stromal in their composition, whereas the 
earliest nodules in the transition zone represent 
proliferation of glandular tissue [19, 42]. This 
proliferative process leads to an increased density 
of glands within a given area, along with hyper-
trophy of individual epithelial cells [1]. A signifi-
cant change in stromal-epithelial ratios in resected 
tissues suggests that hyperplasia of the stroma 
predominates, resulting in a greater presence of 
smooth muscle relative to the glandular epithe-
lium, so that smooth muscle represents a signifi-
cant volume of the prostate in BPH [43, 44].

Although dogs are the only other species to 
develop naturally-occurring BPH, LUTS associ-
ated with BOO does not develop due to the lack 
of an encapsulating prostate [45]. An important 
role of the prostatic capsule in the development 
of LUTS is highlighted by reports suggesting that 
a transurethral incision of the prostatic capsule 
results in a significant improvement of symptoms 
without affecting the size of the prostate [1, 46]. 
Similarly, the size of the prostate does not corre-
late with the severity of symptoms [47], suggest-
ing that there is an additional component involved 
in the pathophysiology of LUTS. The tone gen-
erated by smooth muscle contraction within the 
prostate plays a major role in the pathophysiol-
ogy of LUTS related with BPH [43]. An increase 
in smooth muscle tone results in benign prostatic 
obstruction (BPO) of the urethra, and subse-
quent BOO, all of which contribute to LUTS in 
ageing men [40]. The increase in prostatic ure-
thral obstruction can also result in compensa-
tory changes in bladder function. However, the 
aetiology of this increase in smooth muscle tone 
resulting in a dynamic increase in prostatic ure-
thral resistance remains poorly understood. The 
involvement of stromal-epithelial interactions 
[48], embryonic awakening [42], prostatic stem 
cells [49], inflammation [50], and changes in 
innervation [51–54] in the development of BPH 
have all been suggested.

8.3  Prostatic Innervation

The prostate is innervated by autonomic postgan-
glionic neurons arising from the pelvic plexus 
[55]. Two main nerves innervate the pelvic 
plexus: the pelvic nerve, which carries parasym-
pathetic fibres, and the hypogastric nerve, which 
carries sympathetic fibres and a small population 
of sensory neurons. Short noradrenergic nerves 
ramify from the hypogastric nerve, densely 
innervating the prostate stroma. Noradrenaline 
has been postulated as the primary neurotrans-
mitter within the prostate, with early experiments 
within the human prostate finding that nor-
adrenaline stimulated contraction of the smooth 
muscle cells within the prostate stroma [56]. The 
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innervation plays an essential role in prostate 
function, ramifying to both the stromal and glan-
dular components of the prostate. Stimulation 
of sympathetic nerves predominately mediates 
contraction of prostatic smooth muscle, whereas 
parasympathetic nerves extend to the acini and 
promote secretion. In addition, non-adrenergic, 
non- cholinergic mechanisms which play a role in 
prostatic smooth muscle function have been iden-
tified in the human prostate gland.

8.3.1  Sympathetic Innervation

The predominant sympathetic nerve fibres extend-
ing to the prostate are adrenergic nerves, with vari-
cosities located 10–20  nm from smooth muscle 
cells in the human prostate [57]. Immunostaining 
of adrenergic innervation locates throughout the 
smooth muscle of the prostatic capsule, predomi-
nately around the stroma of individual acini [58], 
and consistent with a role for sympathetic innerva-
tion to cause contraction that promotes expulsion 
of prostatic secretions during ejaculation [59].

α1-Adrenoceptors are the predominant sub-
type of adrenoceptors present within the human 
prostate. Receptor binding experiments indi-
cate that α1-adrenoceptors are localised pre-
dominantly to the fibromuscular stroma, with 
α2-adrenoceptors found only in vascular tissue 
within the human prostate. The α1-adrenoceptor 
is not homogenous, and the sub-classifications of 
the receptor, α1A, α1B and α1D, are present within 
the human prostate at differing expression levels 
[60]. The α1A-adrenoceptor is the most prominent 
sub-classification expressed within the prostate, 
followed by α1D and α1B-adrenoceptors, respec-
tively [53]. The α1-adrenoceptor is a G-Protein 
receptor coupled to a Gq alpha subunit, which is 
responsible for the hydrolysis of phospholipase 
C (PLC), leading to the activation of diacylglyc-
erol (DAG) and inositol trisphosphate (IP3). IP3 
acts on IP3 receptors located on the sarcoplasmic 
reticulum membrane to release Ca2+ from intra-
cellular calcium stores, activating myosin light 
chain kinase (MLCK). MLCK phosphorylases 
myosin light chain (MLC), resulting in smooth 
muscle contraction. DAG activates protein kinase 
C (PKC), which prevents the dephosphorisation 

of myosin light chain, preventing smooth muscle 
relaxation [61].

In addition to α1-adrenoceptors, the prostate 
contains a population of α2-adrenoceptors localised 
primarily in the glandular epithelium and vascular 
tissue [62, 63], which are unlikely to play a role 
in contraction as α2-adrenoceptor antagonists only 
slightly reduce contractions induced by noradrena-
line [64] and have no effect on electrical field stim-
ulation (EFS)-induced contractions in the human 
prostate [65]. The application of a β-adrenoceptor 
agonist inhibits α1-adrenoceptor-mediated con-
traction via activation of adenylyl cyclase and 
accumulation of cyclic adenosine monophosphate 
(cAMP), resulting in relaxation of prostatic smooth 
muscle [66–68]. This response is most likely medi-
ated by the β2-adrenoceptor subtype. However, the 
β1-adrenoceptor subtype and β3-adrenoceptor sub-
type may also be involved in contractile functions 
of the human prostate [68–70].

In cell cultures, α1-adrenoceptor antago-
nists have suppressed stromal and epithelial 
cell growth, suggesting that the adrenergic 
innervation and adrenoceptors may have a non- 
contractile role in normal and diseased prostate 
tissues [71–74]. In addition, it has been demon-
strated that α1-adrenoceptors couple to non-con-
tractile intracellular protein kinases in the human 
prostate [75–78], suggesting a role for the adren-
ergic innervation in cellular growth, proliferation, 
and apoptosis. However, a clinical translation of 
a reduction in prostate volume in patients clini-
cally prescribed α1-adrenoceptor antagonists has 
not been observed [79, 80].

Adenosine Triphosphate (ATP) is an adjunct 
excitatory co-transmitter with noradrenaline 
in efferent-mediated contraction of the rat and 
guinea pig prostates [81]. Purinergic P2 recep-
tors have been located in the human prostate, 
with P2Y1 and P2X1 receptors present within the 
stroma [82]. Adenosine A1 and A2A receptors are 
present in human stromal cells, and have been 
shown to modulate α1-adrenoceptor-mediated 
contractions of cultured stromal cells. Functional 
investigations in the rat prostate indicate that P2 
receptor antagonists attenuate nerve-mediated 
contractility, with ATP modulating the release of 
noradrenaline from sympathetic nerves via the 
prejunctional receptors A1 and P2Y [83].
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In the guinea pig prostate, EFS-evoked excitatory 
junction potentials (EJPs) are abolished by guaneth-
idine (10 μM), α-β-methylene ATP (10 μM) or pyri-
doxal phosphate-6-azophenyl- 2,4-disulphonic acid 
(PPADS, 10  μM), but not phentolamine (1  μM). 
Immunostaining of the prostatic smooth muscle 
reveals the expression of P2X1 receptors. EJPs 
themselves do not cause contraction, but they read-
ily sum to trigger slow wave generation, spike dis-
charge and contraction (see below) [84].

8.3.2  Parasympathetic Innervation

The predominant parasympathetic nerve fibres 
innervating the human prostate are cholinergic 
nerves, which have been identified using markers 
of acetylcholinesterase or vesicular acetylcholine 
transferase [58, 85–87]. Electron microscopy has 
demonstrated that cholinergic nerve varicosities 
form close associations with the glandular epi-
thelium and the smooth muscle components of 
the prostate [57].

Muscarinic receptors M2-4, but mainly the 
M2 receptor, have been located in cultured human 
prostatic stroma cells, while the M1 receptor 
subtype was found mostly on epithelium cells 
[88, 89]. The rabbit prostate produces a small 
atropine- sensitive contraction to either cholin-
ergic nerve stimulation or applied acetylcholine 
[88, 89]. Similar cholinergic contractions in the 
prostate of the rat [90], guinea pig [91] and dog 
[92] have been attributed to the activation of M2, 
M1 and M3 muscarinic receptor, respectively. 
In the mouse prostate, cholinergic contractions 
were inhibited upon genetic deletion of the M3 
receptor [93]. However, the general consensus is 
that the cholinergic contractions in the prostate 
are relatively small compared to their adrenergic 
contractions and that epithelial M1 are likely to 
be involved in prostatic secretion [88, 89].

8.3.3  Non-adrenergic Non- 
cholinergic Innervation

Nitric oxide synthase (NOS) is an enzyme 
responsible for producing nitric oxide (NO) from 

Nω-nitro-l-Arginine, and has been identified 
in the endothelium, smooth muscle, blood ves-
sels and nerves supplying the lower urinary tract 
[86]. NO is commonly co-localised in adrener-
gic and cholinergic nerves throughout the stro-
mal and glandular epithelium compartments [86, 
94–96]. NO is an essential signal transduction 
component in several physiological processes, 
notably smooth muscle relaxation and neuro-
transmission. For example, in agonist-induced 
in vitro contractions of the human prostate, NO 
donors results in relaxation [81, 97, 98]. The only 
established receptor for NO is soluble guanyl-
ate cyclase (sGC), with NO binding induces a 
conformational change in sGC to its active state 
[99]. It is well established that sGC catalyses the 
conversion of guanosine 5-triphosphate (GTP) 
to cyclic guanosine 3,5-monophosphate (cGMP) 
[100]. cGMP is an important second messenger, 
as it regulates three classes of proteins: ion chan-
nels, phosphodiesterases, and cGMP-dependent 
protein kinases (cGKs). cGMP and cyclic AMP 
(cAMP) are degraded by cyclic nucleotide phos-
phodiesterases (PDEs).

In addition, numerous other non-adrener-
gic, non-cholinergic mechanisms can elicit or 
modulate prostatic smooth muscle contraction. 
These include the sensory innervation releasing 
calcitonin gene-related peptide [101], tachyki-
nins [102], as well as endothelins [103, 104], 
the endocannabinoid system [105], prostanoids 
[106, 107], bradykinins [108, 109] and hista-
mine [110]. However, the physiological role for 
some of these mechanisms in the human prostate 
remains uncertain and their contribution to nerve- 
mediated contractions is considerably less than 
that of the sympathetic innervation.

8.4  Spontaneous Contractions

Spontaneous contractions in the prostate are 
likely to be involved in maintaining the momen-
tum of prostatic secretions in the acini and regu-
lating the overall resting smooth muscle tone of 
the prostate [111, 112]. These spontaneous con-
tractions are observed in isolated strips of the 
guinea pig, rat and dog prostate [92, 111, 113], 
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human prostatic tissue [56, 86] and can be main-
tained in human cultured prostatic smooth mus-
cle cells [114].

The composition of the guinea pig prostate is 
similar to the human prostate gland as it contains 
a larger proportion of smooth muscle in compari-
son to the glandular epithelium, being 40% and 
25% of the total prostatic composition, respec-
tively [115, 116]. The guinea pig prostate also 
undergoes similar age- and androgen-dependent 
changes as the human prostate [117]. The guinea 
pig prostate gland grows from 60 mg to 600 mg 
during puberty, further development with age 
results in a prostate weight of >1 g [117]. In addi-
tion, the smooth muscle component of the guinea 
pig prostate rises to 75% of the total prostatic 
composition [117], which is similar to patients 
exhibiting symptoms of BPH [118]. The inner-
vation of the guinea pig prostate is also similar 
to the human prostate, arising from the pelvic 
plexus, which receives sympathetic and para-
sympathetic inputs from the hypogastric and pel-
vic nerves, respectively [119, 120]. In addition, 
immunohistochemical and functional studies 
have suggested adrenergic, cholinergic and non- 
adrenergic, non-cholinergic innervation in the 
guinea pig prostate similar to the human prostate 
[91, 121–123]. Overall, the findings in the guinea 
pig prostate have provided extensive insights into 
the mechanisms involved in the regulation of 
prostatic smooth muscle tone.

8.4.1  Prostatic Interstitial Cells 
(PICs)

A number of smooth muscle tissues within the 
body have been shown to exhibit spontane-
ous contractions independent of nerve-evoked 
responses, commonly referred to as myogenic 
contractions. The most well studied example 
of spontaneous activity is in the GI tract where 
ICC generate propagating slow wave activity 
[30] which triggers the phasic contractions of 
the GI smooth muscle. Common ultrastructural 
features of ICC include an electron-dense cyto-
plasm, caveolae, a basal lamina, well-developed 

smooth endoplasmic reticulum, relatively sparse 
rough endoplasmic reticulum, an abundance of 
mitochondria, free and poly ribosomes, and inter-
mediate and thin filaments with a lack of myosin 
filaments [124]. Electron microscopic investiga-
tions of the guinea pig [111] and gerbil [125] 
prostates have identified PICs located between 
the epithelial and stromal compartments with 
similar morphological features to ICC.

By immunohistochemistry, PICs in the guinea 
pig prostate are positive for the Kit receptor 
(CD117) of the receptor tyrosine kinase, which 
is a well-established marker of ICC within the 
GI tract. Using Kit as a marker, PICs have been 
identified between smooth muscle cells and 
epithelial cells of the guinea pig [111, 126], rat 
[113], mouse [127] and human [112] prostate. A 
confounding factor in the identification of PICs 
is that mast cells, a common prostatic immune 
infiltrate, also express Kit [128]. Studies charac-
terising PICs in human tissue have used several 
other markers of GI ICC that co-locate with Kit 
to exclude the possibility of misidentification 
of mast cells. Interstitial cells within the human 
prostate were found to be immunoreactive for 
Kit, vanilloid receptor 1 (VR1) and connexion43 
[112]. Shafik et  al. (2005) additionally con-
firmed the presence of Kit-positive PICs in the 
human prostate within the sub-epithelial space 
[29], while Exintaris et al. (2002) described that 
these Kit-positive PICs formed an interconnect-
ing network in the guinea pig prostate [111]. In 
contrast, Gevaert et  al. failed to detect any Kit 
immunoreactivity in PICs in the human prostate, 
attributing all Kit-positive cells as mast cells. 
However, they characterised a population of sub-
epithelial PICs using antibodies against vimen-
tin and CD34 [122], another traditionally used 
ICC marker [129]. These cells were described 
as having long cellular processes interconnected 
by small adheren junctions, similar to the PICs 
originally described in the guinea pig prostate 
[103]. Although there is conflicting literature as 
to whether PICS in the human prostate are indeed 
immunoreactive to Kit, a population of PICs with 
similar morphological features has been identi-
fied across multiple species.
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8.4.2  Spontaneous Electrical 
Activity

Pacemaker potentials with a distinct biphasic time 
course of alternating depolarising and repolaris-
ing phases have been recorded in young guinea 
pigs [111, 130]. Pacemaker potentials have been 
shown to have a similar resting membrane poten-
tial and a frequency (5–6 min−1) not significantly 
different from cells displaying slow waves [131].

Single smooth muscle cells isolated from 
the guinea pig [132, 133] and human prostate 
gland [134, 135] are quiescent and have a stable 
resting membrane potential of approximately 
−60 mV. They require a depolarisation to evoke 
their action potentials, presumably in the intact 
tissue achieved by the slow wave. In isolated 
strips of the guinea pig prostate, spontaneous 
slow waves consist of a depolarising transient of 
10–20 mV and at least one superimposed action 
potential of approximately 40 mV in amplitude 
[111]. Neurobiotin staining has demonstrated 
that these slow waves arise from spindle-shaped 
smooth muscle cells which are approximately 
80–220 μm in length and 5–10 μm in width [111]. 
Spontaneous electrical slow waves are likely to 
underlie the spontaneous contractions recorded 
in the guinea pig prostate, which are recorded at 
a similar frequency [111, 131]. Further charac-
terisation of slow wave activity in the guinea pig 
prostate found that 80% of cells generate slow 
wave activity, with 13% producing pacemaker 
potentials [130]. Slow wave activity is myogenic 
in origin, as it is not modulated by blockers of 
neural transmission or propagation. However, 
excitatory agents such as high potassium, phen-
ylephrine and histamine increase the frequency 
of slow wave activity [111].

In the presence of an ‘L-type’ voltage- 
dependent Ca2+ channel blocker such as nifedip-
ine the spike potentials superimposed on the slow 
wave are abolished and the slow wave duration 
is reduced [111, 131]. The duration of the pace-
maker potentials is also reduced considerably in 
the presence of 1 μM nifedipine [131]. However, 
the frequency of the depolarising transients they 

evoke are little affected by 1–10 μM nifedipine 
[124]. In some recordings, it has been demon-
strated that when the depolarising transients are 
small, 1  μM nifedipine appears to completely 
block slow wave discharge; which has led to 
the suggestion that the varying amplitude of 
the depolarising transients reflexes the passive 
decay with distance between their site of genera-
tion and the recording electrode [118]. Thus, the 
active propagation of slow waves is dependent on 
the regenerative activation of voltage-dependent 
L-type Ca2+ channels in the smooth muscle cells 
[118].

Other spontaneous electrical waveforms 
recorded in the guinea pig prostate include spon-
taneous transient depolarisations (STDs) [111] 
and action potentials [136]. STDs occur irregu-
larly, consisting of a depolarisation followed by 
a slow repolarisation, and have a smaller ampli-
tude and higher frequency than spontaneous 
pacemaker potentials or slow waves [130, 136]. 
STDs fire in clusters, and it is believed that the 
summation of individual STDs form a large, 
depolarising transient observed as the pacemaker 
potential, while the depolarising transient of 
individual slow waves represents the passively 
propagated membrane response of a pacemaker 
potential generated in neighbouring PICs [118, 
130]. Spike potentials consist of a rapid depo-
larisation followed by an after-hyperpolarisation 
before returning to the resting membrane poten-
tial [136, 137]. Spike potentials are more com-
monly recorded in the prostates of aged guinea 
pigs and are dependent on the entry of Ca2+ via 
L-type Ca2+ channels [136]. It has been suggested 
that this age-related increase in high frequency 
action potential discharge reflects a change in 
the syncytial nature of the prostatic smooth mus-
cle, where multiple electrically isolated smooth 
muscle bundles fire freely, independent of any 
PIC  influences [118, 138]. Changes in the occur-
rence of these different spontaneous electrical 
waveforms recorded from the guinea pig pros-
tate gland are thought likely to underlie the sig-
nificant increase in smooth muscle tone with age 
(Figs. 8.1 and 8.2) [136, 139].
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8.5  Mechanisms of Contraction 
of the Prostate

As with the guinea pig prostate [111, 140], spon-
taneous contractions in the transition zone of the 
human prostate are non-neurogenic in nature, 
being unaffected by blockers of excitation 
with tetrodotoxin (Fig.  8.3) or neurotransmis-

sion with guanethidine, and atropine (Fig.  8.4). 
The  contractile profile of the transition zone 
is distinct and significantly different from the 
peripheral zone from matched specimens from 
the same patient [141]. The transition zone has 
a significantly greater resting basal tension, and 
significantly lower amplitude and frequency of 
spontaneous contractions in comparison to the 
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Fig. 8.1 Spontaneous slow wave activity in (a) adult and (b) ageing guinea pigs. Figure taken from Dey et al. [136]
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Fig. 8.2 Spontaneous 
contractile activity in (a) 
adult and (b) ageing 
guinea pigs. 
Spontaneous 
contractions occurred at 
irregular amplitudes in 
both age groups of 
animals. Figure taken 
from Dey et al. [136]
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peripheral zone (Fig. 8.3). In contrast to the tran-
sition zone, tetrodotoxin significantly reduces 
the resting basal tension of the peripheral zone 
by approximately 14%, while the amplitude and 
frequency of its spontaneous contractions were 
unaffected. However, the lack of documenting 
the exact zonal location of tissue specimens col-
lected from patients for experimentation limits 
the value of many previous studies on human 
prostate contractility. The innervation density of 
the peripheral zone is significantly greater than 
the transition zone [142], indicating that there 
is a neurogenic component in the regulation of 
spontaneous contractions in the peripheral zone 
of the human prostate. Furthermore, specific dif-
ferences in the regulation of spontaneous con-
tractions are likely to correspond to different 

functions of the anatomically distinct prostatic 
zones. For example, larger and more frequent 
contractions of the peripheral zone may play a 
greater role in the expulsion of prostatic secre-
tion upon ejaculation. Whereas, smaller and less 
frequent contractions within the transition zone 
may well to be involved in ‘housekeeping’ func-
tions such as maintaining the fluidity of prostatic 
secretions within the acini while at rest.

8.5.1  Role of Calcium 
in the Regulation 
of Spontaneous Activity

Spontaneous contractions in the transition zone 
of the human prostate were abolished within sev-
eral minutes after Ca2+ removal from the bath-
ing physiological salt solution (PSS). This effect 
was readily reversed when Ca2+ was restored 
(Fig. 8.5). This suggests that external Ca2+ plays 
an essential role in the generation and mainte-
nance spontaneous contractions in the transition 
zone of the human prostate gland, presumably 
by entering through voltage or receptor operated 
channels.

The role of L-type and T-type voltage- 
dependent Ca2+ channels in the generation of 
spontaneous contractile activity has been com-
prehensively described in the guinea pig prostate 
[111, 124, 131, 137, 143]. Ca2+ entry through 
L-type voltage-dependent Ca2+ channels appears 
responsible for the generation of the plateau of 
the pacemaker potential and slow wave, while 
Ca2+ entry through T-type voltage-dependent 
Ca2+ channels contributes to the initial depolari-
sation phase [124]. L-type and T-type Ca2+ chan-
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Fig. 8.3 The effects of 1.0 μM tetrodotoxin on spontane-
ous contractile activity in the transition zone of the human 
prostate gland. Four minute traces are illustrated for (a) 
control and (b) t  =  30 min. There were no significant 
effects on spontaneous contractile activity parameters 
upon 30  min of incubation of 1.0  μM tetrodotoxin 
(Student’s paired t-test, p > 0.05)
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Fig. 8.4 Summary of the effects of (a) 1.0 μM tetrodotoxin, 
(b) 1.0 μM guanethidine, and (c) 1.0 μM atropine on sponta-

neous contractile activity in the transition zone of the human 
prostate gland, expressed as percentage of control data

B. Chakrabarty et al.



205

nels have also been identified in isolated smooth 
muscle cells from the human prostate using patch 
clamp electrophysiology [135], with the L-type 
Ca2+ channel playing a more important role 
in the regulation of smooth muscle tone [134]. 
Spontaneous contractions in the transition zone 
of the human prostate are significantly reduced 

and subsequently abolished within 15  min of 
blocking L-type Ca2+ channels with nifedipine 
(Fig.  8.6). In contrast, both T- and L-type Ca2+ 
channels have been identified in guinea pig PICs; 
uniquely, T-type but not L-type Ca2+ currents 
in some PICs also selectively activate a Ca2+-
activated Cl− current (CaCC) [138], suggesting a  
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Fig. 8.5 The effects of removing extracellular Ca2+ on 
spontaneous contractile activity in the transition zone of 
the human prostate gland. Five minute traces are illus-
trated for (a) control, (b) t = 10, (c) t = 20 min, washout 
of Ca2+-free PSS. There was a time-dependent decrease 

in frequency of spontaneous contractions, and subse-
quent abolishment of activity within 20 min of incuba-
tion of Ca2+-free PSS, and the effects were readily 
reversed when Ca2+ was restored in the physiological salt 
solution (d)
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Fig. 8.6 The effects of 1.0 μM nifedipine on spontaneous 
contractile activity in the transition zone of the human 
prostate gland. Five minute traces are illustrated for (a) 
control, (b) t = 0, and (c) t = 15 min. There was a time- 

dependent decrease in frequency of spontaneous contrac-
tions (Student’s paired t-test, p < 0.05), and subsequent 
abolishment of activity within 15  min of incubation of 
1.0 μM nifedipine in 67% of preparation
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functional coupling of T-type voltage-dependent 
Ca2+ channels with CaCCs [118].

In addition to extracellular sources, the cycle 
of release and reuptake of Ca2+ from intracellu-
lar stores within the sarcoplasmic reticulum can 
regulate the level of cytosolic Ca2+ in smooth 
muscle [144]. IP3 and ryanodine receptors local-
ised to the sarcoplasmic reticulum act as Ca2+ 
release channels in smooth muscle [145, 146]. 
In our preliminary study of human prostate, 
preventing Ca2+ reuptake upon blocking the sar-
coplasmic/endoplasmic reticulum Ca2+-ATPase 
(SERCA) pump with cyclopiazonic acid (CPA) 
resulted in a 34% reduction in contraction fre-
quency of the transition zone. Inhibiting the 
buffering of cytosolic Ca2+ by using a mitochon-
drial uncoupler, CCCP, also reduced the ampli-
tude and frequency of spontaneous contractions 
by 27% and 51%, respectively (Exintaris, 
unpublished observations).

The important role of intracellular Ca2+ 
cycling and buffering by the sarcoplasmic reticu-
lum and mitochondria has previously been dem-
onstrated in pacemaker potentials recorded from 
the guinea pig prostate, where the application of 
CPA (10 μM) and CCCP (1 μM) abolished pace-
maker potential discharge [130]. The applica-
tion of CPA (10 μM) reduced the frequency of 
spontaneous slow waves, while the addition of 
CCCP (1 μM) depolarised the membrane poten-
tial before abolishing spontaneous slow wave 
activity [147]. Prostatic contractions and slow 
waves are similarly reduced when IP3-dependent 
Ca2+ release is inhibited with 2-aminoethoxy- 
diphenylborate (2-APB), when phospholipase C 
formation of IP3 is blocked with U73122 or neo-
mycin, or when IP3 binding is antagonised with 
xestospongin C [136]. In contrast, application 
of ryanodine, which causes the sustained open-
ing of ryanodine receptor channels and deple-
tion of their stores, produces a small transient 
increase of slow wave frequency [147, 148]. See 
Lam et al. (2011) [148] and Lang and Hashitani 
(2017) [124] for a detailed presentation of the 
Ca2+ signalling in guinea pig PICs and smooth 
muscle cells and their dependence on Ca2+ entry 

and internal stores in whole mount preparations 
or single cells after enzymatic isolation.

8.5.2  Role of Ca2+-Activated Cl− 
(ClCa) Channels 
in the Regulation 
of Spontaneous Activity

Mechanisms involved in the regulation of cyto-
solic Ca2+ levels by intracellular stores, with the 
subsequent activation of ClCa channels and the 
generation of spontaneous electrical events have 
been established in bladder [149] and urethral 
[150] interstitial cells. In the transition zone of 
the human prostate, blocking ClCa channels with 
niflumic acid resulted in a reduction in ampli-
tude and frequency of spontaneous contractions 
by approximately 49% and 68%, respectively. 
Similarly, application of ClCa channel blockers to 
the guinea pig prostate, results in the blockade of 
pacemaker potentials [130] and reduction of the 
spontaneous electrical slow wave activity [151]. 
It is believed that changes in cytosolic Ca2+ levels 
upon the release of Ca2+ from intracellular stores 
trigger the opening of ClCa channels, that results 
in a pacemaker potential which propagates into 
neighbouring smooth muscle cells as a slow wave 
to open L-type Ca2+ channels, Ca2+ entry and con-
traction [118]. A new class of ClCa channels, the 
anoctamin 1 (ANO1)/Tmem16a channel, has 
been identified with a single channel conductance 
[152, 153] similar to the channel underlying the 
ICC pacemaker current, which is also sensitive to 
niflumic acid [154]. In the GI tract, the identical 
distribution of ANO1/Tmem18a and c-Kit has 
been revealed using immunohistochemistry and 
genetic microarray studies [155, 156], indicating 
that ANO1 is a functional marker for gastrointes-
tinal ICC. ANO1 expression has also been identi-
fied in BPH patient specimens from human tissue 
arrays by immunohistochemical staining [157]. 
A model of PIC Ca2+ signalling and ion channel 
activation in PIC pacemaking, slow wave genera-
tion and spontaneous prostatic contractions has 
recently been described [124].
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8.6  Clinical Relevance 
of Spontaneous Prostate 
Contractility

Spontaneous contractions have been hypoth-
esised to be involved in preventing stasis of 
prostatic fluids in the acini before ejacuation and 
regulating the overall resting smooth muscle tone 
of the prostate [111, 112]. During the pathogene-
sis of BPH, the overall cellular composition of the 
prostate is significantly altered, leading research-
ers to hypothesise that spontaneous contractions 
would be similarly dysregulated by the disease. 
In the prostate of rats treated with estradiol, a 
hormone implicated in the development of BPH, 
the number of PICs identified by c-Kit staining 
was significantly upregulated [113]. Gevaert 
et  al. observed a semi-quantitative increase in 
the number of Kit-negative sub- epithelial inter-
stitial cells, in tissues collected from men with 
BPH compared to benign samples [129]. A recent 
publication reported an increased frequency 
of myogenic contractions in human specimens 
collected from men with clinically diagnosed 
BPH, when compared to both age- and prostate 
volume-matched controls [141]. Therefore, tar-
geting myogenic contractility, and its underlying 
spontaneous electrical activity, is of interest in 
the treatment of BPH.

8.6.1  Current Pharmaceutical 
Treatments of Benign 
Prostatic Hyperplasia

The primary aims of BPH therapy in patients 
are to alleviate distressing LUTS, improve the 
quality of life, and prevent further complications 
such as urinary retention, upper urinary tract 
dilation or urinary infections. The treatment of 
LUTS is dependent on the severity of the symp-
toms, the degree of bother and patient prefer-
ence. Current management of LUTS associated 
with BPH can be separated into three catego-
ries: conservative treatment for mild symptoms 
and drug or surgical treatments for moderate to 
severe symptoms [158–160]. Men with mild, but 

not significantly bothersome symptoms are man-
aged conservatively by watchful waiting, which 
includes education, reassurance, lifestyle advice, 
and periodic monitoring of symptoms [158–
160]. Drug treatment is considered for patients 
who exhibit troublesome symptoms and when 
there is a preference for drug treatment over sur-
gery, or if surgery is not indicated. Current drug 
therapies for BPH in Australia include: selec-
tive α1A-adrenoceptor antagonists (‘α-blockers’), 
alfuzosin, prazosin, tamsulosin and terazosin; 
5-α-reductase inhibitors, dutasteride and finas-
teride; combination treatments, tamsulosin with 
dutasteride, and the recently approved PDE5 
inhibitor tadalafil [160]. However, there is an 
overall unpredictable effectiveness associated 
with current drug therapies, with as many as 
30% of patients who receive selective α-blockers 
and/or 5-α-reductase inhibitors for BPH report 
less than sufficient improvement in symptoms 
[161], thus prompting the need for advances and 
improvement in the treatment of LUTS associ-
ated with BPH. Currently, surgical treatment 
is an appropriate option when symptoms are 
severe, where drug treatment is ineffective or not 
tolerated, or when there are complications lead-
ing to acute urinary retention [158–160].

8.6.1.1  α-Blockers
The rationale for the use of α-blockers was based 
on the observation that phenoxybenzamine, an 
alpha adrenoceptor antagonist, blocked contrac-
tions induced by noradrenaline in isolated strips 
of rat prostate [162]. Application of Tamsulosin 
(at 0.3  nM concentration), a commonly pre-
scribed α-blocker, also decreases the frequency 
of slow wave activity in the guinea pig prostate, 
completely abolishes spontaneous contractions 
in 5/9 preparations, and reduces significantly 
the frequency of contractions in the remaining 
preparations [163]. Further studies using strips 
of isolated human prostate tissue concluded that 
the α1A-adrenoceptor subtype-mediated contrac-
tile response to noradrenaline [65]. Additionally, 
it was found that tissue collected from the pros-
tate capsule of men with symptomatic BPH had 
a four-fold greater maximal contractile response 
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to phenylephrine, a selective α1-adrenoceptor 
agonist, than tissue from men with asymptomatic 
disease [164]. In preparations of transition zone 
tissue, tamsulosin (0.1 nM) significantly reduced 
all myogenic contractile parameters, notably 
amplitude and frequency. However, there was 
a notable interpatient variability in the percent-
age decrease in response to tamsulosin [141]. 
Regression analysis against clinical parameters 
established a positive correlation between both 
age and prostate volume with percentage reduc-
tion; indicating that tissue from older men, or 
those with larger prostates, was more signifi-
cantly attenuated. Along with the increased den-
sity of α1-adrenoceptors in the human prostate 
with age [165], this data provides further ratio-
nale for the use of α1-adrenoceptor antagonists 
specifically in older men (>70  years), or those 
with larger prostates (>40 cc).

Improvements in symptoms generally take 
a few weeks to develop, but significant efficacy 
over placebo has been observed within hours 
to days [166]. Most common adverse effects 
include orthostatic hypotension, dizziness, nasal 
congestion, headache, weakness, fatigue, drowsi-
ness, intraoperative floppy iris syndrome in cata-
ract surgery [167], abnormal ejaculation [168], 
and particular caution is required when treating 
patients with cardiovascular comorbidities [169]. 
Furthermore, there is no reduction in the rate of 
acute urinary retention or the need for further 
surgical intervention with the use of selective 
α-blockers, demonstrating that the risk of disease 
progression is not reduced [170, 171]. However, 
selective α-blockers continue to be the first-line 
drug treatment for symptomatic relief of BPH 
due to their rapid onset of action, and reasonably 
good efficacy.

8.6.1.2  PDE5 Inhibitors
PDE5 inhibitors have recently been added to the 
Australian Medicines Handbook as a treatment 
option for BPH. However, as PDE5 inhibitors were 
initially approved for the treatment of erectile dys-
function, there is little proof-of- mechanism data 
about their role within the prostate [172]. PDE5 
is the most commonly expressed PDE within the 
prostate, although the isoforms PDE4 and PDE9 

have also been identified. Slow wave activity was 
completely abolished by the NO donor, sodium 
nitroprusside (SNP) in young and old guinea pig 
prostates. Similarly, another NO donor S-nitroso-
N-acetylpenicillamine (SNAP) reduced slow 
wave discharge [130]. Addition of l-arginine, the 
amino acid from which NO is derived, resulted 
in a decrease in the frequency of spontaneous 
contractions in both young and old guinea pig 
prostates [173]. Based on the addition of sev-
eral agonists and antagonists of the NO/cGMP 
pathway, Dey et  al. concluded that NO/cGMP 
pathway stimulation attenuated the frequency of 
spontaneous contractions. The young guinea pig 
prostate was significantly more affected by ago-
nists of the NO/cGMP pathway, suggesting that 
age may attenuate tissue responses to NO [173]. 
In human tissue, application of sildenafil signifi-
cantly decreased the frequency of spontaneous 
contractions, with considerable interpatient vari-
ability in their response noted [141]. As observed 
in the guinea pig prostate, regression analysis 
indicated responsiveness was inversely correlated 
to age. Therefore, tissue collected from older 
patients was less responsive to PDE5 inhibitors. 
This observation is supported by a recent meta- 
analysis that found older patients experienced 
limited improvement in International Prostate 
Symptom Score (IPSS) with PDE5 inhibitors 
compared to younger men [172], which corre-
lates well with the higher PDE5 expression levels 
in prostate tissue of younger patients [141].

8.6.2  Future Directions 
and Implications

The pharmacological treatment for BPH target-
ing the dynamic component of BPH is currently 
limited to α-blockers and PDE5 inhibitors. The 
side effects of these pharmacotherapies, and their 
limited clinical efficacies in certain men have 
contradicted their use. Therefore, there is a need 
to develop further pharmacotherapies. Targeting 
of myogenic tone is of interest, as the frequency 
of myogenic contractions is significantly upregu-
lated in men with BPH. There is a strong correla-
tion between the functional response observed in 
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the guinea pig and human prostate contractions, 
particularly in response to PDE5 inhibitors where 
older tissue was less responsive, to clinical out-
comes, where PDE5 inhibitors are less clinically 
effective in older men. Future potential pharma-
cotherapies for the treatment of BPH should be 
assessed for their efficacy at attenuating myo-
genic tone, with individual patient responses 
stratified to ensure that each patient is prescribed 
the right pharmacotherapy, at the right time in 
their life for maximal clinical benefit.

8.7  Concluding Remarks

The prostate is a glandular organ within the male 
reproductive tract that produces ions and proteins 
for the semen to help support sperm on its journey 
through the female reproductive tract. The pros-
tate consists of an epithelial compartment, which 
produces and secretes prostatic secretions, and an 
overlying stroma, which facilitates the movement 
of secretions from the ductal structures to the 
proximal urethra during ejaculation. The develop-
ment and growth of the prostate is dependent on 
androgens, particularly testosterone, and under-
goes three periods of growth; the first occurs dur-
ing embryonic development, the second during 
puberty, and a third, pathophysiological, period 
of growth commencing in the fourth decade of 
life, resulting in BPH. BPH results in both an 
excess growth of the prostate, and changes to 
the contractility and innervation of the smooth 
muscle. Innervation of the smooth muscle is 
predominantly sympathetic, with noradrenaline 
the primary neurotransmitter released within the 
prostate. Cholinergic and non- adrenergic, non-
cholinergic innervation are also present, which 
can modulate smooth muscle tone.

The role of neurogenic contractions in the reg-
ulation of smooth muscle tone, and in prostatic 
urethral resistance has been extensively studied. 
However, only a few studies have focused on 
the role of spontaneous contractions in the regu-
lation of smooth muscle tone in the guinea pig 
and human prostate gland. Spontaneous pros-
tatic contractions are thought to be responsible 
for generating the smooth muscle tone and play 

an important role in determining prostatic ure-
thral resistance. Smooth muscle tone is a major 
component associated in the pathophysiology 
of LUTS associated with BPH and results in a 
dynamic increase in prostatic urethral resistance 
and compensatory changes in bladder function 
in response to the urethral obstruction. However, 
the fundamental reason why there is an increase 
in smooth muscle tone in the transition zone of 
the human prostate remains poorly understood.

Finally, BPH is the most common benign 
neoplasm in ageing men, with an increase in 
prevalence with age. With an ageing population, 
the incidence of BPH will continue to increase. 
Patients with BPH exhibit LUTS which severely 
affect their quality of life and the economic 
impact is considerable. Current management of 
LUTS associated with BPH includes using selec-
tive α-blockers and 5-α-reductase inhibitors. 
However, there are many setbacks associated with 
current standards of care, prompting the need for 
advances and improvement in the treatment of 
LUTS associated with BPH. Further elucidation 
of the mechanisms underlying the spontaneous 
contractions in the prostate may ultimately iden-
tify alternative therapeutic targets to improve the 
treatment of LUTS associated with BPH.
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Abstract
Seminal vesicles (SVs), a pair of male acces-
sory glands, contract upon sympathetic nerve 
excitation during ejaculation while develop-
ing spontaneous phasic constrictions in the 
inter- ejaculatory storage phase. Recently, the 
fundamental role of the mucosa in generating 
spontaneous activity in SV of the guinea pig 
has been revealed. Stretching the mucosa-
intact but not mucosa-denuded SV smooth 
muscle evokes spontaneous phasic contrac-
tions arising from action potential firing trig-

gered by electrical slow waves and associated 
Ca2+ flashes. These spontaneous events pri-
marily depend on sarco-endoplasmic reticu-
lum (SR/ER) Ca2+ handling linked with the 
opening of Ca2+-activated chloride channels 
(CaCCs) resulting in the generation of slow 
waves. Slow waves in mucosa-intact SV 
smooth muscle are abolished upon blockade 
of gap junctions, suggesting that seminal 
smooth muscle cells are driven by cells dis-
tributed in the mucosa. In the SV mucosal 
preparations dissected free from the smooth 
muscle layer, a population of cells located 
just beneath the epithelium develop spontane-
ous Ca2+ transients relying on SR/ER Ca2+ 
handling. In the lamina propria of the SV 
mucosa, vimentin- immunoreactive interstitial 
cells including platelet-derived growth factor 
receptor α (PDGFRα)-immunoreactive cells 
are distributed, while known pacemaker cells 
in other smooth muscle tissues, e.g. c-Kit-
positive interstitial cells or α-smooth muscle 
actin-positive atypical smooth muscle cells, 
are absent. The spontaneously-active subepi-
thelial cells appear to drive spontaneous 
activity in SV smooth muscle either by send-
ing depolarizing signals or by releasing 
humoral substances. Interstitial cells in the 
lamina propria may act as intermediaries of 
signal transmission from the subepithelial 
cells to the smooth muscle cells.

M. Takeya (*) · M. Takano 
Division of Integrated Autonomic Function, 
Department of Physiology, Kurume University 
School of Medicine, Kurume, Japan
e-mail: takeya@med.kurume-u.ac.jp; takanom@med.
kurume-u.ac.jp 

T. Hayashi 
Department of Urology, Kurume University School 
of Medicine, Kurume, Japan
e-mail: hayashi_tokumasa@kurume-u.ac.jp 

H. Hashitani 
Department of Cell Physiology, Graduate School of 
Medical Sciences, Nagoya City University,  
Nagoya, Japan
e-mail: hasitani@med.nagoya-cu.ac.jp

9

Electronic Supplementary Material The online ver-
sion of this chapter (https://doi.org/10.1007/978-981-13-
5895-1_9) contains supplementary material, which is 
available to authorized users.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-5895-1_9&domain=pdf
mailto:takeya@med.kurume-u.ac.jp
mailto:takanom@med.kurume-u.ac.jp
mailto:takanom@med.kurume-u.ac.jp
mailto:hayashi_tokumasa@kurume-u.ac.jp
mailto:hasitani@med.nagoya-cu.ac.jp


218

Keywords
Seminal vesicle · Spontaneous contraction · 
Mucosa · Slow wave · Intracellular calcium 
release · Calcium-activated chloride channel · 
Stretch · Male reproductive glands · Seminal 
fluid · Male fertility

9.1  Introduction

Seminal vesicles (SVs), male accessory reproduc-
tive glands, produce the major components of the 
seminal fluid that is required for male fertility. 
Both sympathetic and parasympathetic nerves 
innervate the SVs and regulate their contractions 
and secretion [1, 2]. During emission, i.e., the 
early phase of ejaculation, SVs contract and expel 
their secretion into the urethra when noradrena-
line is released from sympathetic nerve excitation 
and activates α1-adrenoceptors (α1- ARs) in SV 
smooth muscle [3]. Accordingly, silodosin, a 
selective α1A-AR antagonist, used for the treat-
ment for benign prostate hyperplasia (BPH), has a 
commonly seen adverse effect, namely ejacula-
tion disorders [4] resulting from the impaired pro-
pulsion of the seminal fluid from the SVs [5, 6].

During the inter-ejaculatory storage phase, 
SVs do not remain quiescent; rather they gener-
ate spontaneous phasic contractions that do not 
rely on autonomic nervous activity. The sponta-
neous contractions of SVs may contribute to the 
maintenance of the quality of seminal fluid vital 
for male fertility. Despite the fact that the SV 
spontaneous contractions were first reported over 
a hundred years ago [7], the mechanisms under-
lying their generation are little understood. 
Recently, a critical role of the SV mucosa in gen-
erating spontaneous phasic contractions in SV 
smooth muscle of the guinea pig has been dem-
onstrated [8]. In this chapter, properties of SV 
spontaneous contractions in several mammals are 
briefly summarized to update our knowledge of 
the mechanisms underlying SV spontaneous 
activity based on these recent findings.

9.2  Spontaneous Contractions 
Recorded from Rodent 
and Human SVs

9.2.1  Anatomy

9.2.1.1  Gross Anatomy
Human SVs form a paired saclike structure that 
joins the ampulla of the vas deferens to form the 
beginning of the ejaculatory ducts that pass 
through the prostate and terminate within the 
prostatic urethra [9]. Some rodents including 
guinea pig, rat, hamster, and mouse have a well- 
developed pair of SVs, while the domestic rabbit 
has a large unpaired SV [10, 11].

9.2.1.2  Microanatomy
The SV wall consists of the luminal epithelial 
layer, thin lamina propria, muscularis and an 
abluminal serosal layer [9, 12]. The muscularis of 
the guinea pig SVs is composed of an inner circu-
lar smooth muscle layer and an outer longitudinal 
layer confined to its urethral end. In the distal 
portion of SVs, only a layer of circularly orien-
tated smooth muscle cells is present [2]. Electron 
microscopic studies of guinea pig SV revealed 
spindle-shaped fibroblasts that are distributed in 
the lamina propria just beneath the basement 
membrane of the epithelial cells [12, 13].

9.2.2  Spontaneous Contractions 
of SVs In Vivo

During inter-ejaculatory phases, SVs secrete and 
store their fluid contents. Spontaneous contrac-
tions during the storage phase in vivo have been 
reported by recording intraluminal pressure of the 
SVs in anesthetized rodents. In SVs of the adult 
rabbit, small irregular contractions are continu-
ously generated without nerve stimulation [11]. 
The SVs of adult rat, which produce vigorous con-
tractions in response to electrical nerve stimula-
tion, also continually exhibit spontaneous phasic 
contractions during their inter-ejaculatory phases 
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(Fig. 9.1 [14]). These spontaneous contractions are 
not affected by the administration of either phen-
tolamine, a nonselective α-AR  antagonist, or atro-
pine, a muscarinic antagonist; however, these 
antagonists successfully prevent the facilitative 
effects of phenylephrine or acetylcholine (ACh), 
respectively, on SV contractions [15].

In 2-month-old adult rats, measurement of the 
luminal pressure during continuous infusion of 
SVs with normal saline demonstrates that the SV 
spontaneous contractions are more frequently 
seen at the nearly maximum infusion rate associ-
ated with organ distension [16].

9.2.3  Spontaneous Contractions 
in Excised Whole SVs

A recent study reported the contractile behavior 
of the excised guinea pig whole SVs during per-
fusion with physiological salt solution (PSS) by 
measuring their intraluminal pressure [6]. These 

“isolated” whole SVs develop irregular sponta-
neous phasic contractions independently of neu-
ronal activity, as they are not affected by 
tetrodotoxin (TTX) that blocks nerve-evoked 
contractions (Video 9.1). The motility patterns 
of the spontaneous contractions in the whole SV 
preparations vary with time, and thus both retro-
grade and antegrade peristaltic contractions are 
randomly generated, indicating that any region 
of SVs can drive the contractions. Both fre-
quency and amplitude of the spontaneous con-
tractions are enhanced by increasing the internal 
hydrostatic pressure as the SVs are distended 
(Fig.  9.2). Nifedipine, a blocker of L-type 
voltage- dependent Ca2+ channels (LVDCCs), 
abolishes the spontaneous contractions [6], sug-
gesting that the contractions primarily rely on 
the Ca2+ influx through LVDCCs.

9.2.4  Spontaneous Contractions 
of SVs In Vitro

“Spontaneous” rhythmic contractions in excised 
rat and guinea pig SV tissues were first recorded 
by Waddell in 1916 [7]. Later, spontaneous TTX- 
resistant, twitch-like contractions were recorded 
from the circular smooth muscle in the guinea pig 
SV [8, 17, 18]. Isometric tension recordings of 
human SV strips also demonstrate spontaneous 
contractions [19, 20].

The smooth muscle cells in circumferential 
muscle SV strips also develop TTX-insensitive 
spontaneous pacemaker-like depolarizations 
which trigger action potentials that are associated 
with the phasic contractions [21]. The generation 
of the spontaneous contractions is not inhibited 
upon blockade of α-ARs [18], nicotinic or musca-
rinic ACh receptors [17]. The periodical spontane-
ous contractions were generated in ring segments 
(4 mm width) obtained from either the proximal or 
distal guinea-pig SVs with a total length of 6–8 cm 
(M.  Takeya and M.  Takano, unpublished data). 
Thus, the site of origin of the SV periodical spon-
taneous contractions appears not to be localized 
but distributed along the whole organ.

1 min

30

20

E.S.

10

0

- cm H2O

Fig. 9.1 In vivo recording of contractile activity of rat 
SV. Electrical nerve stimulation (E.S. arrow)-induced vig-
orous contraction and spontaneous irregular contractions 
(reproduced from Hib et al. [14] with permission of John 
Wiley & Sons). In further experiments by Hib et al. [15], 
the E.S.-induced contractions were confirmed to be pre-
vented by phentolamine but not atropine
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9.3  Role of Mucosa 
in Generating Spontaneous 
Activity of SV

Recently, the mechanisms underlying the spon-
taneous activity in adult guinea pig SV circular 
smooth muscle were investigated using mucosa- 
intact and mucosa-denuded smooth muscle prep-
arations to explore the role of the mucosa [8].

9.3.1  Mucosa-Dependent Periodical 
Spontaneous Activity in SV 
Smooth Muscle

In mucosa-intact SV ring preparations containing 
the whole muscular layer (Fig. 9.3a), stretch of 
the wall induces periodical spontaneous contrac-
tions (at 36 °C) at a frequency ranging between 3 
and 7  min−1 (Fig.  9.4a, Mucosa (+)). Mucosa- 

1 min

1 cmH2O

4.5 cm

0.5 cm

1 cm

1.5 cm

2 cm

Fig. 9.2 TTX-insensitive phasic contractions in an “isolated” 
whole-guinea pig SV when the height of the liquid surface of 
the irrigator was set at 0.5–4.5 cm higher than the preparation. 

Application of the higher internal hydrostatic pressure by 
elevating the irrigator results in increasing the frequency of 
the SV contractions. Modified from Hayashi et al. [6]

Muscular layer

500 µm

100 µm

Lamina propria

Mucosa

Mucosa (+)

Mucosa (+)

Mucosa (-)

Mucosa (-)a

b

Fig. 9.3 Hematoxylin and eosin-stained coronal sections 
of mucosa-intact [Mucosa (+)] and -denuded [Mucosa 
(−)] guinea pig SV smooth muscle preparations. Reversed 
ring preparations which contained the whole muscular 
layer (a) were used for tension recordings. Membrane 

potentials or intracellular Ca2+ dynamics were recorded 
from inner smooth muscle preparations in which the bulk 
of muscular layers have been removed (b). In the right 
photograph in b, some mucosa was left attached to indicate 
the mucosal side (arrow). Adapted from Takeya et al. [8]
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intact “trimmed” inner smooth muscle strips in 
which the bulk of muscular layers had been 
removed (Fig.  9.3b) also generate spontaneous 
contractions at a similar frequency. These sponta-
neous contractions appear to result from action 
potentials triggered by slow waves and associ-
ated Ca2+ flashes (Fig.  9.4b, c, Mucosa (+)). In 

contrast, mucosa-denuded SV smooth muscle 
preparations, in either a ring or strip configura-
tion, invariably fail to generate spontaneous pha-
sic contractions and periodical electrical or Ca2+ 
activity (Fig.  9.4a–c, Mucosa (−)). Despite the 
absence of spontaneous activity, the quiescent 
mucosa-denuded SV smooth muscle cells are 

Mucosa (+)

Mucosa (+)

Mucosa (+)

Mucosa (-)

0.5 g

2 min

0.5 g

2 min

20 mV

20 mV

1.0 DFt /F0

1.0  

-61 mV

-53 mV

10 s

10 s

10 s

10 s

Mucosa (-)

Mucosa (-) 1 µM Phenylephrine 

a

b

c

DFt /F0

Fig. 9.4 Mucosa dependence of contractile, electrical, 
and Ca2+ activity in guinea pig SV smooth muscle. In 
mucosa-intact preparations [Mucosa (+)], stretched SV 
smooth muscle develops spontaneous phasic contractions 
(a), slow waves with superimposed action potentials (b), 
and synchronous Ca2+ flashes (c). Arrows indicate the tim-
ing of initial stretching to 1  g. Photographs in (c) are 
sequential Cal-520 fluorescence images (frame interval; 
548 ms) of the mucosa-intact SV smooth muscle in nor-

mal PSS, showing that the spontaneous Ca2+ flashes were 
generated almost synchronously across SV smooth mus-
cle cells. In contrast, mucosa-denuded SV smooth muscle 
[Mucosa (−)] fails to generate periodical spontaneous 
activity (a–c). Phenylephrine (1 μM) evoked oscillatory 
Ca2+ transients associated with phasic contractions in the 
quiescent mucosa-denuded SV smooth muscle (c). 
Adapted from Takeya et al. [8]
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capable of generating action potentials in 
response to depolarizing current injection [8], as 
well as developing oscillatory Ca2+ transients and 
contractions upon α1-AR stimulation (Fig. 9.4c). 
In addition, nerve-evoked contractions in the 
mucosa-denuded SV smooth muscle prepara-
tions are also well preserved, indicating that the 
lack of spontaneous activity is not due to impaired 
excitability or contractility of the SV upon 
removal of the mucosa. These observations are 
consistent with a previous report in which 
mucosa-denuded circular muscle strips of the 
guinea pig SVs do not exhibit spontaneous elec-
trical activity and associated contractions, 

whereas electrical and Ca2+ activities are evoked 
by nerve excitation or α1-AR stimulation [22].

9.3.2  Role of L-Type Voltage- 
Dependent Ca2+ Channels 
(LVDCCs) in Generating 
Spontaneous Activity in SV 
Smooth Muscle

Blockade of LVDCCs by 3 μM nifedipine abol-
ishes the spontaneous phasic contractions in the 
mucosa-intact guinea pig SV smooth muscle 
(Fig. 9.5a). At a lower concentration of 1 μM, 

3 µM Nifedipine

1 µM Nifedipine

1 µM Nifedipine

10 µM Nifedipine

10 µM Nifedipine

-64 mV

a

b

c

d

-59 mV

20 mV

20 mV

20 mV

30 s

1 min

0.5 g

30 s

10 s

1 s

1.0 Ft/F0

Fig. 9.5 Effects of nifedipine on spontaneous activity in 
mucosa-intact guinea pig SV smooth muscle. (a) 
Nifedipine (3  μM) abolished spontaneous phasic con-
tractions in the mucosa-intact SV preparation. (b) 
Nifedipine (1 μM) abolished superimposed action poten-
tials leaving slow waves. Lower traces show slow waves 
in control (*) and nifedipine (**) with an expanded time 
scale. Traces * and ** were obtained at the timings indi-

cated by the corresponding marks in the upper trace. (c) 
In another mucosa-intact SV smooth muscle prepara-
tion, 10  μM nifedipine reduced the slow-wave ampli-
tude, prolonged the slow-wave duration, and depolarized 
the membrane in the SV smooth muscle of control (in 
1  μM nifedipine). (d) Spontaneous oscillatory Ca2+ 
flashes were strongly suppressed by 10 μM nifedipine. 
Adapted from Takeya et al. [8]

M. Takeya et al.



223

nifedipine greatly suppresses the spontaneous 
contractions and abolishes the superimposed 
action potentials without preventing the genera-
tion of slow waves (Fig. 9.5b). 10 μM Nifedipine 
largely suppresses spontaneous Ca2+ flashes 
(Fig. 9.5d). These results indicate that the spon-
taneous phasic contractions largely depend on 
Ca2+ influx via LVDCCs during action potential 
firing. Since the SV ring preparations consist-
ing of the whole muscular layer develop both 
large and small phasic contractions (Figs. 9.4a 
and 9.5a), the electrical activity initiated pre-
sumably at the most inner layer of SV muscle 
facing to the mucosa may not consistently 
propagate across to the outer circular muscular 
layer. Similarly, the irregular spontaneous con-
strictions in the guinea pig-excised whole SVs 
[6] may result from inconsistent spread of elec-
trical activity in both the transverse and axial 
directions within the SV wall. Thus, only the 
occasionally occurring, coordinated contrac-
tions of whole SV are strong enough to increase 
the intraluminal pressure, which may add fur-
ther mechanical stimuli to the wall in other 
regions of the SV.

A higher concentration of 10 μM nifedipine 
reduces the slow-wave amplitude of the SV 
smooth muscle (Fig. 9.5c), suggesting that acti-
vation of LVDCCs partially contributes to the 
configuration of the slow wave. Thus, the contri-
bution of LVDCCs to slow-wave configuration in 
the SV smooth muscle differs from that in the 
smooth muscle of guinea pig prostate [23], ure-
thra of rabbit [24], or guinea pig [25], where 
LVDCC activation is involved in the plateau 
phase of the slow wave but not their initial 
upstroke.

10 μM Nifedipine depolarizes the membrane 
and also prolongs the slow-wave duration 
(Fig. 9.5c). Since TEA-sensitive, Ca2+-dependent 
K+ currents are recorded in the isolated smooth 
muscle cells of the guinea pig SV [26], it is likely 
that large-conductance Ca2+-activated K+ (BK) 
channels are activated upon Ca2+ entry through 
LVDCCs during the slow-wave generation. Thus, 
the blockade of LVDCCs by nifedipine may 
reduce the activation of BK channels in the SV 
smooth muscle, which causes membrane depo-

larization as well as prolongation of the slow- 
wave duration.

The frequency of the residual slow waves and 
spontaneous Ca2+ transients of SV smooth mus-
cle are not largely affected by 10 μM nifedipine 
(Fig. 9.5c, d), suggesting that the intrinsic period-
icity of spontaneous activity in SV smooth mus-
cle does not depend on the activation of LVDCCs. 
Thus, the mucosa of guinea pig SV is fundamen-
tal in generating LVDCC-independent electrical 
activity in SV smooth muscle associated with 
Ca2+ transients. Mucosa-dependent slow waves 
trigger the activation of LVDCCs to amplify 
themselves resulting in action potential firing that 
appears to play a major role in generating con-
tractions in SV smooth muscle. Synchrony of the 
periodical spontaneous Ca2+ transients in the SV 
smooth muscle cells is preserved during the 
blockade of LVDCCs by 10  μM nifedipine 
(Fig.  9.6b). This is in marked contrast to the 
spontaneous Ca2+ transients in atypical smooth 
muscle cells of the renal pelvis [27] or suburothe-
lial venular smooth muscle cells [28, 29] in which 
LVDCCs play a critical role in maintaining the 
synchrony amongst spontaneously active cells.

9.3.3  Role of Intracellular Ca2+ 
Stores in Spontaneous 
Activity of SV Smooth Muscle

Blockade of SR/ER Ca2+-ATPase (SERCA) by 
10  μM cyclopiazonic acid (CPA) abolishes the 
slow waves and synchronous spontaneous Ca2+ 
transients in the 10  μM nifedipine-pretreated 
mucosa-intact SVs (Fig. 9.6), suggesting that both 
events depend on Ca2+ handling by the SR/
ER. Thus, in common with most visceral smooth 
muscle organs, spontaneous phasic contractions in 
SV circular smooth muscle appear to be primarily 
driven by the cycle of Ca2+ uptake and release by 
the SR/ER. Since mucosa- denuded smooth mus-
cle of guinea pig SVs develops LVDCC-
independent, CPA-sensitive increases in 
intracellular Ca2+ concentration upon the activa-
tion of α1-ARs that are known to couple with Gq 
proteins [22], inositol 1,4,5- trisphosphate (IP3) 
receptors may well be involved in Ca2+ release 
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from SR in SV smooth muscle. However, the rela-
tive contribution of IP3- and ryanodine- receptor 
Ca2+ release channels to the generation of mucosa-
dependent activity in SVs has not yet been 
established.

9.3.4  Role of Ca2+-Activated Cl− 
Channel in Spontaneous 
Activity of SV Smooth Muscle

The LVDCC-independent slow waves in the 
mucosa-intact guinea pig SV smooth muscle are 
abolished by lowering extracellular Cl− concen-
tration from 130 to 13  mM [8]. Nonselective 
Ca2+-activated Cl− channel (CaCC) blockers such 
as DIDS (300 μM) and niflumic acid (100 μM) 
also abolish or greatly reduce the generation of 
slow waves in 10 μM nifedipine-pretreated SV 
smooth muscle preparations [8]. Thus, genera-
tion of the slow waves in SV smooth muscle may 
depend on Cl− efflux via CaCCs triggered by 
spontaneous Ca2+ release from the SR/ER. 

Similar mechanisms underlying the slow-wave 
generation have been confirmed in interstitial 
cells of Cajal (ICCs) in gastrointestinal (GI) tract 
[30] and urethra [31].

Anoctamin1 (ANO1) has been established to 
function as CaCCs that underlie slow waves in 
ICCs of the GI tract [30]. In guinea pig SV 
smooth muscle, 3 μM T16Ainh-A01, a selective 
ANO1 inhibitor, does not affect the SV slow- 
wave generation, suggesting the contribution of 
CaCCs other than ANO1 channels [8]. Since 
ANO1 immunoreactivity in the guinea pig SVs is 
restricted to the apical surface of the secretory 
columnar epithelium (Fig. 9.7), ANO1 channels 
appear to be involved in Cl− secretion into semi-
nal fluid [32–34] but not the generation of the SV 
slow waves.

9.4  How Does the Mucosa Drive 
Spontaneous Activity in SV 
Smooth Muscle?

9.4.1  Spontaneously Active Cells 
in SV Mucosa

Since an intact mucosa is required for generating 
synchronous spontaneous Ca2+ transients and 
corresponding CaCC-dependent slow waves in 
guinea pig SV smooth muscle, both events may 
be driven by spontaneously active cells within the 
mucosa.

In the basal surface of the mucosal prepara-
tions dissected from the muscular layer of guinea 
pig SV (Fig. 9.8a), a population of cells distrib-
uted just beneath the columnar epithelial cells 
develop asynchronous, irregularly occurred Ca2+ 
transients lasting for more than several seconds 
in 10 μM nifedipine (Fig. 9.8b, c). The spontane-
ous Ca2+ transients in the subepithelial cells are 
abolished by 10 μM CPA (Fig. 9.8c), suggesting 
that these cells generate spontaneous Ca2+ activ-
ity relying on Ca2+ handling by the SR/ER.

Application of 100  μM ATP evokes almost 
synchronous, robust Ca2+ transients in the sponta-
neously active subepithelial cells (Fig.  9.8b, 
Video 9.2). The morphology of the subepithelial 
cells, having irregular-shaped cell bodies with 

10 µM CPA 

10 µM CPA 
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Fig. 9.6 Blockade of SERCA abolished nifedipine- 
resistant slow waves and spontaneous Ca2+ transients in 
mucosa-intact guinea pig SV smooth muscle. (a) In a 
10 μM nifedipine-pretreated SV smooth muscle prepara-
tion, CPA depolarized the membrane by about 5 mV and 
prevented the generation of the slow waves. (b) 
Intracellular Ca2+ dynamics recorded from three regions 
of interest in another 10  μM nifedipine-pretreated SV 
smooth muscle preparation. Note that the synchrony of 
the spontaneous Ca2+ transients amongst smooth muscle 
cells was maintained in the presence of 10 μM nifedipine. 
CPA increased the basal Ca2+ level and abolished synchro-
nous spontaneous Ca2+ transients. Reproduced from 
Takeya et al. [8]
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Fig. 9.7 Distribution of ANO1 in guinea pig SV and 
stomach. (a) In the coronal section of guinea pig SV, the 
apical side of the mucosa, but not lamina propria (LP) or 
muscular layer (M), was immunopositive for ANO1. 
The sections of another guinea pig SV (b) and gastric 
antrum (c) were immunolabelled with anti-ANO1 anti-

body using the same protocol. In the SV, ANO1 immu-
noreactivity localized in the apical side of the mucosa 
(b), while ANO1-immunoreactive cells were detected in 
the muscular layer of the stomach. αSMA, α-smooth 
muscle actin. All scale bar  =  40  μm. Modified from 
Takeya et al. [8]
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Fig. 9.8 Spontaneous and ATP-induced Ca2+ transients in 
SV “isolated” mucosal preparations. (a) An illustration of 
dissected SV mucosa from the muscular layer used for the 
Cal-520 fluorescence imaging and for the whole-mount 
preparation in immunohistochemistry. Functional and 
morphological properties were examined from basal (sub-
epithelial) side of the preparations. (b) In a mucosal prepa-
ration that had been pretreated with 10 μM nifedipine, a 
population of cells located just beneath the columnar epi-
thelium generated the spontaneous Ca2+ transients (left 

image, arrows). Subsequent 100 μM ATP evoked a mas-
sive increase in the intracellular Ca2+ in the spontaneously 
active subepithelial cells (right image). (c) Asynchronous 
spontaneous Ca2+ transients recorded from six subepithe-
lial cells in another 10 μM nifedipine- pretreated prepara-
tion. Individual subepithelial cells generated “irregularly 
occurring” Ca2+ transients independently of each other. 
CPA (10 μM) increased the basal Ca2+ level and abolished 
the Ca2+ transients. Adapted from Takeya et al. [8]
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several short processes, could clearly be visual-
ized during the ATP-induced Ca2+ transients. The 
density of the ATP-sensitive subepithelial cells is 
about 30–40 cells per (100 μm)2 and their cell 
bodies have a length of 15–20 μm and a width of 
6–10 μm [8].

9.4.2  Cellular Composition of SV 
Mucosa

In the guinea pig SV mucosal preparations 
(Fig. 9.8a), vimentin-immunoreactive (IR) inter-
stitial cells in lamina propria are situated beneath 
the pancytokeratin-IR epithelial cells (Fig. 9.9a). 
In the lamina propria, platelet-derived growth 
factor receptor α (PDGFRα)-positive interstitial 
cells are a subpopulation of the vimentin-IR 
interstitial cells, as evident by the intermediate 
filaments of these PDGFRα-positive interstitial 
cells being also stained by a vimentin antibody 
(Fig.  9.9b, c). In contrast, other vimentin-IR 
interstitial cells do not express PDGFRα.

The distribution of c-Kit-IR interstitial cells 
has not been demonstrated in the guinea pig SV 
mucosa or muscular layer [8]. Furthermore, 
α-smooth muscle actin (αSMA)-IR cells are 
observed only in vascular smooth muscle cells in 
guinea pig SV mucosa [8]. Thus, the origin of 
spontaneous activity in guinea pig SV mucosa 
appears to be different from well-known pace-
makers such as c-Kit-positive ICCs in GI tract or 
atypical smooth muscle cells expressing αSMA 
in renal pelvis.

The morphological characteristics of the sub-
epithelial cells firing spontaneous Ca2+ transients 
(Fig.  9.8b) appear to be different from 
PDGFRα-IR interstitial cells with their slenderer 
cell shape (>20 μm in cell length) (Fig. 9.9) in 
terms of their cell shape or size. PDGFRα-IR 
and/or vimentin-IR interstitial cells in the lamina 
propria that have a longer cell length than the 
spontaneously active subepithelial cells are also 
distributed in the mucosal surface of mucosa- 
denuded SV smooth muscle preparations 
(Fig.  9.10a, T.  Hayashi and M.  Takeya, unpub-
lished observation). These morphological exami-
nations reveal that interstitial cells are located 

between the subepithelial cells firing spontane-
ous Ca2+ transients and the smooth muscle cells 
(Fig.  9.10b). Since the spontaneous periodical 
activity is not generated in mucosa-denuded SV 

Pancytokeratin + Vimentin + DAPI

Pancytokeratin + PDGFRα + DAPI

+ VimentinPDGFRα + DAPI

a

b

c

Fig. 9.9 Epithelium and interstitial cells in the lamina 
propria distributing on the basal surface of the “isolated” 
SV mucosal preparations. Whole-mount preparations of 
dissected guinea pig SV mucosa from the muscular layer 
(Fig. 9.8a) were observed using confocal microscopy. (a) 
Serial images were obtained from the basal (subepithelial) 
side of the mucosa preparations immunolabelled with 
anti-pancytokeratin (red: a marker of epithelial cell) and 
vimentin (green: a marker of interstitial cell). “x + 5 μm” 
in the right image indicates that the image was obtained 
5 μm from the basal side of “x.” Vimentin-immunoreactive 
(IR) cells located beneath the epithelial layer. (b) Serial 
images of another SV mucosal preparations. PDGFRα-IR 
(green) cells are found beneath the epithelial layer 
(x  +  6.2  μm). (c) In other SV mucosal preparation, 
PDGFRα (green)-IR-positive cells in the lamina propria 
were immunoreactive for vimentin (red). Adapted from 
Takeya et al. [8]
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smooth muscle, the interstitial cells attached to 
mucosa-denuded smooth muscle are not capable 
of driving the auto-rhythmicity in smooth muscle 
cells.

9.4.3  Communication Between 
Mucosal and Muscular Cells

Synchronous spontaneous electrical and Ca2+ 
activity generated in SV smooth muscle cells 
could be driven by either depolarizing signals or 
humoral substances originated from unidentified 
mucosal “pacemaker” cells, presumably the sub-
epithelial cells.

9.4.3.1  Role of Humoral Substances 
Released from Mucosal Cells

Spontaneous Ca2+ transients in the subepithelial 
cells may well trigger the Ca2+-dependent synthesis 
and/or release of humoral substances. The mucosa-
derived factors, if any, may enhance subthreshold 

“auto-rhythmicity” in the syncytium of SV smooth 
muscle cells by stimulating IP3 production to facili-
tate “cytosolic Ca2+ oscillators,” i.e., the cycle of 
Ca2+ uptake by SERCA and Ca2+ release [35]. This 
notion is supported by the finding that the “quies-
cent” mucosa-denuded guinea pig SV smooth 
muscle invariably develops  oscillatory contrac-
tions, depolarizations, and Ca2+ transients upon the 
activation of α1-ARs that couple with Gq signaling 
pathways (Fig. 9.4c) [22]. However, these mucosa-
derived factors triggering SV spontaneous contrac-
tions are neither noradrenaline nor ACh, as 
inhibition of α-ARs or muscarinic receptors does 
not prevent these spontaneous phasic contractions 
of the guinea pig SV strips [17, 18].

Since application of ATP evokes robust Ca2+ 
transients in the spontaneously active subepithelial 
cells (Fig. 9.8), endogenous ATP could be involved 
in the generation and/or amplification of the spon-
taneous Ca2+ transients in the SV subepithelial 
cells. In guinea pig and human bladder mucosal 
preparations, UTP, a P2Y agonist, evokes ATP 

Vimentin + DAPI MergedPDGFRα
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Interstitial cells

Columnar epithelium

Spontaneously active cells

Fig. 9.10 Interstitial cells in the lamina propria also exist 
on the mucosal surface of SV smooth muscle preparation 
after removing the mucosa. (a) PDGFRα (green)-IR and/
or vimentin-positive (red) interstitial cells distributing on 
the mucosal surface of the mucosa-denuded guinea pig 
SV smooth muscle. (b) A schematic drawing of the 

guinea pig SV wall based on distribution of vimentin-IR 
interstitial cells in the striped surface of both dissected 
mucosal and muscular preparations. There may be inter-
stitial cells between the subepithelial cells firing asyn-
chronous spontaneous Ca2+ transients and the smooth 
muscle cells
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release, suggesting that ATP autocrine/paracrine 
signaling may enhance further ATP release from 
the urothelium via activation of P2Y receptors 
[36]. Stretch-induced ATP release from guinea pig 
bladder mucosa has also been demonstrated [36]. 
Since SV smooth muscle develops mucosa-depen-
dent periodical activity when stretched, mechano-
sensitive ATP release from epithelium or the 
spontaneously active subepithelial cells may be 
involved in the SV spontaneous contractions.

Prostaglandins (PGs), whose contribution to 
mucosa-dependent contractions in SV remains to 
be determined, are well known to be produced as 
constituents of seminal fluid by SV epithelium [1, 
37]. Endogenous PGs play a fundamental role in 
generating pyeloureteric contraction of several spe-
cies [38]. In the rabbit corpus cavernosum, cyclo-
oxygenase-2 (COX-2)-dependent PGs may be 
released by intramuscular interstitial cells to develop 
the spontaneous phasic activity [39]. In murine gas-
tric antral muscle, production of COX- 2-dependent 
PGs in intramuscular ICC (ICC-IM) is involved in 
stretch-mediated chronotropic activity [30, 40].

9.4.3.2  Role of Gap Junction 
in Generating the Mucosa- 
Dependent Activity in SV 
Smooth Muscle

In mucosa-intact SV smooth muscle, the CaCC- 
dependent slow waves are abolished by 100 μM 
carbenoxolone, a gap junction blocker (Fig. 9.11). 
The simplest interpretation is that CaCC- 

dependent slow waves originate in the mucosal 
“pacemaker” cells and spread into SV  musculature 
via gap junctions. In this case, a functional syncy-
tium appears to be formed by at least three cell 
populations: spontaneously active subepithelial 
cells that act as pacemaker cells, interstitial cells 
in lamina propria that may act as an electrical con-
ducting pathway, and “driven” smooth muscle 
cells. Since spontaneous Ca2+ transients in the SV 
subepithelial cells are generated independently of 
each other (Fig. 9.8), the individual subepithelial 
cells may irregularly generate spontaneous tran-
sient depolarizations (STDs) due to opening of 
CaCCs. Such irregular, asynchronous spontane-
ous depolarizing signals from the subepithelial 
cells may act as “point sources” of excitation, and 
the periodicity of slow waves and Ca2+ transients 
in SV smooth muscle may be determined by the 
refractory period of the interstitial cells in the 
lamina propria and/or smooth muscle cells, e.g., 
reduction in SR/ER Ca2+ contents or inactivation/
deactivation of ion channels.

Even in cases where mucosa-derived humoral 
factors diffuse into the smooth muscle layer to 
activate their subthreshold “auto-rhythmicity,” 
gap junction-mediated coupling may play a fun-
damental role in the subepithelial cells or intesti-
nal cells in lamina propria. Gap junction coupling 
amongst the subepithelial “pacemaker” cells 
allows the cells to trigger a synchronous “surge” 
release of the humoral factors. Alternatively, 
mucosa-derived humoral substances released 

Carbenoxolone 100 µM

2 min
-55 mV

a

a

b

b c

c

10 mV

10 mV
10 s

Fig. 9.11 Blockade of gap junctions abolishes CaCC- 
dependent slow waves in mucosa-intact SV smooth mus-
cle. In a 10 μM nifedipine-pretreated preparation, 100 μM 
carbenoxolone depolarized the membrane and prevented 
the generation of slow waves. Lower traces were dis-

played in control (a), carbenoxolone (b), and after recov-
ery (c) with an expanded time scale. Traces a–c were 
obtained at the timings indicated by the corresponding 
characters in the upper trace. Reproduced from Takeya 
et al. [8]
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from the subepithelial cells may activate intersti-
tial cells in the lamina propria that function as a 
“mediator” to induce the auto-rhythmicity in SV 
smooth muscles via gap junctions. In our prelimi-
nary observation, placing dissected mucosal 
preparations close to the quiescent mucosa- 
denuded SV smooth muscle preparations failed 
to restore the spontaneous phasic contractions 
(M.  Takeya and M.  Takano, unpublished data). 
These results could be explained by a disruption 
of gap junction connections between the intersti-
tial cells in the lamina propria and muscular lay-
ers. Of course, the results could simply result 
from insufficient diffusion of the humoral sub-
stances from the subepithelial cells to smooth 
muscle layer due to their degradation.

Since dissecting the mucosa away from the SV 
smooth muscle layer mechanically breaks their 
intercellular communications, fundamental mecha-
nisms in generating the mucosal spontaneous activ-
ity and/or transmitting the mucosal signals to the 
muscular layer may have been lost in these “iso-
lated” mucosal preparations. In particular, intersti-
tial cells in the lamina propria that may function as 
intermediaries or integrators of mucosal signaling 
will be divided into the mucosal and muscular sides 
(Figs.  9.9 and 9.10a). The spontaneously active 
subepithelial cells that generate asynchronous 
spontaneous electrical and Ca2+ activity may well 
develop “synchronous” oscillatory activity by cou-
pling with the underlying SV smooth muscle syn-
cytium via interstitial cells in lamina propria.

9.5  Perspective: Role of SV 
Spontaneous Contractions 
in Male Fertility

SVs secrete the major components of seminal 
fluid including fructose, prostaglandins, antioxi-
dant agents, as well as a variety of other bioactive 
proteins such as cytokines [1, 37]. Although semi-
nal fluid is often regarded simply as a vehicle to 
transport sperm to fertilize the oocyte, novel roles 
of seminal fluid in reproductive medicine are 
becoming evident in recent years. In most ani-

mals, even though viable pregnancies can be initi-
ated using epididymal or washed ejaculated sperm 
during in vitro fertilization followed by embryo 
transfer, their success rate, i.e., normal pregnancy 
and live birth, is low. It has been demonstrated 
that the addition of seminal plasma to assisted 
reproductive procedures can significantly improve 
pregnancy success in several animals as well as 
humans [41–43]. Growing evidence indicates that 
signaling agents in seminal fluid drive multifacto-
rial changes within the maternal uterus to estab-
lish an environment conducive to optimal embryo 
implantation and pregnancy outcome [42, 44]. It 
is envisaged that spontaneous constrictions of 
SVs during inter- ejaculatory phase have a “mix-
ing function” to improve the fluidity of the vis-
cous contents and quality of the bioactive 
substances that are vital for male fertility.

9.6  Conclusions

SVs develop spontaneous phasic contractions dur-
ing the inter-ejaculatory phase. These events may 
be produced or enhanced upon muscle wall stretch. 
Besides the secretion of seminal fluid that are 
required for male fertility, the mucosa of guinea 
pig SV plays a crucial role in generating spontane-
ous contractions. Mucosal signals may well be 
transmitted to SV smooth muscle via gap junction 
coupling to drive CaCC-dependent SWs triggering 
the opening of LVDCCs to contract the SV muscu-
laris. A candidate for the SV pacemaker, is the 
subepithelial cell that exists just beneath the 
columnar epithelium and fires spontaneous Ca2+ 
transients which relyies on SR/ER Ca2+ cycling; 
although the identification of the pacemaker cell 
remains to be determined. There are interstitial 
cells in lamina propria that may act as an interme-
diator between the spontaneously active subepi-
thelial cells and the SV smooth muscle cells. It 
should also be explored whether mucosa-derived 
humoral substances drive the spontaneous activity 
in SV smooth muscle. Thus, the pathway of signal 
transmission from the SV mucosa to muscularis 
remains to be of great interest.

9 Mucosa-Dependent, Stretch-Sensitive Spontaneous Activity in Seminal Vesicle
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The Myometrium: From Excitation 
to Contractions and Labour

Susan Wray and Clodagh Prendergast

Abstract
We start by describing the functions of the 
uterus, its structure, both gross and fine, 
innervation and blood supply. It is interesting 
to note the diversity of the female’s reproduc-
tive tract between species and to remember it 
when working with different animal models. 
Myocytes are the overwhelming cell type of 
the uterus (>95%) and our focus. Their func-
tion is to contract, and they have an intrinsic 
pacemaker and rhythmicity, which is modi-
fied by hormones, stretch, paracrine factors 
and the extracellular environment. We discuss 
evidence or not for pacemaker cells in the 
uterus. We also describe the sarcoplasmic 
reticulum (SR) in some detail, as it is relevant 
to calcium signalling and excitability. Ion 
channels, including store-operated ones, their 
contributions to excitability and action poten-
tials, are covered. The main pathway to exci-
tation is from depolarisation opening 
voltage-gated Ca2+ channels. Much of what 
happens downstream of excitability is com-
mon to other smooth muscles, with force 
depending upon the balance of myosin light 
kinase and phosphatase. Mechanisms of 

maintaining Ca2+ balance within the myo-
cytes are discussed. Metabolism, and how it is 
intertwined with activity, blood flow and pH, 
is covered. Growth of the myometrium and 
changes in contractile proteins with preg-
nancy and parturition are also detailed. We 
finish with a description of uterine activity 
and why it is important, covering progression 
to labour as well as preterm and dysfunctional 
labours. We conclude by highlighting prog-
ress made and where further efforts are 
required.

Keywords
Uterus · Electrophysiology · Pace-making · 
Calcium signalling · Sarcoplasmic reticulum · 
Parturition

10.1  Functions and Structure 
of the Uterus

10.1.1  Roles of Uterine Contractions

The uterus is a myogenic organ, mostly known for 
nurturing and protecting a foetus and then deliver-
ing it after a lengthy period of contractile activity. 
The smooth muscle within the uterus, the myome-
trium, is responsible for generating the electrical 
activity and thence contractions. The intrinsic, pha-
sic pattern of activity is modulated by hormonal, 
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metabolic and mechanical factors. Although most 
apparent during parturition, a low level of this 
intrinsic contractile activity is present in females 
throughout their life. This intrinsic activity can be 
recorded using surface electrodes on the abdomen 
to pick up electrical signals from the uterus [1], 
while contractions can be recorded in vitro in myo-
metrial biopsies from women well beyond the age 
of menopause [2]. By analogy to skeletal muscle, 
such activity may help stop the tissue atrophying. 
In addition to childbirth, there are also two other 
occasions when uterine contractions are important 
to a woman’s reproductive life, menses and 
fertilisation.

10.1.1.1  Menses
Menses, periods or menstruation, is the slough-
ing of part of the uterine lining (endometrium) 
each month between puberty and menopause in 
non-pregnant women. The shedding of this men-
strual debris is aided by uterine contractions. The 
muscular strength and activity of the non- 
pregnant myometrium change throughout the 
menstrual cycle [3]. Waves of contractions pro-
duce a rippling effect on the endometrial surface. 
The frequency and strength of these contractions 
depend upon the hormonal milieu. Measurements 
of muscle strength have confirmed that contrac-
tile strength values approaching those found at 
labour (50–200  mmHg) can occur in non- 
pregnant myometrium during menstruation. Not 
surprisingly, this muscular effort produces men-
strual pain in most women. Uterine activity helps 
to both slough off dead tissue from the endome-
trium into the uterine cavity and propel it towards 
the cervix and beyond.

10.1.1.2  Endometriosis
Endometriosis is a puzzling and painful condition. 
Often associated with infertility, it occurs in 
5–10% of otherwise healthy women and there is 
no cure. Endometriosis arises because cells from 
the sloughing uterine lining are deposited at sites 
in the body, starting with the pelvis. The cells can 
adhere and cause inflammatory reactions and other 
problems. The endometrial debris in the pelvis is 
thought to have been propelled there from the 
uterus by aberrant, misdirected contractions—so-

called retrograde menstruation [4]. It is unknown 
why some women are susceptible to this and the 
condition can be hard to diagnose and treat.

10.1.1.3  Fertilisation
Uterine activity is also helpful in moving sperm 
up from the cervix and towards the fallopian 
tubes. Sperm are motile using flagella to propel 
themselves from the vagina to the uterine cavity. 
The additional directed flow to the fallopian tubes 
from uterine contractions is considered necessary 
for them to reach their destination. The tubes are 
the usual site for fertilisation if a healthy egg has 
been released by the ovaries and transported 
down the fallopian tubes. Post-fertilisation, the 
egg moves down into the uterus, where it will 
implant, if hormonal conditions have prepared 
the endometrium appropriately.

It is also believed that a lack of uterine con-
tractile activity is best for implantation of the fer-
tilised egg into the endometrium, although the 
evidence is not extensive [5]. Using modern 
imaging techniques, rippling can be seen on the 
endometrial surface, arising from myometrial 
activity. This has led to the use of anti- contraction 
medication in women undergoing IVF egg trans-
fers, e.g. blockers of oxytocin receptors [6] to 
help increase success rates.

10.1.2  Uterine Anatomy

The anatomical appearance of the uterus is spe-
cies dependent. While in women there is one 
pear-shaped cavity, with the cervix at the bottom 
and fallopian tubes (oviducts) at the top, this is 
not the structure seen in other mammals. Rodents, 
which are a frequently used animal model, have a 
bicornuate uterus—they have two uterine “horns” 
in which the ten or so embryos implant. Rabbits 
and marsupials have two horns as well as two 
cervical canals, and in the case of the latter, two 
vaginas. These differences occur during embry-
onic development, as for example the parameso-
nephric ducts fuse to a greater (e.g. human) or 
lesser (e.g. rodent) extent.

Although the structure of the uterus varies con-
siderably between species, its basic cellular con-
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tent and tissue components are rather similar. 
There will be an outer serosal coat made of con-
nective tissue, which is continuous with the broad 
ligament. The next tissue, which itself can be in 
several layers, and is by far the greatest compo-
nent of the uterine structure, is the myometrium. 
It can usually be separated into circularly and lon-
gitudinally orientated muscle layers. In women, in 
contrast to rodents, these two layers are highly 
interwoven and separating the circular and longi-
tudinal smooth muscle layers is not so easily 
accomplished due to the presence of interconnec-
tions between the two layers. For a detailed analy-
sis of the structure of human myometrium, see 
[7]. Running along and between these muscle 
bundles and layers are the uterine blood vessels 
and nerves.

10.1.2.1  Endometrium
The inner lining of the uterus is the endometrium 
which contains glands, as well as blood vessels. 
The endometrium is bounded on the luminal side 
of the uterus by a single layer of epithelial cells, 
which may or may not have cilia (depending on 
the stage of the menstruation cycle) and its basal 
lamina. Looping in from the epithelium are the 
uterine glands, and their extent and development 
also change with the menstrual cycle. The bulk of 
the tissue is a specialised, cell-rich connective tis-
sue (stroma) containing a rich supply of blood 
vessels. The cells and glands of the endometrial 
lining will either grow or die depending on the 
cyclic changes in the female hormones, oestro-
gen and progesterone. Thus, it is the structures 
and cells of the endometrium, including the epi-
thelium, that are lost each month during the men-
strual cycle, or built up if pregnancy occurs. The 
endometrium also accommodates and provides 
the environment, i.e. constituents and support 
cells to develop the embryo. The basalis is the 
name given to the portion of the endometrium 
that is not shed each month, and from which the 
endometrium will be rebuilt during the next men-
strual cycle. Menstruation only occurs in women, 
and some primates; in other species there are 
cyclical changes, referred to as oestrus. As with 
menstruation the appearance of the uterus can 
change considerably with the stage of oestrus, 

and there are accompanying moderate changes in 
excitability and contractility [8].

10.1.2.2  Cervix
The cervix is contiguous with the uterus and dis-
plays a decreasing muscle content and increasing 
connective tissue, especially collagen. During 
pregnancy, the cervix serves as a barrier, protect-
ing the foetus from infection and retaining the 
foetus in utero. The non-pregnant cervix (~3 cm 
in length) is principally composed of dense 
fibrous extracellular matrix (predominantly col-
lagen, but also elastin), although 10–15% con-
sists of smooth muscle cells and vascular, 
immune and glandular cells [9]. In a normal preg-
nancy, the cervix remains closed until gestation 
reaches term. The process of labour and birth 
requires significant cervical remodelling. The 
prepartum phases of remodelling include (1) 
softening of the cervix, which starts in the first 
trimester of pregnancy and is characterised by 
decreased collagen crosslinking; (2) ripening of 
the cervix, where the collagen structure further 
degrades (increased spacing between fibres and a 
switch from straight to wavy fibres), associated 
with an increase in hyaluronic acid production 
and immune cell infiltration; and (3) cervical 
dilation, which occurs during active labour. The 
cervix must efface and dilate to a diameter of 
10 cm to allow the delivery of the foetus. In the 
final post-partum repair phase of the remodelling, 
the cervix recovers its integrity (see [10–12] for 
detailed reviews of the remodelling process).

10.1.3  Innervation and Nerves 
in the Uterus

It is important to state at the start that, although 
the uterus receives both parasympathetic and 
sympathetic innervation, neither branch of the 
autonomic nervous system is required for uterine 
contraction. There is no motor innervation to the 
uterus. The uterus is a myogenic organ, meaning 
it can contract without nervous (or hormonal) 
stimulation. Thus, there are no synapses in the 
myometrium and no direct associations between 
axonal endings and myocytes. However, 
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 neurotransmitters, i.e. noradrenaline from the 
sympathetic fibres and acetylcholine (ACh) from 
parasympathetic fibres, are released into the 
spaces between muscle bundles. In their recent 
review of autonomic innervation of the uterus, 
Tica et  al. [13] conclude that “it is unclear the 
precise role of the nervous supply on myometrial 
activity”. Furthermore, it has long been known, 
although not always appreciated, that there is a 
functional degeneration and hence denervation in 
myometrium from term-pregnant animals and 
women [14–17].

10.1.3.1  Innervation of the Cervix
The cervix, unlike the uterus, is well innervated 
and nerve density is sustained or increased at 
term [18, 19]. In the rat, if the sensory neuropep-
tidergic nerves that project to the cervix (and are 
involved in inflammation and local vasodilation) 
are transected, the ripening of the cervix and 
therefore birth are delayed and there is a reduc-
tion in immune cell infiltration [20]. Infection 
and subsequent premature cervical remodelling 
are recognised to be significant risk factors for 
preterm birth and are associated with 25–40% of 
all preterm births. The birefringence from colla-
gen fibrils and impedance changes in the cervix 
can be used to detect cervical ripening, and there-
fore provide the basis for testing the risk of pre-
term labour [21].

10.1.3.2  Innervation of Uterine Blood 
Vessels

The blood vessels of the uterus are also inner-
vated with sympathetic, parasympathetic and 
sensory neurons [22]. Parasympathetic stimula-
tion produces vasodilators mainly via activation 
of muscarinic cholinergic receptors, and the sym-
pathetic innervation produces vasoconstrictors 
via activation of α-adrenergic receptors [23]. 
Like the sympathetic denervation seen in the 
myometrium during pregnancy, fluorescence his-
tochemistry of uterine adrenergic nerves shows 
abundant perivascular innervation in non- 
pregnant and early pregnant rats, and degenera-
tion commences by day 15, so that perivascular 
nerves are practically absent by term [24, 25]. In 
the guinea pig uterine artery, while the number of 

noradrenaline-positive nerve fibres is signifi-
cantly reduced in term pregnancy, the number of 
neuropeptide Y (NPY)-containing fibres is 
increased [26].

10.1.3.3  Neuromodulators
The myometrium and its blood vessels are inner-
vated by sensory nerves identified as containing a 
range of neuromodulators, such as calcitonin 
gene-related peptide (CGRP), substance P (SP), 
vasoactive intestinal polypeptide (VIP), neuro-
peptide Y (NPY) and neurokinins.

Gnanamanickam and Llewellyn-Smith [22] 
describe in detail the distribution of nerves immu-
noreactive for CGRP, SP and NPY in non- 
pregnant rat uterus. Pregnancy affects this 
innervation. For example, nerve fibres containing 
CGRP are abundant in non-pregnant rat uterus 
but rare in term pregnant rat myometrium [27]. 
CGRP has a relaxant effect on non-pregnant 
uterus but no effect on the term pregnant rat myo-
metrium. Circulating CGRP levels increase dur-
ing pregnancy (human and rodent) but then 
decline sharply at term [28]. CGRP is also a 
potent vasodilator and sensitivity to CGRP 
increases during pregnancy [29]. CGRP may 
therefore have a significant role to play in uterine 
quiescence during pregnancy as well as the vas-
cular remodelling that occurs in normal preg-
nancy (described below). CGRP is also implicated 
in the ripening of the cervix that must occur 
before cervical effacement and dilation to allow a 
successful birth [19, 30].

Substance P (SP)-positive nerve fibres are 
present in the non-pregnant rat myometrium, but 
there are contradictory reports of either an 
increase in SP-immunoreactivity in pregnancy 
[31] or a progressive decrease during pregnancy 
and absence at term [32]. The vasodilator action 
of SP on myometrial arteries does not seem to 
change with pregnancy [33]. While SP can induce 
contraction of uterine smooth muscle, it appears 
to have a more significant role in cervical ripen-
ing, promoting the inflammatory responses and 
tissue rearrangements required for cervical 
remodelling [30].

VIP-immunoreactive fibres are found through-
out the uterus, cervix and uterine vasculature [34, 
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35]. VIP has vasodilatory properties, in addition 
to its ability to decrease myometrial contractility. 
However, its main role may involve its anti- 
inflammatory actions. Inflammation and activa-
tion of immune cells are an integral part of normal 
pregnancy and VIP appears to be involved in the 
modulation of the inflammatory and immune 
state throughout pregnancy [36].

10.1.4  Vasculature of the Uterus

Using tyrosine hydroxylase labelling of sympa-
thetic nerves in whole-mount preparations of rat 
uterus, Gnanamanickam and Llewellyn-Smith 
were able to map the arterioles supplying blood to 
the uterus because the vessels are so densely inner-
vated [22]. They showed that the vessels are not 
organised as a vascular tree, in which arteriole 
diameters get smaller and smaller until they 
become capillaries. Rather, the uterine arterioles 
are organised in an anastomosing network; that is, 
they are extensively interconnected across the 
whole circumference of the uterus. Such intercon-
nected systems are associated with organs in which 
an assured supply of oxygenated blood is essential. 
In rats, blood is supplied to the uterus by the uterine 
arteries, which can receive blood from either their 
ovarian or cervical ends [37]. This potentially bidi-
rectional supply and the anastomosing network 
ensure considerable redundancy and help maintain 
uterine perfusion. The human uterus has a similar 
bidirectional delivery of blood via the uterine arter-
ies and uterine branches of the ovarian arteries. The 
uterine arteries have branches called arcuate arter-
ies which are within the myometrium but near the 
surface of the uterus. Radial arteries branch out and 
traverse the myometrium radially towards the 
endometrium. At the myometrium/endometrium 
boundary, the radial arteries branch to form basal 
arteries and spiral arteries. Basal arteries remain 
unaltered by the menstrual cycle or pregnancy. 
Spiral arteries, on the other hand, are highly sensi-
tive to oestrogen and progesterone. While sparsely 
distributed during the proliferative phase of the 
menstrual cycle, they undergo a rapid growth phase 
that outstrips the growth of the surrounding tissue, 
resulting in a tortuous, highly coiled path through 

the endometrium. During the secretory phase of the 
menstrual cycle, there is a constriction of the radial 
and/or spiral arteries, resulting in ischaemia and 
necrosis of the functional endometrium leading to 
its shedding during menstruation. The basal arter-
ies then give rise to new spiral arteries and the cycle 
begins again.

During pregnancy, major adaptations occur to 
the uterine vasculature. Firstly, the spiral arteries 
undergo remodelling from tortuous, contractile 
vessels to wide conduits that do not respond to 
vasocontractile stimuli in the maternal system. 
This is vital to ensure adequate blood flow to the 
placenta and growing foetus. The remodelling 
extends up to a third of the way into the myome-
trium (into the radial arteries). The remodelling 
process has been reviewed in detail [38]. Briefly, 
immune cells (macrophages and uterine natural 
killer cells) initiate the breakdown of the arterial 
basal lamina and the dedifferentiation and disor-
ganisation of the arterial smooth muscle cells. 
Interstitial trophoblasts invade and colonise the 
vessel walls, inducing apoptosis in the endothe-
lial cells, so that ultimately the entire endothe-
lium is removed and replaced with trophoblasts. 
This remodelling appears to be vital for a suc-
cessful pregnancy, since a lack of spiral artery 
remodelling is associated with intrauterine 
growth restriction and pre-eclampsia [39].

The second major adaptation that occurs is 
that the larger arteries (uterine, arcuate, radial 
arteries) dilate to allow a greater blood flow to the 
uterus, accommodating an increase from ~45 mL/
min in the non-pregnant uterus to ~750 mL/min 
at term. Maternal blood pressure remains the 
same or decreases in normal pregnancy; therefore 
this increase in flow is achieved by an increase in 
vessel size (outward remodelling) and a reduced 
reactivity to vasoconstrictive agents.

10.1.5  Myometrial Cells

The smooth muscle cells of the uterus have much 
in common with those in other smooth muscle 
tissues—spindle shape and central nucleus, mito-
chondria, sarcoplasmic reticulum (SR) and of 
course myoproteins (see Fig. 10.1a). What distin-
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guishes the uterine myocytes is their relatively 
large size, up to 0.5  mm long (see Fig.  10.1b), 
large Ca2+ currents and powerful contractions.

The plasma membrane bounds the myometrial 
myocyte and houses the ion channels, pumps and 
exchangers necessary for uterine function and 
health. As with other smooth muscles, there are 
invaginations of the surface membrane, known as 
caveolae. The invaginations arise because of the 
insertion of the protein caveolin. We now appreci-
ate that the caveolae are rich in cholesterol and 
sphingomyelin and constitute a form of lipid rafts, 
and are involved in cell signalling pathways [40].

10.1.5.1  Gap Junctions
The myocytes in the myometrium are connected 
by gap junctions. These connections contain 
mostly connexin 43 and allow for electrical cou-
pling between the cells. The increase in myome-
trial gap junctions, and with it electrical 
synchronisation, is thought to play a significant 
role in the gradual development of uterine con-
tractility during labour. Much of what we know 
about their role and regulation comes from the 
work of Garfield’s group, which showed that 
endocrine conditions govern gap junction num-
bers, as well as conductance [41–43].

10.1.5.2  Sarcoplasmic Reticulum (SR)
The internal calcium store, the sarcoplasmic 
reticulum (SR), is a feature of all muscle types. 
Between smooth muscles, its size and role vary, 
and within the same smooth muscle its function 
may change with development, disease and phys-
iological state [44]. The myometrium probably 
has one of the largest SRs, as judged by electron 
microscopy and X-ray microanalysis [45]. 
Confocal imaging has also helped show the 
extent and three-dimensional distribution of the 
SR in uterine smooth muscle (Fig. 10.1c), as well 
as identify Ca2+ release and uptake sites. 
Following from the development of Ca2+-sensitive 
fluorescent indicators to monitor changes in the 
cytoplasmic concentration of Ca2+ ([Ca2+]), low- 
affinity Ca2+ indicators were developed to mea-
sure SR Ca2+. Mag-Fluo4 has worked particularly 
well in myometrium. These methodologies 
revealed that myometrial SR is not just a central 
store close to the myofilaments, but it also runs 
very close to the plasma membrane, as can be 
appreciated from Fig. 10.1c. This enables micro-
domains of higher than bulk cytosolic [Ca2+] to 
occur, as SR Ca2+ is released into a diffusion- 
limited space [46]. This is important as it helps to 
explain how Ca2+-activated ion channels on the 
surface membrane are exposed to a high enough 
[Ca2+] to activate them. This link between the SR 
and excitability, via ion channels, is key to the 
now accepted view that the role of the SR is not 
simply a Ca2+ store, but also affects excitability in 
smooth muscle.

The SR can release Ca2+ via inositol trisphos-
phate (IP3)- or Ca2+-gated channels on its mem-
brane; the latter release channels are also known 
as ryanodine receptors (RyR). Western blotting 
has shown that the myometrial SR contains both 
IP3 receptors and RyR. The presence of RyR led 
to the assumption that Ca2+-induced Ca2+ release 
(CICR) would be a feature of myometrial physi-
ology. Thus Ca2+ entry upon excitation and depo-
larisation should elicit a large release of Ca2+ 
from the SR store, via RyR, as occurs in cardiac 
muscle. Despite thorough and intensive investi-
gations, such a CICR process has not been dem-
onstrated in the myometrium [47]. Furthermore, 

a b c

Fig. 10.1 Uterine myocytes. (a) Schematic representation 
of smooth muscle myocytes. (b) Uterine myocytes in bun-
dle of longitudinal myometrium from pregnant rat. Bright 
central nuclei are clearly visible in the spindle- shaped cells. 
Red bar indicates 5 μm. (c) Part of a single- uterine cell, 
with sarcoplasmic reticulum calcium store revealed by 
intraluminal fluorescent, Ca-sensitive indicator Mag-Fluo3. 
Red bar indicates 10 μm. The dotted blue lines indicate the 
plasma membrane to show how close the SR approaches it

S. Wray and C. Prendergast



239

caffeine, an agonist at RyR, does not elicit a 
release of Ca2+; instead it relaxes myometrial tis-
sue, due to its inhibition of phosphodiesterase 
and subsequent increase in cAMP.  In addition, 
Ca2+ sparks, representing small, localised, tran-
sient releases of Ca2+ via RyR, could not be dem-
onstrated in myometrium, using protocols and 
techniques that had revealed their presence and 
role in ureteric smooth muscle [48]. The answer 
to this puzzle came with more sophisticated 
molecular biology revealing that RyR expressed 
in the myometrium were non-functional splice 
variants [47]. This lack of Ca2+ sparks also means 
that they cannot stimulate Ca2+-activated K+ or 
Cl− channels in myometrium. Calcium release 
through IP3 receptors is stimulated by agonists 
binding to the plasma membrane G-coupled 
receptors and eliciting IP3 production from phos-
phatidylinositol 4,5-bisphosphate (PIP2) hydroly-
sis. This released Ca2+ augments cytosolic [Ca2+] 
and helps strengthen uterine contractions. Such 
augmentation is considered to contribute to the 
actions of oxytocin, vasopressin and prostaglan-
dins on the myometrium.

Sarco-Endoplasmic Reticulum Calcium 
ATPase (SERCA)
Active transport is required to drive the movement 
of Ca2+ into the SR in smooth muscle cells. The 
ATPase that catalyses this movement is sarco-
endoplasmic reticulum calcium ATPase (SERCA) 
which is a P-type ATPase and the major protein 
associated with the SR. As described by Wray and 
Burdyga [44] in their review of the SR in smooth 
muscle, calcium- binding proteins enable large 
amounts of Ca2+ to be stored in the SR. In cardiac 
muscle, the auxiliary protein phospholamban is 
an important regulator of SERCA, with its inhibi-
tion being lifted when it is phosphorylated. In 
myometrium however, no role for phospholam-
ban has been reported. Perhaps of more impor-
tance in the myometrium is regulation of SERCA 
activity by intracellular pH and metabolites. 
Using Western blotting, Tribe et al. [49] reported 
that isoforms 2a and 2b of SERCA are expressed 
in the myometrium. The expression of both iso-
forms was also increased in women in labour 
compared with those not in labour.

Contribution of the SR to Myometrial 
Contractions
Our group has extensively investigated the role of 
the SR in the myometrium [48, 50–52]. We have 
found that the SR Ca2+ load has a profound effect 
on intracellular Ca2+ signals. Using single uterine 
myocytes, we found that an increased SR Ca2+ 
load, produced by maintained depolarisation, 
inhibited spontaneous Ca2+ signals. In contrast, a 
decreased SR luminal Ca2+ load, obtained by 
inhibiting SERCA, activated intracellular Ca2+ 
spikes. Similar results were found in intact tissues 
where there was a potentiation of Ca2+ transients 
and contractions when SERCA was inhibited by 
cyclopiazonic acid (CPA). In pregnant rat uterus, 
CPA stopped the phasic contractions and trans-
formed activity to be tonic-like, associated with a 
large increase in the baseline Ca2+. Thus, during 
spontaneous uterine contractions there is no 
involvement of the SR, as Ca2+ entry and efflux 
across the plasma membrane account for these 
phasic contractions [53]. As mentioned above 
there is also no role for CICR in myometrium, and 
caffeine relaxes contractions. The lack of Ca2+ 
sparks means that there is no Ca2+ spark-STOC 
mechanism, where the Ca2+ released during a 
spark activates Ca2+-sensitive K+ channels and 
produces a spontaneous transient outward current, 
known as a STOC. The resulting hyperpolarisa-
tion leads to relaxation in vascular smooth muscle 
[54], and curtailment of the action potential in 
ureteric smooth muscle [55]. We have recently 
been able to show, using electrophysiology, force 
and intracellular Ca2+ measurements, that deple-
tion of the SR in the myometrium produces depo-
larisation and Ca2+ entry through store-operated 
channels [56] which can increase contractility 
upon agonist stimulation.

10.1.5.3  Mitochondria
Uterine myocytes contain round or ovoid mito-
chondria. In human and rat, light and electron 
microscopies show these mitochondria to be dis-
tributed like “pearls on a string” close to the nuclei 
and rough endoplasmic reticulum or sub- 
sarcolemmally adjacent to caveolae [57]. In all 
cells, there is an electrical potential difference 
across the mitochondrial membrane, with their 
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inside being significantly more negative, (values 
range in 180–220 mV) than the cytoplasm [58]. 
As well as their obvious importance to oxidative 
phosphorylation, evidence has grown that mito-
chondria are important to Ca2+ signalling in 
smooth muscle [59]. Mitochondria interact with 
and may link with the SR [60, 61]. They also store 
significant amounts of Ca2+. Early work con-
ducted by Batra [62] showed rapid and substantial 
uptake of Ca2+ into uterine mitochondria in micro-
somal preparations. More recently, Gravina et al. 
[63] have shown that they may be important in 
modulating spontaneous activity in rat uterus. 
Work from the same group indicated that oxyto-
cin causes depolarisation of the mitochondrial 
membrane potential, ψm [64]. This was suggested 
to be likely due to oxytocin inducing an increase 
in cytosolic [Ca2+], “causing enhanced mitochon-
drial uptake of Ca2+ and resultant dissipation of 
the mitochondrial electrochemical gradient”. The 
mitochondrial ATP synthase is also stimulated, 
which further contributes to a decrease in ψm. In a 
study comparing mitochondria from guinea pig 
uterus and heart, the uterine mitochondria were 
shown to have higher amounts of hexokinase and 
adenylate kinase, and to use them with mitochon-
drial creatine kinase, to enhance local [ADP], 
which will help the mitochondrial responses to 
energetic demands [65]. Investigators have looked 
for changes in mitochondrial appearance or activ-
ity in various pregnancy- related disorders, includ-
ing pre- eclampsia, where small changes were 
noted [66], and obesity and diabetes, where no 
changes were found [57, 67]. Myometrial mito-
chondrial copy number was reduced in older 
mice, although there were no age-induced changes 
to the enzymatic activities of the mitochondrial 
electron transport chain complexes [68].

10.1.5.4  Other Cell Types: Are There 
Pacemaker Cells?

Neither removing the tissue from the body nor 
dissection down to the smallest of myometrial 
strips prevents it from rhythmically contracting. 
Even freshly dissociated single myocytes can be 
seen to contract. Despite many hunts for an ana-
tomical pacemaker in the uterus, none has ever 
been found. This has led to the suggestion that 

some myocytes, perhaps a third of them based on 
data from Ca2+-activated Cl− channels (see later), 
or groups of cells have inherent pacemaking 
activity. This can be attributed to them possessing 
a different cassette of ion channels, leading to 
unstable membrane potentials. This in turn causes 
action potentials to fire and membrane depolari-
sation which spreads quickly through to adjacent 
myocytes via their gap junctions.

When electrical activity has been mapped in 
the myometrial strips, using techniques pioneered 
by Lammers, that involve arrays of multiple elec-
trodes, an erratic, whirling spread of excitation 
can be seen [69]. Areas initiating excitation appear 
to be fluid and the pattern of spread of the ensuing 
depolarisation is also malleable. Similar findings 
have been described when calcium is used as a 
surrogate for depolarisation, i.e. mapping the rises 
of Ca2+ throughout myometrial cells and bundles, 
to illustrate where excitation due to electrical 
activity is occurring. This can be done using Ca2+-
sensitive fluorescent indicators and confocal 
microscopy. The descriptions of the changes in 
[Ca2+] closely mirror those for electrical activity. 
Thus, all these data are consistent with there being 
no anatomical or histological pacemaking struc-
ture in the uterus. A recent review concluded “… 
previous studies unanimously reveal a unique 
complexity as compared to other organs in the 
pattern of uterine electrical activity propagation” 
[70]. There is consensus that in rodents it is easier 
to get spontaneous contractions from cells closer 
to the oviducts than cervix and along the mesome-
trial border [71]. As far as we are aware, there is 
no mechanistic explanation for these findings.

Taking a lead from the gastrointestinal system, 
where a discrete network of cells, interstitial cells 
of Cajal (ICC), produces pacemaking, researchers 
have looked for similar-appearing cells around 
myometrial bundles. Such interstitial cells, called 
telocytes by some authors [72], and ICC-like cells 
by others [73, 74], have been identified in the 
uterus by a variety of techniques from confocal 
and electron microscopy to immunohistochemis-
try and molecular biology. Some have suggested 
that such cells are stem cells or transitional cells, 
or form some sort of support network, while others 
have suggested that they are pacemakers. In our 
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opinion, to make the claim that these interstitial 
cells are pacemakers they must be capable of 
depolarisation and spreading excitation. Claiming 
pacemakers based on histological similarities with 
ICC or using drugs such as imatinib to inhibit 
c-KIT signalling is not sufficiently rigorous. Our 
study in myometrium, where we reported ICC-like 
cells, passed from excitement to disappointment as 
we found that they did not depolarise when stimu-
lated [73]. Indeed, it was easier to propose, given 
their ability to hyperpolarise, that they could form 
a network to keep the myometrium quiescent 
ahead of parturition. Similarly telocytes do not 
show any excitable properties but did display 
hyperpolarising currents [75]. A recent review of 
telocytes concluded that they are not pacemakers 
but perhaps participate in cell renewal and signal-
ling [76]. More recently, another type of interstitial 
cell, platelet-derived growth factor receptor alpha-
positive (PDGFR alpha+), has been reported in the 
female reproductive tract, including myometrium 
[77]. These cells however are unlikely to be pace-
makers, as they are not reported to express any of 
the necessary genes. They were able to form con-

nections with myocytes through gap junctions. In 
bladder and GI tract, these cells may mediate 
inhibitory neurotransmission [78, 79]. Finally, 
Young [80] has postulated that long-distance sig-
nalling mechanism based on mechano-transduc-
tion aids the action potentials spreading in the 
pregnant myometrium. He refers to these as 
“mechanically sensitive electrogenic pacemakers, 
distributed throughout the (uterine) wall”.

10.2  Excitation in Myometrial 
Cells

To understand how electrical activity arises in 
myometrial cells requires knowledge of the ion 
channels, pumps and currents in the myome-
trium, their densities, conductance, activation 
and inactivation, coupling to neighbouring 
cells, modulation and how they relate to the 
resting membrane potential and action poten-
tial. Figure  10.2 summarises the uterine myo-
cyte plasma membrane and its ion channels, 
pumps, receptors and exchangers.

K+
Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

3Na+

Na pump

NCX

PMCA Oral1 TRCP

PLC

STIM1

GPCR

3Na+ ATP
ADP

IP3

SR

2K+

OT
Cl-

Fig. 10.2 Myometrial channels, pumps and exchangers. 
Calcium entry is controlled by L-type Ca2+ channels, and is 
essential for contraction. Cells express a wide variety of K+ 
channels, gated by voltage, Ca2+, ATP and stretch. Chloride 
channel opening leads to Cl− efflux. Plasmalemmal cal-
cium fluxes are balanced by two efflux pathways: PMCA 
(plasma membrane Ca-ATPase) and NCX (Na,Ca 
exchanger). The Na pump (Na,K ATPase) removes 3Na+ 
linked to the entry of 2K+. The SR (sarcoplasmic reticu-
lum) takes up Ca2+ via SERCA (sarco- endoplasmic reticu-

lum Ca-ATPase), and only releases Ca2+ via IP3-gated 
channels. When SR Ca2+ is decreased STIM1 and Orai1 
interact, forming a Ca2+-selective pore, and stimulating the 
opening of non-specific cationic TRCP channels. By this 
store-operated mechanism producing an inward current, 
the SR can modulate plasma membrane excitability. 
Agonists, e.g. oxytocin (OT), bind to G-protein-coupled 
receptors (GPCR) and via phospholipase C (PLC) gener-
ate IP3 as well as contribute to depolarisation and stimulate 
Ca2+ entry and enhance contractility
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10.2.1  Ion Channels Present 
in Myometrium

10.2.1.1  Calcium Channels
A ubiquitous feature of contraction in muscle cells 
is the requirement for a rise in intracellular [Ca2+]. 
This can be understood in smooth muscles by the 
need of myosin light-chain kinase (MLCK) to be 
activated by binding of Ca2+-calmodulin. If Ca2+ is 
omitted from a physiological solution bathing a 
piece of contracting myometrium, contractions 
will rapidly fail, demonstrating the absolute neces-
sity of external Ca2+ entry for the rhythmic contrac-
tile activity in the myometrium. Application of 
blockers of voltage-dependent L-type Ca2+ chan-
nels (also known as dihydropyridine receptors) 
abolishes myometrial contractions, even when Ca2+ 
is present in the external bathing solution [50].

L-type Ca2+ channels consist of a transmem-
brane pore-forming α1-subunit and several auxil-
iary proteins (β and α2δ) [81]. The α2δ subunit 
promotes the surface expression of the channel 
[82], while binding of the β-subunit prevents the 
ubiquitination and proteasomal degradation of the 
channel protein and promotes trafficking of the 
channel to the membrane [83]. In pregnant rat 
myometrial smooth muscle cells, depolarisation 
causes a nifedipine-sensitive inward Ca2+ current, 
down its electrochemical gradient [50]. The volt-
age threshold for activation of this Ca2+ current 
(ICa) is −50 to −40  mV.  The mean maximal ICa 
density is calculated to be ~6.3 pA/pF when depo-
larisation is applied from a holding potential of 
−80 mV [84, 85]. These channels close when the 
membrane hyperpolarises. There is also a fast 
Ca2+-sensitive inactivation which is a negative 
feedback mechanism preventing Ca2+ overload of 
the cells. Inactivation of the L-type Ca2+ channels 
leads to relaxation of the myometrial contraction.

Expression of L-type Ca2+ channel subunits 
varies during gestation in the rat. A fourfold 
increase in the number of dihydropyridine- 
binding sites, measured by saturation binding, 
was found by day 14 of gestation and maintained 
through parturition [86]. A gradual increase in α1- 
subunit expression was also observed throughout 
gestation, though it decreased during labour [87] 
and was accompanied by a rapid increase in the 

β-subunit. Similar increases in α1-subunit expres-
sion and L-type Ca2+ channel function are seen in 
guinea pig [88] and human [89] myometrium.

Another form of Ca2+ channel is the T-type. 
There is evidence for their expression (mRNA, 
protein) in myometrium [90, 91] and electro-
physiology experiments have identified a nickel- 
sensitive T-type Ca2+ current [89]. However, there 
is debate concerning their physiological rele-
vance and function in myometrium, as it is ques-
tioned whether the uterus will ever be 
hyperpolarised long enough to significantly acti-
vate T-type Ca2+ channels.

10.2.1.2  Potassium Channels
Myometrial smooth muscle cells express a wide 
range of potassium channels, including voltage- 
dependent channels (KV), large-conductance volt-
age and calcium-dependent (BK) channels, 
small-conductance calcium- dependent (SK) chan-
nels and ATP-sensitive (KATP) channels. Under 
resting conditions, K+ conductance is the main 
determinant of the resting membrane potential. As 
well as contributing to resting membrane poten-
tial, activation/inactivation of K+ channels will 
influence the time course of the action potential 
and repolarisation. For these reasons, K+ channel 
activity is usually associated with uterine quies-
cence and changes in channel expression linked to 
the onset of labour.

BK channels are expressed in all smooth mus-
cles [92]. In blood vessels, they form part of an 
important negative feedback loop, where an 
increase in intracellular Ca2+ stimulates contrac-
tion, but also activates BK channels (via Ca2+ 
sparks) leading to hyperpolarisation and vasore-
laxation. In uterine smooth muscle, BK channels 
are present with relatively high density and with 
their large conductance (~200  pS) might be 
expected to play a significant role. However, 
blockade of BK channels has little effect on 
either uterine contractility or calcium signalling 
[93, 94]. This may be because uterine smooth 
muscle cells do not produce Ca2+ sparks [48], 
meaning the BK channels are perhaps only mini-
mally activated under physiological conditions. 
SK channels are also expressed in the myome-
trium throughout gestation. SK channel blockers 
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inhibited outward current and caused membrane 
depolarisation in myometrial cells and increased 
contractility in myometrial strips throughout ges-
tation [94]. Therefore, the functional effect of SK 
channel inhibition is greater than BK channel 
inhibition. In a transgenic mouse model, overex-
pression of the SK3 channel delays labour [95].

KATP channels, the predominant isoform con-
sisting of an inward rectifier K+ channel (Kir6) 
and a sulfonylurea subunit (SUR2B), which pro-
vides the ATP sensitivity, also play an important 
role in regulation of myometrial quiescence in 
pregnancy and are downregulated ahead of labour 
[96]. KATP channels are inhibited by intracellular 
ATP and stimulated by MgADP and thus are 
involved in coupling metabolic state to cellular 
excitability. These myometrial channels may also 
be regulated by the endogenously produced gaso-
transmitter H2S, leading to sulfhydration and 
myometrial relaxation [97], as demonstrated 
upon blockade of KATP channels with gliben-
clamide which attenuates the ability of H2S to 
relax the myometrium.

Myometrial cells also express stretch- activated 
K+ channels [98, 99] which are coded for by the 
two-pore family of K+ channels (KCNK). Several 
groups have identified TREK-1 channels as being 
expressed in the myometrium and regulated dur-
ing pregnancy and labour [99, 100]. In both 
mouse and human myometrial cells, TREK-1 
channels were shown to be activated and produce 
an increased outward current in response to 
stretch [101]. TREK-1 gene expression is regu-
lated during pregnancy, increasing towards term 
and falling at the time of labour [100]. In this way 
perhaps, myometrial quiescence is maintained as 
the foetus grows and the uterus distends.

Voltage-dependent potassium channels (KV) 
are widely expressed in uterine smooth muscle. 
Depolarisation of the plasma membrane activates 
these channels and an efflux of K+ ions from the 
cell leads to repolarisation to the resting mem-
brane potential. Inhibition of these channels with 
a non-specific channel blocker, such as tetraeth-
ylammonium (TEA), increases uterine contrac-
tions clearly demonstrating a role in contractility. 
Different voltage-dependent K+ channels have 
been identified as having a role in maintaining 

the membrane potential and therefore quiescence 
or controlling the transition from quiescence to 
labour. Two novel KV channels, KV7 and KV11, 
encoded by the KCNQ and KCNH (ERG) gene 
families, respectively, appear to be important 
regulators of uterine contractility [102]. 
Parkington et al. [103] reported that ERG activity 
(KV11) leads to inhibition of myometrial contrac-
tion, but during labour there is an increase in the 
expression of ERG’s inhibitory β-subunit that 
causes a decrease in ERG activity and thus a 
stimulation of contraction. Similar findings were 
reported for KV10.1 [104]. Interestingly, 
Parkington et al. also showed that the inhibitory 
β-subunit is expressed at a lower level in obese 
women, which results in elevated ERG activity 
and increased K+ conductance and presumably 
poorer myometrial contractility. Indeed, we have 
shown in electrophysiological studies that cho-
lesterol, which is often elevated in obese women, 
increases an outward K+ current. The finding of 
an enhanced outward K+ conductance in obese 
women may be a significant factor in the finding 
that obese women are more likely to require 
delivery by caesarean section.

KIR7.1 expression (KCNJ gene family), an 
inward rectifier channel, was identified in both 
mouse and human uterus to peak at mid-gestation 
and decline at term [105]. KIR7.1 current hyper-
polarises uterine myocytes and knockdown of the 
channel leads to an increase in contractile force 
and duration. Another member of the KV family 
that may have a role in uterine quiescence and 
transition to labour is KV4.3 channels, whose 
expression is significantly reduced at term in 
mouse myometrium [106]. It is hoped that specific 
agonists of these channels may provide a new gen-
eration of more effective relaxants of uterine con-
tractions, drugs referred to as tocolytics.

10.2.1.3  Chloride Channels
Work conducted in the 1980s revealed an unusual 
feature of smooth muscle cells; the intracellular 
Cl− concentration is higher than in most cells 
[107]. Values reported of ~50 mM mean that there 
must be active mechanisms maintaining intracel-
lular [Cl−] above a passive distribution, that its 
membrane permeability is low and that the Cl− 
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equilibrium potential is ~−20 mV [107]. The net 
effect is that if Cl− channels are activated in the 
myometrium, their opening will lead to Cl− leav-
ing the myocytes. In electrical terms, this is equiv-
alent to positive ions entering the cell, and hence 
depolarisation ensues. Thus, knowledge concern-
ing the types of Cl− channels in myometrium is 
important in understanding its excitability.

Ca2+-Activated Cl− Channels
In addition to Ca2+-activated K+ channels, the 
myometrium expresses Ca2+-activated Cl− chan-
nels (CACCs), which are sensitive to both voltage 
and Ca2+. There has been much speculation over 
the molecular identity of these channels, with sev-
eral candidates being proposed, but only two fami-
lies of proteins (the bestrophin and the anoctamin 
(Ano1 or TMEM16) families) are able to replicate 
the classical properties of endogenous CaCC 
[108–110]. CaCC-mediated responses are stimu-
lated upon activation of G protein-coupled recep-
tors (GPCR) by agonists such as noradrenaline, 
endothelin-1, acetylcholine, ATP and angiotensin 
II. These agonists cause release of Ca2+ from the 
internal store via IP3 receptors and it is this released 
Ca2+, rather than external Ca2+, that activates 
CaCCs in many tissues [111]. However, there are 
examples such as in portal vein and tracheal 
smooth muscle, where Ca2+ entry via L-type Ca2+ 
channels can activate a Cl− current. Spontaneous 
release of Ca2+ from the internal store, Ca2+ sparks, 
can also activate CaCCs, resulting in spontaneous 
transient inward currents (STICS), in a similar 
way to BK channel activation by Ca2+ sparks pro-
ducing STOCs.

CaCC expression has been identified in myo-
metrium of human and rodent species [112–116]. 
In a study of myometrial isolated cells and mus-
cle strips [117] we investigated the role of CaCCs 
in myometrium. A CaCC current was evident in 
30% of freshly isolated rat myocytes. Blockade 
of the channels with niflumic acid significantly 
decreased the frequency of contraction in 
oxytocin- stimulated and spontaneously contract-
ing strips of myometrium. Later studies have fur-
ther demonstrated a role for CaCCs in myometrial 
contractility [115]. In addition, the demonstration 
that CaCCs are upregulated at term [114] sug-

gests that they may play a role in increasing con-
tractility of the myometrium at parturition.

10.2.1.4  Sodium Channels
Once calcium ions entering via L-type Ca2+ chan-
nels had been shown to be the dominant carrier of 
inward current in uterine myocytes, a role for Na+ 
channels was understandably neglected. An early 
comprehensive electrophysiological investiga-
tion of membrane currents [118] reported fast 
sodium channels in rat myometrium. Increased 
Na+ current expression in mid- and late preg-
nancy was reported in human myometrium [119]. 
Inoue and Sperelakis [85] suggested from their 
studies on rat that fast Na+ channels play a role in 
spreading myometrial excitation and that this 
becomes more important as term approaches. A 
more recent study using expression and molecu-
lar biology approaches [120] found that veratri-
dine, which increases Na+ influx through 
voltage-gated Na+ channels (VGSC), causes the 
rapid appearance of phasic contractions accom-
panied by changes in intracellular [Ca2+]. Using 
RT-PCR, in the same study the authors detected 
the VGSC α-subunits Scn2a1, Scn3a, Scn5a and 
Scn8a in the cDNA from longitudinal myome-
trium. The mRNAs of the auxiliary β-subunits 
Scbn1b, Scbn2b and Scbn4b, and traces of Scn3b, 
were also present. The same group also showed 
that amiloride-sensitive Na+ channels were 
expressed in the rat uterus and that “mRNA 
expression levels of the alpha, beta and gamma 
subunits are selectively and differentially regu-
lated during pregnancy” [121].

It is tempting to speculate that fast Na+ current 
channels, producing inward current, may be 
expressed in those myocytes acting as pacemak-
ers within myometrial fibres.

10.2.1.5  Store-Operated Channels
As described earlier, elucidating the role of the 
sarcoplasmic reticulum in myometrium was not 
straightforward. Measurements of SR luminal 
Ca2+ showed a fall of Ca2+ as it was released into 
the cytoplasm when IP3-producing agonists were 
applied to uterine myocytes [122]. SERCA was 
shown to bring about a slow refilling of luminal 
Ca2+. The question then arises as to whether the 
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uterine myocytes possess a mechanism to refill 
the store with Ca2+ when SR luminal levels fall—
in other words, is capacitative- or store-operated 
calcium entry (SOCE) functional in the uterus? 
Were there SOCE channels in the plasma mem-
brane, or the more selective calcium release- 
activated channels (CRAC), or both?

The existence of a pathway between the inter-
nal Ca2+ store and plasma membrane, that replen-
ishes the Ca2+ store, was first demonstrated in 
non-excitable cells. The store in these cells is 
referred to as the endoplasmic reticulum (ER). 
The existence of such a mechanism was postu-
lated as a way of balancing ER Ca2+ release and 
plasma membrane Ca2+ entry, and thereby regulat-
ing Ca2+ signals in cells. Given the important and 
diverse cellular processes regulated by Ca2+, such 
control is seen as essential in preventing aberrant 
signalling and pathologies [123]. The SOCE was 
eventually demonstrated by showing a steady-
state rise in cytoplasmic Ca2+ or a small inwardly 
rectifying current, designated ICRAC [124], upon 
lowering of ER Ca2+. Both measurements were 
experimentally hard to obtain due to their small 
size and the molecular mechanisms involved 
proved elusive. This situation changed when, in 
2005, STIM1 was identified as an ER transmem-
brane protein that could sense luminal Ca2+ [125, 
126]. Interestingly, STIM had been identified 
about 10 years earlier and stands for stromal inter-
acting molecule and is linked to cancer.

As luminal Ca2+ falls, Ca2+ dissociates from 
STIM and it undergoes conformational changes. 
The next step in unravelling the SOCE mechanism 
followed rapidly, with the plasma membrane chan-
nel subunit Orai1 being identified [127–129]. 
When low ER Ca2+ evokes the conformational 
change in STIM1, it interacts with Orai1 and a 
functional and selective Ca2+-entry channel is acti-
vated. Overexpression of these components of 
SOCE greatly increased ICRAC. Of note for smooth 
muscles, Ca2+ entry via Orai1 channels can also 
recruit members of the transient receptor potential 
channels (TRPCs) [130]. These non-specific cat-
ion channels in smooth muscle plasma membrane 
interact with STIM1 and open to produce cation 
entry, including Ca2+. Cheng et  al. showed that 
TRPC1 and ORAI1 are components of distinctly 

different channels, both of which are regulated by 
STIM1. It is the Orai- 1- mediated Ca2+ entry that 
triggers trafficking and insertion of TRPC1 pro-
teins into the plasma membrane where they are 
gated by STIM1. It is suggested that CRAC chan-
nels, which are highly selective for calcium, are 
restricted to non- excitable cells. The less selective 
and less well- characterised SOCE channels, and 
their still controversial relation to TRPCs, are 
more likely to occur in the uterus [131]. For a cur-
rent account of STIM and Orai, see the review by 
Putney [123].

An interesting study in Orai1 knockout mice 
should be mentioned. The female mice are fertile 
and give birth to live pups, but they are not able to 
let down milk from their mammary glands. The 
explanation for this could be found in examina-
tion of their Ca2+ signals; Ca2+ oscillations 
induced by oxytocin in myoepithelial cells are 
substantially reduced, due to lack of Ca2+ entry 
and contraction failure [132]. Interestingly, these 
findings are similar to those obtained in oxytocin 
receptor knockout mice; parturition surprisingly 
occurs normally but milk let-down and contrac-
tion of the myoepithelial cells fail [133].

The evidence for a role and the importance of 
SOCE in smooth muscle has recently been 
reviewed by Feldman et al., and many key refer-
ences can be found there [134]. It appears to us 
fair to conclude that its importance to contractil-
ity, as opposed to say proliferation and remodel-
ling, is still debatable. Studies performed on 
cultured smooth muscle cells and lines have to be 
treated with extreme caution, due to their pheno-
typic change to a non-excitable state.

STIM and Orai isoforms have been identified 
in myometrial biopsies from women undergoing 
C-section operations [135]. The authors proposed 
that SOCE may play a role in Ca2+ signalling dur-
ing pregnancy. These findings of STIM1 expres-
sion in human myometrium have been confirmed 
by Feldman et al., and extended to mouse myo-
metrium [134]. In the same reference, an account 
is given of preliminary work showing a thinning 
of the myometrium in STIM1 null mice, along 
with a contractile impairment.

When it comes to directly identifying a role for 
SOCE in myometrial function, the only study to 
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date remains that of our group [56]. To understand 
the protocols necessary to demonstrate SOCE in 
myometrium, it has to be emphasised that in this 
excitable tissue, the major source of Ca2+ for con-
tractions is entry through the L-type Ca2+  channels. 
This Ca2+ influx is necessary and sufficient for 
contraction. The Ca2+ that enters must later be 
removed by efflux mechanisms across the plasma 
membrane, as described in Sects. 10.3.4.1 and 
10.3.4.2. Thus, a role for SOCE can only be to 
support agonist-induced contractions. In the study 
of Noble et al., mentioned above [54], depletion 
of the SR Ca2+ produced a prolongation of the 
bursts of action potentials and corresponding 
series of Ca2+ spikes, which increased contraction 
amplitude and duration. The rise of baseline Ca2+ 
and membrane depolarisation continued until all 
electrical and Ca2+ spikes and phasic contractions 
ceased, revealing a maintained, tonic force and a 
raised basal Ca2+. We also showed that lanthanum, 
a blocker of SOCE, but not the L-type Ca2+ chan-
nel blocker nifedipine, abolished the maintained 
force and Ca2+. The physiological relevance was 
emphasised by using an agonist, carbachol, which 
produces similar effects to depleting the SR upon 
SERCA blockade, depolarisation and elevation of 
force and basal Ca2+. A brief, high concentration 
of carbachol, to cause SR Ca2+depletion without 
eliciting receptor-operated channel opening, also 
produces these results. We therefore consider that 
in pregnant rat myometrium SR Ca2+ release is 
coupled to a marked Ca2+ entry via SOCE.

10.2.1.6  Sodium Pump: Na,K ATPase
The Na,K ATPase has long been known to main-
tain intracellular concentrations of Na+ ([Na+]) 
low as it moves 3Na+ out of the cell coupled to 
the entry of 2K+. For a review of its enzymatic 
activity and structure focussed on smooth mus-
cle, see [136]. The resulting Na+ pump current 
makes a small contribution to the negative mem-
brane potential found in uterine and other cells 
[137]. The sodium gradient created can also be 
linked to the transport of other ions, notably H+, 
Cl− and Ca2+, all of which are important to the 
excitability and function of the myometrium 
[138]. In smooth muscle, the Na,K ATPase and 
Na–Ca exchanger (NCX) colocalise [139]. 

Golovina et  al. [140] showed that intracellular 
[Na+] in the sub-plasmalemmal spaces influences 
the activity of the NCX and the SR Ca2+ content. 
As discussed already, in the myometrium the SR 
has many close appositions to caveolae and the 
plasma membrane [141] and thus the presence of 
Na,K ATPase within these microdomains could 
affect contraction in the uterus.

The sodium pump is a P-type ATPase, com-
posed of two α-subunits, two β-subunits and usu-
ally a third, FXYD, subunit, each of which has 
several isoforms [142, 143]. Developmental and 
tissue-specific differences in the expression of 
these isoforms allow the Na,K ATPase function to 
be tightly regulated. This is because the isoforms 
govern kinetics, membrane localisation, sensitiv-
ity to ions, and endogenous pump inhibitors. Not 
surprisingly therefore, it has been suggested that 
the Na,K ATPase may contribute not just to excit-
ability in myometrium, but also to gestational 
changes in uterine activity [144]. It has also been 
reported that inhibitory prostaglandins work, in 
part, by stimulating the Na,K ATPase and thereby 
producing a hyperpolarisation [145].

Our group has studied the isoforms present in 
myometrium from human and animal tissues 
[144, 146–148] with respect to the expression of 
mRNA transcripts encoding Na,K ATPase and 
FXYD isoforms, their protein expression and tis-
sue distribution, as well as their functional effects 
throughout gestation. In rats, we found that all 
three isoforms of the α- and β-subunits were 
expressed, along with FXYD1. Interestingly three 
of these isoforms, α2, α3 and β2, change their 
expression during pregnancy, suggesting that they 
are functionally regulated. In addition, sensitivity 
to the pump inhibitor, ouabain, changed during 
gestation; its effect of increasing frequency of 
contractions and the accompanying Ca2+ tran-
sients became larger as pregnancy advanced. In 
human myometrium we also found differences in 
α-isoform expression between non-pregnant and 
pregnant tissues. These findings extend and 
strengthen preliminary studies reporting isoform 
switching during pregnancy in rat and human 
myometrium [149, 150]. Furthermore, decreased 
α3 isoform expression correlates with reduced 
contractility in oestradiol- treated rats [151] sug-
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gesting that changes in expression can have func-
tional consequences in uterine smooth muscle.

In summary we are learning more about how 
subtleties in both isoform expression and distri-
bution of Na+ pumps can contribute to uterine 
function. They have been implicated in some 
complications of pregnancy, such as pre- 
eclampsia, a condition characterised by hyper-
tension. Both defects in their activity and 
derangements mediated by circulating inhibitors 
can lead to an increase in [Na+] and therefore 
contribute to the disease [152].

10.2.2  Membrane Potentials 
and Action Potentials

The resting membrane potential of a cell is the 
voltage difference between the inside and outside 
of a cell, with typical values ranging from −40 to 
−80 mV. It is the balance of activity of the afore-
mentioned ion channels that determines the resting 
membrane potential in a cell. The uterine smooth 
muscle contracts spontaneously. Contractions 
occur as a direct result of the generation of action 
potentials within the myometrial smooth muscle 
cells. The time course of action potentials mea-
sured in uterine smooth muscle varies greatly 
depending on the species, the part of the uterus 
examined and gestational status. Simple mono-
tonic action potentials have been recorded in lon-
gitudinally oriented myometrium from rats and 
rabbits and circular muscle of sheep and guinea 
pig myometrium. However more complex action 
potentials with a sustained plateau of depolarisa-
tion have been observed in the circular myome-
trium of pregnant rats and mice and longitudinal 
myometrium of pregnant guinea pigs (for review 
see [153]).

When the membrane potential of uterine smooth 
muscle cells becomes sufficiently depolarised 
(threshold potential), voltage-dependent channels 
are activated, and the upstroke of the action poten-
tial resulting from the opening of voltage-depen-
dent L-type Ca2+ channels and an inward Ca2+ 
current ensues. The threshold potential for these 
Ca2+ channels is around −40 mV and the inward 
Ca2+ current peaks within about 10  ms and then 

slowly reduces. Repolarisation is due to a variety of 
processes, such as the opening of voltage-depen-
dent K+ channels which generate a hyperpolarising 
outward K+ current, and the voltage and Ca2+-
dependent inactivation of the L-type Ca2+ channels. 
In the more complex action potentials, an initial 
spike or series of spikes are followed by a sustained 
depolarisation (around −30  mV in rat myome-
trium). The duration of this plateau determines the 
duration of the resulting contraction.

As pregnancy progresses towards term it is 
thought that the resting membrane potential of 
the myometrial cells becomes more depolarised. 
While this certainly makes physiological sense, 
the evidence base is limited. This can be explained 
by the difficulty of making sharp electrode 
impalements into myometrial cells that are 
strongly contractile. Probably the best study to 
date was made in the third trimester of human 
pregnancy [154]. In this study, the membrane 
potential went from an average value of −70 mV 
at 29  weeks to −55  mV at parturition and was 
accompanied by a progressive increase in the fre-
quency of myometrial contractions. This decrease 
in the level of negativity of the resting membrane 
potential would facilitate Ca2+ influx through 
voltage-operated Ca2+ channels. Reductions of 
potassium channels in the myocyte membranes 
in late pregnancy would also prolong myocyte 
action potentials and enhance contractility.

10.3  From Excitation 
to Contraction

10.3.1  Calcium Signalling

In myometrial smooth muscle cells, contraction 
is critically dependent on Ca2+ and removal of 
extracellular Ca2+ [50], abolishes contractions. 
The uterus exhibits a variety of Ca2+ signals; sin-
gle transients, multiple transients on a raised 
basal Ca2+, as shown in Fig.  10.3, as well as 
spikes and waves propagating through cells and 
bundles. These signals are dependent upon the 
frequency and duration of action potentials. As 
for the spread of electrical activity, the origins 
and rises of [Ca2+] within muscle bundles appear 
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chaotic. Activity may originate in one area and 
then switch to another. Calcium waves might 
propagate to the end of the myocytes or terminate 
ahead of the cell border. We found that the ampli-
tude of force generated by a single Ca2+ spike was 
around a third of the maximal and was dependent 
on the number of bundles recruited within the 
strip. If Ca2+ spikes appeared in bursts, they gen-
erated longer lasting fused contractions, the 
amplitudes of which were dependent on the num-
ber and the frequency of the spikes [155].

10.3.2  Pathway to Contraction

Figure 10.4 illustrates a schematic representing a 
uterine myocyte and the pathways leading to con-
traction, and how they might be inhibited, for 
example to prevent preterm birth.

Once in the cell, Ca2+ binds calmodulin (4Ca2+ 
for every calmodulin molecule) and activates 
MLCK. MLCK phosphorylates serine 19 on the 
regulatory light chains of myosin, which in turn 
triggers interaction of phosphorylated myosin 

with actin myofilaments. The resulting cross- 
bridge cycling generates contraction and is an 
active process that requires ATP hydrolysis. 
Inhibition of MLCK with wortmannin also abol-
ishes contractions. Relaxation occurs when Ca2+ 
channels are inactivated, and K+ currents cause 
the membrane potential to return towards resting 
levels so that Ca2+ concentrations fall and myosin 
light-chain phosphatase (MLCP) dephosphory-
lates the myosin light chains. The process of 
excitation-contraction coupling in the uterus has 
been comprehensively reviewed [138, 156].

10.3.3  Effects of Agonists 
and Sensitisation

Binding of hormones such as oxytocin to its 
receptor in the cell membrane will lead to an 
increase in intracellular [Ca2+]. The oxytocin 
receptor is a GPCR, which couples to phospholi-
pase C via Gαq/11. This in turn controls the hydro-
lysis of phosphoinositide-bis-phosphate (PIP2) 
into IP3 and diacylglycerol (DAG). IP3 releases 
Ca2+ from the internal store (SR) and triggers the 
aforementioned activation of MLCK and genera-
tion of contraction (see Fig.  10.4 and recent 
review [157]).

Agonists can also initiate other intracellular 
pathways and these signals may influence force 
generation in other ways, such as changing 
enzyme and channel activity. The phenomenon 
of Ca2+ sensitisation is observed in other smooth 
muscles, whereby the activity of MLCK and 
MLCP can be regulated in such a way that the 
contractions generated are altered without any 
change in [Ca2+] [158]. However, there is little 
direct evidence for Ca2+ sensitisation occurring in 
myometrium [159]. Crichton et  al. [160] 
described Ca2+ sensitisation in chemically 
skinned myometrial preparations, but the rele-
vance to in vivo situations is unclear. Certainly, 
inhibiting the major sensitisation pathways (Rho- 
Rho kinase) in the uterus has little effect on [Ca2+] 
or force [161]. It is our considered opinion, in the 
light of little to no direct evidence of sensitisation 
in the myometrium, and direct evidence against 
it, that it is not a feature of the normal physiologi-

Calcium transients

Force
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Fig. 10.3 Excitation-contraction coupling in myome-
trium. Electrical activity in the form of action potentials 
shapes the intracellular calcium signals and thereby modi-
fies force in the uterus. Altering electrical activity is key to 
changing [Ca2+] and hence force. EM: potential measured 
with sucrose gap technique. Calcium was measured using 
the fluorescent indicator, Fluo4. Adapted from Burdyga 
et al. [155]
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cal activity of the myometrium. As always, future 
work may lead to tempering of this view.

10.3.4  Calcium Balance and Efflux 
Mechanisms

Figure 10.3 demonstrates the close relationship 
between the intracellular Ca2+ transient and force. 
However, for labour it is important that contrac-
tions do not become tonic, as this produces 
hypoxia in the myometrium and can cause foetal 
asphyxia (see Sect. 10.4.5.1 and Fig.  10.5). It 
therefore follows that the mechanisms that termi-
nate both action potentials and associated Ca2+ 
rises are as important as those that initiate them. 
The Ca2+ that entered the uterine myocyte must be 
removed to ensure flux balance. There are two 
mechanism that remove Ca2+ from myocytes, a 
plasma membrane Ca-ATPase (PMCA) and a Na/
Ca exchanger (NCX). Both of these have been 

reviewed elsewhere [162, 163], and so we only 
present a brief overview.

10.3.4.1  Plasma Membrane 
Ca-ATPase (PMCA)

There is considerable similarity between PMCA 
and SERCA; both are P-type Ca-ATPases, and 
both play a crucial role in maintaining Ca2+ 
homeostasis and signalling. By analogy to 
SERCA uptake of SR-released Ca2+ after agonist 
stimulation, PMCA expels Ca2+ that enters the 
cell during excitation. Furthermore, there is 
structural homology between the two transport-
ers; they both have transmembrane-spanning 
regions, have similar ATP-phosphorylated inter-
mediaries, counter transport H+ and are regulated 
by second messengers. They both also exist in 
several splice variant isoforms, which impart 
some tissue specificity. PMCA is regulated by 
calmodulin. Four isoforms of PMCA [1–4] have 
been identified with 80–90% amino acid sequence 

Ritodrine

Oxytocin receptor antagonists

Nifedipine
MgSO4

Indomethacin

ORAs

Fig. 10.4 Schematic of uterine force production pathways, 
and mechanisms of decreasing force used to help prevent 
preterm delivery, tocolysis. VOCC voltage- operated Ca2+ 
channel, PLC-β phospholipase C-β, PIP2 phosphatidylino-
sitol 4,5-bisphosphate, IP3 inositol 1,4,5-trisphosphate, 
DAG diacylglycerol, PKC protein kinases type C, Ca-CAM 

Ca-calmodulin complex, MLCK myosin light-chain kinase, 
MLCP myosin light-chain phosphatase, MAPK mitogen-
activated protein kinase, PLA2 phospholipase A2, ROCK 
RhoA-associated protein kinase. Adapted from Arrowsmith 
and Wray [157]
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homology and ten membrane-spanning regions. 
PMCA 1, 2b and 4 have been reported in myome-
trium [164]. In isolated uterine myocytes, 70% of 
Ca2+ efflux occurs via PMCA during the decay of 
a calcium transient, with the remaining 30% 
removed by NCX [165]. Inhibition of both mech-
anisms prevents all Ca2+calcium efflux. In a study 
of intact rat uterus, 35% of SR-released Ca2+ was 
extruded by the NCX, and 65% by the PMCA 
[166]. Therefore, in the uterus, we can conclude 
that whatever the source of Ca2+ influx, PMCA 
plays the predominant role in Ca2+ efflux. We also 
found that the coupling between SR Ca2+ release 
and the NCX changes with gestation, altering its 
relative contribution to Ca2+ efflux.

10.3.4.2  Na/Ca Exchanger (NCX)
In the myometrium, the Na/Ca exchanger is a 
membrane-spanning antiporter. It has 938 amino 
acids and 9 transmembrane domains and utilises 
the Na+ gradient provided by the sodium pump to 
extrude Ca2+. During each cycle, one Ca2+ ion is 
exchanged for 3Na+ ions and thus it is electro-

genic. The exchanger reaction may occur in either 
direction, as determined by the relative [Na+] 
inside and outside of the uterine myocyte. Under 
most physiological conditions, the exchanger runs 
in its Ca2+ efflux mode. However, with the pres-
ence of plasma membrane microdomains in which 
NCX lies adjacent to SR, and couples to isoforms 
of the Na,K ATPase, it is possible that the NCX 
can bring Ca2+ into myocytes [167]. Even though 
PMCA extrudes more Ca2+ than NCX in uterine 
myocytes, both efflux mechanisms may well 
function in a compartmentalised fashion. It is sug-
gested that the PMCA regulates the low-resting 
[Ca2+] in the bulk cytosol while the NCX regulates 
the small microdomains between the plasma 
membrane and the SR [167].

10.4  Metabolism in Uterine 
Smooth Muscle

During labour the myometrium performs a series 
of sustained and powerful contractions to expel 
the young. These events are underpinned by 
growth, biochemical and metabolic changes. 
Throughout pregnancy there is enormous uterine 
growth, largely as a result of hypertrophy of the 
myometrium. Pronounced biochemical changes 
also occur during this period. These include 
increases in contractile proteins to support partu-
rition but also changes in glycolytic and oxida-
tive enzymes [168]. Metabolically, the uterus 
lays down reserves of glycogen and free fatty 
acid droplets in preparation for the hypoxic con-
ditions it will experience in labour. After parturi-
tion these changes are rapidly reversed in a 
process known as involution. In women the 
uterus is back to near its pre-pregnancy size in 
about 6 weeks, a process that occurs due to 
changes in endocrine levels and removal of 
mechanical stretch [169]. We will briefly over-
view growth of the uterus in pregnancy, describe 
the uterine metabolites involved in contraction 
and then discuss metabolism and relation between 
contractions and blood flow. This latter part will 
include recent data examining the effects of 
hypoxia and pH in the myometrium.

Contraction Blood
flow

Blood
flow

Hypoxia

Lactate

Normoxia

pH
pH

Contraction

Fig. 10.5 The relation between contractions and blood 
flow in the uterus. Myometrial contractions are powerful, 
especially in labour. This leads to compressions of the uter-
ine blood vessels (see central insert showing uterus and 
placenta and their closeness). The resultant hypoxia 
increases lactate which acidifies the myocytes. The fall in 
pH decreases calcium entry and force falls. This relieves 
the compression on vessels and the uterine environment is 
restored, and another effective contraction occurs. The 
feedback cycle will be protective as it prevents hypoxic 
damage to foetus (and myometrium)
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10.4.1  Uterine Growth in Pregnancy

The human uterus is traditionally described as 
being a pear-shaped organ situated within the 
pelvis, ballooning up to the size of a large water 
melon with pregnancy. By week 20 it reaches the 
umbilicus and by week 30 it reaches the epigas-
tric region.

In the early days and weeks of pregnancy the 
uterus does not need to grow. It needs to change 
to accept the foetus and help make the placenta, 
as it can easily accommodate the tiny embryo. 
The uterus contains a volume of about 10–25 mL, 
and this is ample for the embryo which is only 
about 5 mm long at 6 weeks. By weeks 12–14, 
the uterine wall has started to thicken from 
around 10 to 15 cm. By week 22, the baby will 
weigh 15 ounces, be the size of a dinner plate and 
contained in a uterus that is around three times 
thicker than it was at the start of pregnancy and 
extending 22 cm from the top of the pubic bone. 
Over the next 10 weeks the uterus increases its 
capacity to match the foetus and becomes so 
stretched it starts to thin. The uterus is so stretched 
at the end of term that it is thinner (about 5 mm) 
than at the start of pregnancy. From start to finish 
of pregnancy, the length of the uterus has 
increased from around 7 to 20 cm, its weight has 
increased more than ten times, going from about 
70 g to more than 1000 g and its capacity from 
about 25 to 5000 mL. This adaptive growth of the 
uterus starts with some hyperplasia of myocytes 
in early pregnancy, stimulated by the endocrine 
changes of pregnancy and growth factors. From 
mid-pregnancy onwards, the myometrial hyper-
trophic growth is stimulated by wall stretch, with 
the endocrine environment being necessary in a 
permissive manner. Experiments of distending 
one of the two horns of a rodent uterus in a non- 
pregnant animal reveal that significant growth 
will occur. Likewise, there is little growth in a 
uterine horn of a pregnant rodent if there are no 
foetuses present; the side with foetuses grows 
normally. The uterine myocytes can increase 
fivefold in size, mainly due to an increased length 
but also thickness [170]. Progesterone supports 
this growth and also helps in dampening the con-
tractile power of the myometrium. There are also 

changes in the extracellular matrix, with increased 
integrin expression bridging between the matrix 
and the hypertrophying myocytes. As with other 
smooth muscle cells, the uterine myocytes can 
synthesise some matrix elements, e.g. collagen. It 
is during the third trimester that the well- 
recognised contractile phenotype of the uterine 
myocyte comes to the fore, being packed with 
contractile proteins. A good account of these 
changes and the relation between endocrine and 
mechanical stimuli on the myocytes is provided 
in the review by Shynlova et  al. [171]. Other 
investigators have pointed to the concurrent 
increase or appearance of contraction-associated 
proteins. A cassette of genes is assumed to be 
switched on at this time leading to increased gap 
junctions and Na+ channels, as well as oxytocin 
and prostaglandin F receptors. In this way con-
tractions can be coordinated and strengthened for 
labour.

10.4.2  Contractile Proteins 
and Kinetics

It has been noted that there is a change in the 
actin isoform close to term in rats, with a switch 
from α- to γ-actin [172]. As shown by Word et al. 
[173], the content of myosin and actin per milli-
gram of protein or per tissue cross-sectional area 
is similar between myometrium of non-pregnant 
and pregnant women. In other words, despite the 
significant increase in myocyte size with preg-
nancy in women, the amount of contractile pro-
teins per cellular cross-sectional area is similar to 
that found in myometrium obtained from non- 
pregnant women. In addition, myosin light-chain 
kinase and phosphatase activities are similar in 
the two tissues. The content of two thin filament- 
associated proteins was also examined in this 
study; caldesmon content was significantly 
increased in myometrium of pregnant women, 
whereas calponin was not different. In an earlier 
study, Sparrow et al. [174] examined the kinetic 
properties of the myocytes and myosin composi-
tion in rats. They concluded that the length-force 
relationship was of similar shape in the non- 
gravid and gravid skinned tissues. The energetic 
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tension cost (ATP turnover/active stress) in 
skinned fibres was also similar. The mechanical 
and metabolic characteristics of the gravid and 
non-gravid rat uterus do not suggest an obvious 
difference in the intrinsic properties of the myo-
sin, although significant functional alterations in 
the tissue appear during pregnancy. This corre-
sponds to the lack of a difference in the pattern of 
the heavy chains. Taken together, at least to a first 
approximation, the above data surprisingly sug-
gest that there is little other than scale, to differ-
entiate the intrinsic contractile proteins and 
contractions between non-pregnant and pregnant 
myometrium.

10.4.3  Metabolites and Contraction

As with other muscle types, the myometrium 
uses ATP during contraction. ATP is required 
both for cross-bridge cycling and phosphoryla-
tion of myosin light chains. The uterine myocytes 
also contain a store of phosphocreatine (PCr) 
which buffers the supply of ATP. In common with 
other smooth muscles, the store of PCr is low 
(~5  mM) compared to striated muscles (~30–
50 mM). In the myometrium, these values were 
determined in intact muscle strips using 31P NMR 
spectroscopy [175]. Some changes occur with 
pregnancy; PCr concentration ([PCr]) was one- 
to fourfold greater in late-pregnant than in non- 
pregnant rat uterus and recovered over several 
days during involution of the uterus.

When considering the low reserves of high- 
energy phosphates in the myometrium (and all 
smooth muscles) it is worth remembering that 
smooth muscles contract economically; contrac-
tion and relaxation are slow compared with stri-
ated muscles. This is partly because smooth 
muscle relies on Ca2+-regulated phosphorylation 
of myosin rather than the Ca2+ troponin system, 
and partly due to the slower release of inorganic 
phosphate. This slow-release step means that 
there is a slow rate of cross-bridge cycling and 
longer lasting cross-bridge attachment periods 
and force production per ATP hydrolysed in 
smooth muscles. The oxygen consumption of 
smooth muscle is low compared to other muscle 

types. Consequently, metabolism can keep up 
with contraction during normal smooth muscle 
activity and no large increases in oxygen con-
sumption occur. As with all muscles, good con-
trol of Ca2+ and pH is important for uterine 
smooth muscle function, and both regulation 
mechanisms make energetic demands requiring 
ATP. Further details and references can be found 
in [176].

10.4.4  Metabolism

There are some major differences in metabolism 
in smooth muscle compared to other cell types. 
One of the most striking is the degree of  metabolic 
compartmentalisation. Oxidative phosphoryla-
tion directly supports contractile activity, while 
ionic regulation, especially Na,K ATPase, is sup-
ported by the ATP generated from anaerobic 
metabolism [177, 178]. There is direct interac-
tion between the glycolytic enzymes and subunits 
of the Na,K ATPase and H-ATPase. The compart-
mentalisation of metabolism in smooth muscle 
was further supported by the demonstration that 
the enzymes for glycolysis are membrane bound, 
anchored by F-actin [179].

The myometrium produces lactate even with 
sufficient oxygen supplies for oxidative phos-
phorylation, i.e. oxygen is not limiting metabo-
lism [180]. Lactic acid is produced by glycolysis 
and dissociates into lactate and protons at physi-
ological pH. Lactate is produced during nor-
moxic conditions in myometrium and transported 
out of the myocyte by a family of proton-linked 
monocarboxylate transporters [181]. Lactate 
efflux also increases severalfold under hypoxic 
conditions [180]. In a recent study on rat myome-
trium the effects of lactate on contractions, intra-
cellular Ca2+ and pH were investigated [182]. We 
found that lactate in the physiological range 
decreases myometrial contractility because of its 
inhibition of Ca2+ transients. This inhibition in 
turn was a consequence of lactate acidifying the 
myometrial cytoplasm. The accumulation of 
extracellular lactate by reducing myometrial con-
tractions is suggested to play a role in poor 
labours, discussed further in Sect. 10.5.
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10.4.5  Blood Flow, pH 
and Myometrial Contractions

The myometrium contracts strongly in labour. 
Repetitive and intense contractions of labour are 
required to dilate the cervix, so that the foetal 
head and then body can pass through the birth 
canal. It is a feature of labour that the contrac-
tions increase in amplitude and frequency as they 
progress. Not always appreciated is that these 
powerful uterine contractions will compress and 
occlude the vessels coursing within the myome-
trium. In all species studied, clear dips in blood 
flow can be monitored during these contractions, 
as they compress the myometrial blood vessels 
[183]. From this it follows that hypoxia and isch-
emia are a normal occurrence in labour. If, how-
ever, the uterus contracts hypertonically and 
becomes more tonic than phasic, then the clamp 
on the uterine vessels will produce asphyxia in 
the foetus and ultimately in utero death. This 
relation is shown in Fig. 10.5.

10.4.5.1  Protective Feedback 
Mechanism

Phasic uterine contractions lead to cyclic changes 
in high-energy phosphates and lactate and 
pH. During uterine contractions, ATP concentra-
tion ([ATP]) would be expected to fall during the 
periods of hypoxia and ischemia and recover 
during the reperfusion that occurs between con-
tractions [183]. In addition, because of the 
increased lactate and hypoxic conditions during 
force production, intracellular pH falls and is 
restored to normal values during the intervals 
between contractions [183]. The fall in [ATP] 
during normal labour may not be sufficient to 
limit contractions but the fall of pH will be. In 
single-uterine myocytes, intracellular acidifica-
tion significantly decreased Ca2+ inward currents 
[184]. When examined in myometrial strips we 
found that intracellular acidification caused 
membrane hyperpolarisation [185], which was 
associated with failure of action potential firing 
and cessation of contraction. Thus, at the peak of 
uterine contractions the myocytes become pro-

gressively more acid and the contractions will 
start to reduce in strength. This, along with the 
changes in excitability and inactivation of the 
L-type Ca2+ current, results in the phasic con-
traction returning to baseline (see Fig. 10.5). The 
ensuing rest period, equivalent to diastole in the 
heart, should ensure that the metabolic changes 
produced by hypoxia and ischaemia are reversed, 
and [ATP], [PCr] and pH are restored. The envi-
ronmental conditions, including normoxia, are 
then conducive to firing of action potential and 
myocytes responding with strong inward Ca2+ 
current and producing coordinated activity and 
the next, strong uterine contractions.

Thus, there is a negative feedback mechanism 
intrinsic to uterine myocytes. By acting to limit 
contraction strength and duration, this metabolic 
feedback loop will help prevent ischaemic damage 
to the myometrial muscle bundles. This is because 
the ischaemic period is curtailed, and blood flow 
and metabolites can be restored during the inter-
contraction intervals. There is also a huge impor-
tance of this feedback loop to the foetus. Because 
of the direct link between uterus and foetus via the 
placenta, myometrial hypoxia and ischaemia will 
be transmitted to the foetus, as indicated by insert 
in Fig. 10.5. During normal labour the peak of the 
uterine contractions can be detected by changes in 
foetal heart rate that accompany it; the hypoxia 
detected by the foetal cardiovascular system 
increases its heart rate. In other words, the cycle of 
hypoxia and its stimulation of foetal heart rate are 
a normal part of human labour. The intrinsic 
mechanism that limits contractile activity, and 
uterine damage, also protects the foetus. It copes 
with transient hypoxia by increasing its heart rate 
but does less well if the hypoxia and ischaemia 
become prolonged. The foetal heart rate pattern 
changes and large decelerations are a warning sign 
of foetal distress. It is for this reason that foetal 
heart rate is recorded in many labours so that 
warning signs can be detected and acted on, e.g. by 
recommending an emergency C-section. It is hard 
in such in vivo situations to dissect if the root cause 
of the problem is with the uterine vessels or myo-
metrial cells.
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10.4.5.2  Hypoxia-Induced Force 
Increase (HIFI) 
in Myometrium

Finally, we would like to draw attention to the pos-
sibility of hypoxic conditioning in the uterus, and 
describe another potential benefit to transient isch-
aemia and hypoxia in the uterus [176]. Hypoxic 
preconditioning is a protective effect arising from 
brief, intermittent hypoxic or ischemic episodes, 
on subsequent more severe hypoxic episodes. First 
discovered in cardiac muscle, the effect has now 
been documented in other organs. We found a 
novel response in uterus of hypoxic-induced force 
increase (HIFI), which we suggested helps main-
tain contractions during labour [186].

We know, as discussed above, that many 
changes occur towards the transition to labour. A 
conundrum however of labour is that contrac-
tions become progressively stronger as the myo-
metrium experiences the repetitive metabolic 
stress of hypoxia, i.e. transient decreases of oxy-
genation, pH and ATP, all of which if sustained 
can decrease contractile activity. Oxytocin is 
often cited as driving contractions in labour, but 
oxytocin receptor knockout mice deliver nor-
mally. This led us to search for other, possibly 
intrinsic or metabolic, drivers of contraction.

Many genes concerned with metabolism and 
contraction are regulated by hypoxia, and changes 
in genes have been identified in a transcriptomic 
study of poorly labouring women [187]. There 
was, however, no evidence showing how such 
changes could be important to successful labours, 
and no mechanism linking hypoxia to an increase 
in contractions. Given a literature on hypoxic 
preconditioning and that decreases in oxygen-
ation are part of normal labour, we wanted to 
consider if the effects of brief, repetitive periods 
of hypoxia could differ from the chronic changes 
used in most experimental protocols. We found a 
novel mechanism whereby brief but repetitive 
hypoxic episodes stimulated the contractile activ-
ity, HIFI. In other words, cycles of brief hypoxia 
initiate and maintain the progressive augmenta-
tion of contractility needed for labour. The under-
lying mechanism involves adenosine and 
prostaglandin and a rise in intracellular Ca2+ 
[186]. Of note was that HIFI is present in animal 

and human uterus, but only close to parturition. 
We speculate that aberrations in this powerful 
mechanism could underlie contractions being 
triggered too early (preterm labour) or, if HIFI is 
deficient, weak contractions, and thus poor and 
unsuccessful (dysfunctional) labours.

10.5  Uterine Activity 
and Parturition

Although this is a scientific chapter, it would be 
wrong to not, albeit briefly, address uterine con-
tractility with respect to childbirth, and mention 
some of the problems that can arise due to 
 aberrant uterine contractility. Examples would be 
contractions starting too early in gestation lead-
ing to preterm delivery; dysfunctional labours 
where contractions are too weak or uncoordi-
nated to deliver the neonate or prevent post- 
partum haemorrhage, or contractions that are too 
strong and tonic-like that they lead to foetal 
hypoxia and stillbirths. Here we describe the pro-
gression to labour, followed by an overview of 
preterm birth and dysfunctional labour.

10.5.1  Progression to Labour

Labour is viewed as the culmination of changes 
that have been progressing over many months—
it is no longer considered that there is one key 
event that flips a switch to labour. These ongo-
ing changes include the changes in ion channels 
which in turn will affect the shape and frequency 
of action potentials. The increase in both gap 
junctions and their conduction helps ensure that 
changes in Ca2+ and excitability are rapidly 
transmitted to the muscle bundles and contrac-
tions can be coordinated. There is a change in 
endocrine environment, notably increased oxy-
tocin release and receptors, increased prosta-
glandin production and reduced efficacy of 
progesterone due to isoform switching [188]. 
Coupling between other mediators of contrac-
tion, both intra- and extracellular, also increases 
[189]. As noted earlier there are also increases 
in myocyte size, myofilament content and iso-
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forms, changes in actin polymerisation close to 
term, and along with increased agonist drive, all 
contribute to the strong contractions necessary 
for parturition.

During labour, the resultant coordinated con-
tractions of the myocytes raise intrauterine pres-
sure to dilate the cervix. As noted by Smith et al., 
“the emergent behaviour of the uterus has paral-
lels in the behaviour of crowds at soccer matches 
that sing together without a conductor. This con-
trasts with the behaviour of the heart where 
sequential contractions are regulated by a pace-
maker in a similar way to the actions of a conduc-
tor and an orchestra” [190].

10.5.2  Preterm Labour

Preterm labour is classified clinically as one 
that commences before 37 weeks of gestation. 
Post- term labours are those that go beyond 
42 weeks. It is, however, the preterm births that 
give rise to the most concern. Preterm births 
remain the biggest cause of neonatal deaths and 
handicap. Preterm birth syndrome remains the 
most important clinical and research challenge 
facing pregnant women, their families and 
health professionals. The global burden of pre-
term birth is 15 million babies, and rates are ris-
ing [191, 192].

From a scientific perspective, the key chal-
lenges related to preterm birth research lie in its 
multiple aetiologies, long preclinical stage and 
complex gene-environment interactions.

The aetiology of premature labour is largely 
unknown. Risk factors are infection, a short/ 
”incompetent” cervix as well as carrying more 
than one foetus. Almost half of all women preg-
nant with twins will deliver prematurely [193]. 
It is still not clear whether this increased risk 
comes from mechanical factors, such as uterine 
distension and pressure on the cervix or altered 
hormonal levels, as both oestrogens and proges-
terone are increased and maternal corticotrophin- 
releasing hormone (CRH) may be elevated 
[194]. Unfortunately, progress in better under-

standing of underlying pathologies, phenotyp-
ing and more targeted preventative therapies 
remains slow [195].

10.5.3  Dysfunctional Labour

While most term labours proceed successfully to 
a normal vaginal delivery and delivery of a 
healthy baby, unfortunately around 10% will not, 
due to weak uterine contractions arising from the 
failure of increasing strength and frequency of 
contractions that are the hallmark of labour. 
Contractions that start out well become weak and 
uncoordinated. This halts the dilation of the cer-
vix and the labour slows or arrests. These labours 
are termed dysfunctional or dystocic. The condi-
tion is particularly a feature of women labouring 
for the first time. There is little evidence for a 
genetic cause [138].

The first insight into the physiological cause 
of dysfunctional labour came from our group 
[196]. This work involved obtaining a sample of 
myometrial capillary blood at the time of the 
first incision into the myometrium at C-section. 
This blood was immediately analysed for pH, 
lactate and other standard haematic variables. 
The data obtained was then matched to the 
blinded clinical classification of the reason for 
the C-section, provided by two consultant obste-
tricians. The results were compelling: women 
who had a C-section for reasons other than a 
diagnosis of dystocia had a similar range of 
myometrial capillary blood pH (around 7.3), but 
those labouring dysfunctionally had a signifi-
cantly lower pH near 7.1. Furthermore, these 
women also had about double the lactate in their 
myometrial capillary blood. These findings can 
be understood in terms of a breakdown in the 
feedback cycle depicted in Fig. 10.5. If uterine 
blood flow is not restored adequately between 
contractions, so that lactate and pH are not 
restored to normal values, then contractions will 
become progressively impaired—i.e. the labour 
becomes dysfunctional. We have recently 
reported the outcome of a small randomised con-
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trol trial using oral bicarbonate ingestion to help 
neutralise the low pH found in dysfunctional 
labours [197]. The results were extremely 
encouraging, with a significant reduction in the 
number of operative deliveries required in 
women who had had a diagnosis of dysfunc-
tional labour. These results, if replicated in larger 
studies, could have a major impact in helping 
women worldwide suffering difficult births.

10.6  Conclusions

In this chapter we have summarised knowledge 
focussed on how the uterus contracts. We have 
journeyed from molecules to intracellular organ-
elles, through in vitro and in vivo experiments and 
to women in labour. We have attempted to show 
areas where understanding has progressed. We 
have overviewed the discussion in a balanced 
manner, but undoubtedly our personal opinions 
emerge at times. Real progress has been made in 
understanding the role of the SR in this organ, and 
more details of K+ channels and their nuanced 
roles are emerging. There have been some novel 
mechanisms uncovered, such as hypoxia-induced 
force increase (HIFI). There has also been a small 
clinical trial that has successfully bridged the gap 
from our basic science understanding around 
blood flow, contractions and acidity, to using 
bicarbonate to improve labour outcomes in women 
destined to have an emergency C-section because 
of dysfunctional labours. Despite this, true insights 
into key questions, such as what channels or myo-
cytes determine pacemaking in the myometrium, 
remain beyond our grasp. We still must tell our 
students that one of the fundamental questions 
about this myogenic smooth muscle, which initi-
ates excitation, remains unanswered. Our treat-
ments to prevent preterm delivery are failing as the 
science has not translated to the clinic. We have 
now access to fantastic methods, from imaging to 
genomic, proteomic and metabolomic, as well as 
better computational techniques to handle and 
share large data. As a community we need to come 
together more to test our questions and ideas, so 
that the best protocols, techniques and collabora-
tions can be made. Real progress will be measured 

by how quickly some of the missing data and 
questions arising from this chapter can be pro-
vided and the next chapter written.
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Abstract
Oviducts (also called fallopian tubes) are 
smooth muscle-lined tubular organs that at one 
end extend in a trumpet bell-like fashion to 
surround the ovary, and at the other connect to 
the uterus. Contractions of the oviduct smooth 
muscle (myosalpinx) and the wafting motion 
of the ciliated epithelium that lines these tubes 
facilitate bidirectional transport of gametes so 
that newly released ovum(s) are transported in 
one direction (pro-uterus) while spermatozoa 
are transported in the opposite direction (pro-
ovary). These transport processes must be tem-
porally coordinated so that the ovum and 
spermatozoa meet in the ampulla, the site of 
fertilization. Once fertilized, the early embryo 
begins another precisely timed journey towards 
the uterus for implantation. Myosalpinx con-
tractions facilitate this journey too, while lumi-
nal secretions from secretory epithelial cells 
aid early embryo maturation.

The previous paradigm was that oviduct 
transport processes were primarily controlled 
by fluid currents generated by the incessant 
beat of the ciliated epithelium towards the 
uterus. More recently, video imaging and spa-
tiotemporal mapping have suggested a novel 
paradigm in which ovum/embryo transport is 
highly dependent upon phasic and propulsive 
contractions of the myosalpinx. A specialized 
population of pacemaker cells, termed ovi-
duct interstitial cells of Cajal (ICC-OVI), 
generate the electrical activity that drives 
these contractions. The ionic mechanisms 
underlying this pacemaker activity are depen-
dent upon the calcium-activated chloride con-
ductance, Ano1.

This chapter discusses the basis of oviduct 
pacemaker activity, its hormonal regulation, 
and the underlying mechanisms and repercus-
sions when this activity becomes disrupted 
during inflammatory responses to bacterial 
infections, such as Chlamydia.
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11.1  Gross Anatomy 
and Histology of the Oviduct

The mammalian female reproductive tract (FRT) 
consists of a pair of ovaries, a pair of oviducts, a 
uterus, one or two cervices, vagina, clitoris, and 
clitoral glands [1]. The oviducts are open-ended, 
tubular organs which connect the periovarian 
space to the uterus or uterine horns. The gross 
structure of oviducts varies depending upon the 
species. Adult mouse oviducts are ~15  mm in 
length and are highly coiled having approxi-
mately ten loops. In comparison, human fallo-
pian tubes are approximately 11–12  cm long, 
display a single slight bend [2, 3], and are held in 
place by a portion of the broad ligament called 
the mesosalpinx [4–6].

Along the length of an oviduct, four segments 
can be distinguished; these are beginning at the 
segment closest to the ovary: (1) the infundibu-
lum, (2) the ampulla, (3) the isthmus, and (4) the 
interstitium or intramural segment [3, 5–9]; see 
Fig.  11.1. These segments are structurally and 
functionally distinct from one another [6]. 
Oviducts open into a trumpet-bell1-like protrac-
tion at the infundibulum side. This entrance point 
through which the newly released ovum(s) 
accesses the oviduct is termed the ostium. The 
ampulla and isthmus meet at the ampullary- 
isthmic junction (AIJ). The cavity of the uterine 
horn and the intramural segment meet at the 
utero-tubal junction (UTJ).

Smooth muscle, known as the myosalpinx, 
lines the entire length of the oviduct but the thick-
ness and complexity of the muscle vary within 
each of the segments described above. The mus-
cle in the ampulla is thin whereas multiple, thicker 
layers of muscle are found in the isthmus [6, 10]. 
Anatomical sphincters have been described at the 
AIJ and the UTJ of several species, although in 
mice an anatomical sphincter consisting of a ring 
of circular muscle has been described only at the 
UTJ [10]. However, recent calcium imaging 

1 As an aside point, the term “salpinx” which is often used 
to refer to the oviducts is derived from the name of a 
Greek trumpetlike instrument with a shape strongly 
resembling that of a human oviduct.

experiments on oviducts isolated from transgenic 
mice expressing a smooth muscle localized genet-
ically encoded calcium indicator (GCaMP6f) 
have suggested that a specialized interface may 
exist in the mouse  myosalpinx at an area close to 
the AIJ (unpublished observations).
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Fig. 11.1 Smooth muscle myosin heavy chain expression 
in the mouse oviduct. Panel (a) shows the expression of 
eGFP driven by a smooth muscle myosin heavy-chain 
(SMMHC) Cre recombinase along the entire length of an 
intact oviduct. Note also the presence of eGFP in the infun-
dibulum region of the duct. Panels (b) and (c) show the 
orientation of smooth muscle heavy-chain-positive muscle 
fibers in the ampulla segment of the oviduct. Panels (d) 
and (e) show the same in the isthmus segment. Both the 
ampulla and isthmus had circularly and longitudinally ori-
entated smooth muscle fibers. Images taken from a trans-
genic mouse with an eGFP inserted under the promoter for 
SMMHC 11 (Myh11) so that eGFP is selectively expressed 
in smooth muscle cells [200]. These mice were kindly pro-
vided by Mike Kotlikoff (Cornell University, Ithaca, NY)
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The infundibulum has been reported to lack a 
developed muscle coat. Light and electron micros-
copy studies have revealed that the infundibulum 
displays thin, elongated cells, interconnected by 
slender cytoplasmic processes meshed together in 
a network with large voids filled by connective tis-
sue. However, these thin, elongated cells were 
determined to be irregularly shaped smooth muscle 
cells based on ultrastructural characteristics includ-
ing the presence of small bundles of myofilaments, 
smooth endoplasmic reticulum located beneath the 
plasma membrane, and a discontinuous basal lam-
ina. Using a B6.Cg-Tg(Myh11-cre,eGFP) mouse in which 
smooth muscle cells express an eGFP reporter, we 
observed fluorescence in the infundibulum region 
of the oviduct (Fig. 11.1), supporting the previous 
observations that there are also some smooth mus-
cle cells in this section of the duct. In contrast to the 
infundibulum, the ampulla has been reported to 
show a distinct smooth muscle coat which becomes 
gradually thicker upon progression from the upper 
to the lower ampulla. Irregularly shaped smooth 
muscle cells were also seen to display progres-
sively more myofilament bundles as they 
approached the AIJ. In the lower ampulla, the irreg-
ularly shaped smooth muscle cells were found to 
be arranged into two interlacing layers with cells in 
the inner layer being mainly circularly orientated 
and cells in the outer layer mainly longitudinally 
orientated. The isthmus region of the oviduct, simi-
lar to the lower ampullary segment, has also been 
shown to possess two definite muscle layers, an 
inner circular and an outer longitudinal layer. The 
isthmus myosalpinx is thicker than that of the upper 
oviduct segments and was composed of more regu-
lar, “typical” smooth muscle cells. Finally, at the 
UTJ, the longitudinal muscle of the oviduct has 
been reported to become continuous with that of 
the myometrium. However, at the tip of the intra-
mural segment, the circular muscle was seen to 
form a ring around the opening of the oviduct to the 
uterine horn cavity, anatomically similar to a 
sphincter.

The inner aspect of the mammalian oviduct is 
lined by a simple cuboidal or columnar epithelial 
mucosa (also called the endosalpinx) [11, 12]. 
The mucosa of the ampulla is arranged into exten-
sively branched longitudinal folds giving it a large 

surface area and the largest luminal diameter of 
all the oviduct segments [11, 12]. The isthmus 
mucosa is less folded and has a narrower lumen, 
while the UTJ has the narrowest lumen of the 
entire oviduct [11]. The oviduct epithelium is 
composed of two main cell types, namely ciliated 
cells (~25%) and non-ciliated secretory cells 
(~60%); a third, minor cell population called 
intercalated or peg cells constitute around 10% of 
the cells but these cells are still poorly character-
ized; indeed even their existence is not universally 
accepted [9, 13, 14]. A progressive decrease in the 
number of ciliated cells occurs along the length of 
both mouse [15] (Fig. 11.2) and human oviducts 
[12–14, 16]. In the case of human oviducts, this 
decrease has been quantified, from over 50% cili-
ated cells in the fimbria of the infundibulum to 
less than 35% in the isthmus [12–14, 16]. As the 
proportion of ciliated epithelial cells decreases, 
the proportion of secretory cells increases so that 
the isthmus contains the highest proportion of 
secretory cells [11]. These non- ciliated secretory 
cells synthesize and secrete various substances 
and along with transudates from blood form the 
tubal fluid that fills the oviduct lumen [11, 17, 18]. 
Displacement of the tubal fluid caused by contrac-
tions of the myosalpinx serves to move eggs in the 
isthmus [6, 17]. Ovarian hormones can influence 
the structure of the oviduct epithelium [12]. 
Estrogen has been reported to produce hypertro-
phy of the epithelium and increase secretions and 
ciliogenesis while progesterone promotes atrophy 
and deciliation [12]. Both progesterone [19, 20] 
and estrogen [21] have also been suggested to 
affect ciliary beat frequency.

11.2  Physiological Functions 
of the Oviduct

The oviducts are not just passive conduits 
between the ovary and the uterus through which 
gametes and embryos must pass. Rather, they 
perform several physiological functions which 
are critical to fertility. These functions include 
roles for the oviduct in (1) egg pickup, (2) egg 
transport, (3) sperm transport and maintenance, 
(4) fertilization, and (5) embryo transport.
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11.2.1  Egg Pickup

In mammals, a cumulus oocyte mass (COM) is 
ovulated [22, 23]. The COM is composed of the 
oocyte, or multiple oocytes, thousands of cumu-
lus cells held together by gap junctions, and an 
extensive hyaluronan-rich extracellular matrix 
[23]. COMs rupture through the ovarian follicle 
wall after the preovulatory surge in luteinizing 
hormone (LH) and are deposited into the perito-
neal or bursal cavity surrounding the ovary [22, 
23]. In mice, the fingerlike projections of the 
infundibulum, termed fimbria, protrude into the 
ovarian bursa (a membranous sac that surrounds 
the ovary) where the COM is deposited, ensuring 
that contact will occur between the COM and the 
fimbria [17]. However, in humans, the COM is 
deposited into the large peritoneal cavity and 
contact between the fimbria and the COM is not 
guaranteed. Chances of contact in humans are 
improved by the active movement of the end of 
the oviduct, accomplished by contractions of the 
smooth muscle in the mesosalpinx and tubo- 
ovarian ligaments, permitting the sweeping of the 
fimbria across the surface of the ovary [17, 24]. 
The epithelium of the fimbria is highly populated 
by ciliated cells which beat in the direction of the 
ostium [22]. Pickup of the COM into the oviduct 
is achieved by a transient adhesive interaction 

between the COM and the cilia of the fimbria 
which then pulls the COM in towards the ostium 
and into the lumen of the ampulla [22, 25].

11.2.2  Egg Transport

Once the COM enters the ampulla, it passes rap-
idly to the site of fertilization at the AIJ [4, 6]. 
The duration of the oviductal phase of egg trans-
port varies between species, lasting 55 h in rab-
bits, 72 h in mice, and 80 h in humans [6]. Many 
investigators have reported the rapid to-and-fro, 
pendular movements of the COM as it progresses 
through the ampulla of rats [26], rabbits [27], and 
mice [28]. The relative roles of the myosalpinx 
contractions and cilia beating in this initial phase 
of egg transport remain controversial.

Ciliated epithelial cells have been reported to 
play a role in egg transport along rat and rabbit 
ampullae [26, 27]. These studies utilized surro-
gate cumulus egg masses consisting of 15  μm 
diameter microspheres to imitate eggs and albu-
men to imitate the cumulus [26]. The transport of 
these surrogates along the ampullae of rats and 
rabbits was then observed in the presence of the 
β-adrenoceptor agonist isoproterenol to inhibit 
contractions of the myosalpinx [26, 27]. These 
investigators reported that the motion of surro-
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Fig. 11.2 Light 
micrographs through the 
murine oviduct and 
uterus at different levels. 
Panels (a–d) show cross 
sections at the level of 
the (a) ampulla and (b) 
isthmus. Note the 
increasing thickness of 
the myosalpinx from 
ampulla to isthmus and a 
decrease in the cilia 
density on the 
epithelium. (c) Shows 
high power of 
myosalpinx and goblet 
cells in the isthmus, but 
little or no cilia whereas 
(d) shows dense cilia 
and peg cells in the 
epithelia of the ampulla 
region
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gate egg masses changed from the characteristic 
pendular, to-and-fro movements, to a slow for-
ward movement towards the AIJ and that the sur-
rogates made it to the AIJ within normal time 
limits. This led to the conclusion that the role of 
cilia in egg transport was more important than 
that of smooth muscle. However, a number of 
points have been overlooked in these studies; 
firstly native eggs within naturally ovulated 
COMs have a diameter of 70–90 μm [29, 30], not 
15  μm as used in the surrogate masses in the 
aforementioned studies. Previously, Talbot et al. 
[22] and Norwood et al. [25] have reported that 
“although cilia create currents capable of moving 
small particles such as Lycopodium spores (which 
have diameters of ~40 μm), ciliary currents alone 
cannot move larger objects such as COMs.” 
Secondly, isoproterenol was used to inhibit con-
tractions of the oviduct musculature; however, it 
is also known to increase oviduct ciliary activity 
[17, 31], perhaps contributing to the unchanged 
transport rate of the surrogates towards the AIJ.

In another study, microsurgical techniques 
were used to reverse 1  cm segments of rabbit 
ampulla [32]. As stated earlier, oviduct cilia beat 
in the direction of the uterus; however, the cilia in 
the reversed segments were seen to beat towards 
the ovary. These animals were rendered infertile 
by the reversal procedure whereas control ani-
mals in which a 1  cm segment of ampulla was 
transected but not reversed had normal fertility. 
The authors of this study concluded that cilia 
beating must be important for egg transport in the 
rabbit ampulla. However, a major caveat of this 
study is that the direction of the muscle was also 
reversed. This altered orientation of the muscle 
could also explain the observed infertility.

Egg transport ceases in the continued pres-
ence of unaltered ciliary beating when myosal-
pinx contractions are inhibited using the 
dihydropyridine L-type Ca2+ channel blocker 
nicardipine (1 μM) [28] and others have reported 
that women suffering from primary ciliary dyski-
nesia (PCD) or immotile cilia syndrome (also 
called Kartagener’s syndrome) are capable of 
conceiving and carrying to term natural intrauter-
ine pregnancies [17, 33]. A more recent study 
that examined the motor protein composition of 

human fallopian tube cilia reported that the motor 
protein composition of the human fallopian tube 
cilia was identical to that of respiratory cilia. 
Nine patients with PCD that suffered severe dys-
function of respiratory cilia gave birth to children 
after spontaneous conception [34]. The results of 
these studies contradict those described above 
and suggest that myosalpinx contractions are 
important and likely play a more significant role 
than cilia beating for oviduct egg transport.

11.2.3  Sperm Transport 
and Maintenance

The AIJ is the site of fertilization in most mam-
mals and so the segments of the oviducts that are 
involved in sperm transport are the UTJ, the intra-
mural segment, and the isthmus [3, 6]. In several 
mammalian species, it has been reported that 
sperm have been recovered from the oviduct 
ampulla minutes after mating or insemination [35, 
36]. This initial wave is called the rapid phase of 
sperm transport and is considered to be much too 
fast to be explained by intrinsic motility of the 
sperm. In rabbits, it has been determined that 
these are not the fertilizing spermatozoa as most 
of the recovered sperm from this phase were 
found to be immotile and damaged [35]. The 
authors of this study speculated that the damage 
may have been caused by muscular contractions 
stimulated by insemination. The speed with which 
the sperm arrive at the ampulla certainly suggests 
some form of active transport along the isthmus 
segment of the  oviduct [3, 35]. The fertilizing 
spermatozoa have been determined to come from 
a slower, more sustained phase of sperm transport 
involving the formation of an isthmic storage res-
ervoir [6]. This phase is described in detail below.

The UTJ of the oviduct represents a physical 
barrier to sperm and is a means by which the 
female regulates sperm transport [37]. Although 
the structure of the UTJ varies across different 
mammalian species, the passageway is typically 
narrow. In mice, the UTJ is open shortly after 
coitus, but closes about an hour later [36–38] 
which significantly reduces the numbers of sper-
matozoa that pass through the UTJ before they 
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continue their journey in the oviduct to the 
ampulla. Although it has been suggested that 
spermatozoa swim up through the UTJ by self- 
propulsion, the use of specific knockout animals 
does not fully support this hypothesis. 
Spermatozoa of at least 13 discrete knockout lines 
are known to fail to enter the UTJ without any 
detectible abnormalities in their motility or mor-
phology [39]. Once sperm enter the oviduct, it 
was reported that they moved back and forth in 
the isthmus region and that their movements were 
coordinated with the peristaltic contractions of the 
oviduct myosalpinx [40]. Myosalpinx contrac-
tions have also been suggested to play a role in 
pro-ampullary sperm transport in pigs and ham-
sters during the periovulatory period [41, 42]. 
However, oviductal contractions do not appear to 
be absolutely required for forming the sperm res-
ervoir in the lower isthmus or for enabling sperm 
to reach the ampulla and COCs [43].

Once sperm make it through the UTJ, they 
form a reservoir in the pockets of the mucosal 
folds of the isthmus [36–38]. This reservoir was 
first described in hamsters in 1963 [44] but has 
subsequently been identified in mice [38], rabbits 
[45], pigs, and sheep [36]. Binding of sperm to the 
oviduct epithelium seems to preserve sperm dur-
ing the period of storage before ovulation occurs 
[37]. It has yet to be established whether an isth-
mus reservoir of sperm exists in human fallopian 
tubes but since pregnancy can result from inter-
course up to 5 days prior to ovulation [46] sperm 
must be stored at some point within the female 
reproductive tract. The oviducts are good candi-
dates for this since human sperm co- cultured 
in vitro with oviduct epithelial cells can remain 
viable for longer than those cultured alone [47].

To be capable of fertilization, sperm must 
undergo capacitation. This is a complex physio-
logical process that involves shedding of proteins 
and cholesterol from the plasma membrane, ren-
dering it more permeable, especially in the apical 
acrosome region of the sperm head [48]. This pre-
pares sperm for the acrosome reaction which 
occurs when sperm come into contact with the 
zona pellucida of the egg. The acrosome reaction 
involves enzyme release from the acrosomal 
region of the sperm head which allows the sperm 

to penetrate through the zona pellucida and layers 
of cumulus cells that surround the egg and ulti-
mately allows them to fuse with the cell mem-
brane of the egg and achieve fertilization [36, 48]. 
During capacitation of sperm, they become hyper-
activated and display increased flagellar bend 
amplitudes which generate more power. Mouse 
oviducts have the advantage of being quite trans-
lucent when transilluminated, making them a 
good model in which to study oviduct sperm or 
egg transport. In oviducts from mated female 
mice, transillumination reveals that only hyperac-
tivated sperm detach from the oviduct epithelium 
in the isthmic reservoir [49]. In that study, hyper-
activated sperm were observed to “yank them-
selves free” of the oviduct epithelium.

Once hyperactivated, capacitated sperm are 
able to progress on towards the AIJ where they 
may fertilize an egg. It remains to be established 
whether this final stage of transport is facilitated 
by peristaltic contractions of the isthmus myosal-
pinx directed towards the AIJ, or whether hyperac-
tivation of the sperm provides sufficient propulsion 
to transport the sperm to the AIJ without additional 
assistance. One study has found that co-culture of 
human sperm with human oviduct epithelial cells 
increased ciliary beat frequency (CBF) on the cili-
ated epithelial cells [50]. Since oviduct cilia beat 
in the direction of the uterus, this increase in CBF 
may represent an additional barrier to sperm trans-
port towards the AIJ.

In summary, the myosalpinx of the UTJ con-
tracts and relaxes to regulate the number of sperm 
that can enter the oviduct [37]. Peristaltic con-
tractions of the myosalpinx of the isthmus play a 
role in the rapid phase of sperm transport. 
Adhesion of sperm to the endosalpinx of the isth-
mus permits the formation of a storage reservoir 
and helps to prolong the fertile life of sperm and 
finally sperm can increase the CBF of the ciliated 
cells of the endosalpinx, possibly providing a 
barrier to sperm transport.

11.2.4  Fertilization

When the COM reaches the AIJ, it becomes 
arrested for several hours or days depending on the 
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species [6]. In rabbits, humans, and mice there is 
no structural evidence for a sphincter at the AIJ 
which could explain this temporary suspension of 
transport [10, 51]. However, recent studies using 
oviducts from mice that have a genetically encoded 
calcium indicator (GCaMP6f) in smooth muscle 
display a specialized region which may represent 
the AIJ.  At this site, calcium waves travelling 
along the ducts cease momentarily at this site. 
Anterograde waves travelling to the uterine horns 
and retrograde waves, travelling towards the ova-
ries, can also collide and annihilate each other in 
this region (unpublished observations). During the 
time at the AIJ, fertilization may occur if mating 
has been successful and dispersion of the cumulus 
follows [6]. The secretory cells of the ampulla 
mucosa secrete oviduct-specific, estrogen-depen-
dent glycoproteins called “oviductins” which have 
been found to improve the efficiency of fertiliza-
tion and first divisions of the zygote [6, 52].

11.2.5  Embryo Transport

Upon progression of the zygote through the AIJ, 
the final isthmic phase of oviduct transport begins. 
The isthmic segment contains a well- developed 
myosalpinx and relatively few ciliated epithelial 
cells compared to the ampulla. It has been shown 
that cilia are inefficient at moving denuded eggs 
(i.e., those that no longer are surrounded by the 
cumulus) and since the cumulus is rapidly dis-
solved at the AIJ in most mammals it is therefore 
thought that cilia play very little, if any, role in the 
isthmic phase of egg transport [4, 31]. Rhythmic 
contractions and relaxations of the isthmic myo-
salpinx create gradients in intraluminal pressure 
which move eggs within the tubal fluid at high 
speed back and forth, with an ultimate bias 
towards the uterus [6]. In humans, the transport of 
the embryo through the isthmus takes only ~8 h, 
equating to around 10% of the total time for ovi-
duct egg transport [6]. In mice, isthmic embryo 
transport takes ~54 h, equating to around 75% of 
the total time for oviduct egg transport [6]. The 
reasons behind the differences in the time of egg 
transport along oviducts are currently unknown.

11.3  Spontaneous Electrical 
Activity of the Oviduct

Electrical activity has been recorded from the 
oviducts of several mammals, including rabbits 
[53–56], guinea pigs [57, 58], mice [28, 57, 
59–61], baboons [57, 62], and humans [63–65]. 
Typically extracellular electrodes [53, 65], 
double- sucrose gap method [58], or suction 
electrodes [54–57, 62] were utilized. Other 
groups recorded oviduct electrical activity 
using intracellular microelectrodes, including 
reports from mice [28, 59–61], guinea pigs [57, 
66], and humans [63, 64]. Intracellular micro-
electrode recordings were first applied to 
smooth muscle tissues over 60 years ago [67]. 
This technique permits quantitative analysis of 
resting membrane potential (RMP) and changes 
that occur in transmembrane potentials. The 
main difficulty using intracellular recordings is 
that intracellular impalements can be easily dis-
lodged by the associated contractions of the 
smooth muscle tissue. This can be overcome by 
limiting tissue movement with tungsten or 
stainless steel pins, or by adding an L-type Ca2+ 
channel antagonist to the extracellular solution. 
In the mouse oviduct, L-type Ca2+ channel 
antagonists could not be utilized for this pur-
pose due to the sensitivity of the electrical 
activity to these agents [28, 59]. For further 
explanation and discussion, see Sect. 11.4.3 
below.

11.3.1  Myosalpinx Slow Waves

The term slow wave refers to the spontaneous, 
rhythmic oscillations of smooth muscle mem-
brane potential. Myosalpinx slow waves were 
first described in the guinea pig oviduct by Tomita 
and Watanabe in 1973 [58]. These events were 
recorded using the double-sucrose gap technique 
and were seen to occur at 10–12 cycles/min with 
amplitudes of ~30 mV, often with a single spike 
superimposed onto their apex. Application of 
depolarizing and hyperpolarizing currents was 
found to have only weak effects on slow wave 
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frequency, but their amplitude was reduced upon 
depolarization and increased by hyperpo larization.

Later, the presence of myosalpinx slow waves 
was reported in mice, guinea pigs, and immature 
baboons [68]. Intracellular microelectrode 
recordings were performed on the isthmus seg-
ment of guinea pig oviducts and slow waves were 
observed to occur at a rate of around 15 cycles/
min with an amplitude of 40–50 mV, a duration 
of 1.5  s, and a rate of rise of approximately 
200  mV/s. Slow waves recorded with suction 
electrodes coincided with an increase in longitu-
dinal tension, implying that slow waves may 
regulate contractions. However, in this early 
report, published in a time when extracellular 
recordings were more commonplace than they 
are today, no mention is made of whether control 
experiments were performed to rule out move-
ment artifacts. In recent years, extracellular 
recording techniques have garnered criticism 
after it was reported that propagating biopoten-
tials recorded from the well-characterized mouse 
stomach were completely abolished after inhibi-
tion of isotonic contractions of the muscle with 
nifedipine (2  μM) or the myosin light-chain 
inhibitor, wortmannin (10 μM; [69]). Since each 
of these is known to block gastric smooth muscle 
contractions but leave electrical activity intact 
[70–73], these results suggest that extracellular 
recordings primarily report mechanical activity 
rather than electrical slow waves. This is still a 
controversial topic in the smooth muscle electro-
physiology field as the utility of extracellular 
recordings remains in question [74–77].

With that caveat in mind, suction electrode 
recordings from the ampulla revealed lower fre-
quency activity than that observed in the isthmus, 
suggesting the presence of a frequency gradient 
along the guinea pig oviduct. This frequency gra-
dient was also observed when suction recordings 
were made from the mouse ampulla and isthmus. 
Suction electrodes positioned at three locations 
along the length of the mouse and baboon ovi-
ducts revealed that slow waves originated from a 
site in the vicinity of the AIJ [57].

In 1981, Kishikawa and Kuriyama performed 
simultaneous intracellular and mechanical record-
ings from the circular muscle of the ampulla of 

human fallopian tubes [64]. Slow waves were 
reported to occur from a membrane potential of 
about −50 mV. Cell-to-cell variation of slow wave 
amplitude and frequency was observed but gener-
ally lay in the range of 15–41  mV and 
12–60 cycles/min, respectively. Electrical activity 
was well synchronized with mechanical activity 
around the time of ovulation and during the estro-
gen-dominated proliferative period. However, 
during the progesterone- dominated secretory 
period, slow waves and contractions became 
uncoupled such that erratic and irregular contrac-
tions were observed to occur in a manner that was 
not synchronized with the regularly occurring 
albeit relatively low-frequency (compared to the 
estrogen-dominated phase) electrical activity 
[64]. This was speculated to reflect a cellular 
desynchronization that may occur due to looser 
cell-to-cell connections during this phase. This 
may reflect a menstrual cycle-dependent change 
in the myosalpinx architecture, similar to the 
estrous cycle-dependent changes reported in the 
muscle coat of the mouse oviduct [10], where 
muscle hypertrophy and increased contact 
between adjacent smooth muscle cells were 
observed during the  estrogen- dominated phases 
of the cycle (pro-estrus and estrus). These changes 
subside during the progesterone- dominated 
phases (metestrus and diestrus). However, it 
should be noted that the human menstrual cycle is 
28 days long whereas the mouse estrous cycle is 
only 4–5  days; therefore more pronounced 
changes may occur during the human menstrual 
cycle.

Slow waves in the circular muscle of the 
guinea pig oviduct have prolonged plateau poten-
tials and are associated with myosalpinx contrac-
tions. Slow waves occurred at 8–19  cycles/min 
from membrane potentials of −50 to −60  mV, 
with amplitudes of 30–40 mV in agreement with 
the previous studies of guinea pig myosalpinx 
electrical activity [57, 58]. Estrous cycle- 
dependent changes in the slow wave frequency 
gradient were observed along the length of the 
oviduct. These changes involved an increase in 
slow wave frequency in the ampulla 2 days after 
ovulation, when the guinea pig eggs would typi-
cally be leaving the ampulla and entering the 
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isthmus region. It has previously been suggested 
that eggs may be propelled along the rabbit ovi-
duct from regions of high to low contraction fre-
quencies [78]. Similar observations were also 
made in the guinea pig oviduct as an increase in 
ampulla slow wave frequency (shown to be cou-
pled to contractions) was observed around the 
time when the egg leaves the ampulla. An increase 
in isthmus slow wave frequency was also 
observed just before ovulation which may be 
related to transport of the spermatozoa through 
this region of the oviduct [66].

The most recent studies of slow waves in the 
oviduct myosalpinx were performed on mouse 
[28, 59–61]. RMPs were approximately −60 mV 
and slow waves occurred at a frequency between 
7.5 and 10.5  cycles/min. Slow wave amplitudes 
averaged around 40 mV and ½ maximal durations 
of 2.5–3 s. The stage of the estrous cycle of the 
mice was not determined in these studies but in all 
preparations studied slow waves were found to be 
coupled on a 1:1 basis with contractions such that 
the contraction always lagged the upstroke phase 
of the slow wave by 0.3–0.5  s (Fig.  11.3). 
Spontaneous electrical and mechanical activities 
of the oviduct were not dependent on action 
potential- dependent neuronal activity, since slow 
waves persisted in the presence of the fast Na+ 
channel blocker tetrodotoxin (TTX) [28]. These 
results provide solid evidence that slow waves are 
the underlying basis for myosalpinx contractions, 
but do not rule out the possibility that neuronal 

inputs can modulate spontaneous myosalpinx 
activity.

11.3.2  Ciliary Beating Versus 
Myosalpinx Contractions 
for Egg Movements

In order to determine whether ciliary beating ver-
sus myosalpinx contractions are responsible for 
egg movements video analysis combined with 
spatiotemporal mapping (STMaps) has been per-
formed. Individual egg movements within the 
cumulus-oocyte mass and luminal particle move-
ments were recorded in mouse oviducts [28]. 
STMaps generated from video recordings 
revealed that myosalpinx contractions propelled 
eggs in a pendular manner along the oviduct with 
an ultimate bias driving the eggs towards the 
uterus. STMaps revealed that egg movements 
ceased when myosalpinx contractions were inhib-
ited with the L-type calcium channel blocker, 
nicardipine (1  μM). Nicardipine did not affect 
ciliary beating or the movements of small 
(<25 μm) luminal particles. Data from this study 
demonstrated that beating of just oviduct cilia was 
insufficient to propel oocytes within the lumen of 
the oviduct. Eggs are approximately 80  μm in 
diameter within a COM, whereas previous studies 
suggested that ciliary beating was sufficient to 
propel surrogate egg mass particles of approxi-
mately 15 μm in diameter [26].
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Fig. 11.3 Spontaneous electrical slow waves are coupled 
to phasic contractions of the myosalpinx. Simultaneous 
recordings of slow waves (top) and oviduct contractions 

(bottom). Note that each electrical slow wave precedes a 
contraction of the myosalpinx (dashed arrows indicate cou-
pling). Adapted and reprinted with permission from [28]
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11.3.3  Cellular Identification 
of Pacemaker Cells 
in the Oviduct: ICC-OVI

ICC-OVI were first described in human fallopian 
tubes in 2005 [79, 80] and subsequently in mouse 
oviducts in 2009 [28]. Popescu et  al. [79] con-
ducted a thorough histochemical characterization 
of ICC-OVI (referred to as tubal ICC or t-ICC in 
these studies) by staining tissues and primary cell 
cultures obtained from ampullary segments of 
human fallopian tubes. ICC-OVI were visualized 
using a variety of techniques including methy-
lene blue, crystal violet, Janus-Green B, Mito- 
Tracker- Green FM, Giemsa, trichrome stainings, 
Gomori silver impregnation, and transmission 
electron microscopy. The identity of ICC-OVI 
was confirmed in some instances using antibod-
ies against c-Kit protein. A network-like distribu-
tion of ICC-OVI was reported in the lamina 
propria and smooth muscle. The morphology of 
individual ICC-OVI was described as being 
“octopus-like” in some instances, with long pro-
cesses that had dilated portions (resembling 
“beads on a string”) containing mitochondria. 
ICC-OVI were said to represent ~7% of cells in 
the myosalpinx of the ampulla [69]; this value is 
comparable to the 5–6% reported for the tunica 
muscularis of the proximal colon [81]. The ultra-
structural characteristics of ICC in the gastroin-
testinal (GI) tract have previously been used as a 
means by which to identify them. These charac-
teristics have been grouped together into a set of 
criteria called the “gold standard” [82, 83]. 
Popescu reported that ICC-OVI satisfied all crite-
ria of the “gold standard.” The cells were also 
noted to form gap junctions with each other and 
with adjacent smooth muscle cells. This would 
presumably permit communication within the 
ICC-OVI network and with neighboring smooth 
muscle cells. ICC-OVI were also found to be 
positive for vimentin, CD34, NK-1, and caveo-
lins and negative for the neuronal marker PGP9.5. 
Popescu comments “Why should not t-ICC be 
responsible for the human fallopian tube peristal-
sis?” pointing towards a pacemaker function for 
these cells.

Not long after this initial report, another group 
performed immunohistochemistry on cryosec-
tions of human fallopian tubes using a c-Kit anti-
body [80]. In this study, c-Kit-positive ICC-OVI 
were found in all segments of the fallopian tubes 
(i.e., infundibulum, ampulla, isthmus, and intra-
mural segment). The ICC-OVI were described as 
being elongated cells with dendritic processes 
and large, oval nuclei and their location was said 
to be within the circular muscular layer of the 
ampulla and isthmus and also at the interface 
between the longitudinal and circular muscle lay-
ers. Mast cells also stained positive for c-Kit but 
could be distinguished from ICC-OVI based on 
their rounded, unbranched morphology and their 
positive staining with fluorescein-avidin 
DCS. The authors of this immunohistochemical 
study speculated that ICC-OVI may be the pace-
makers of the fallopian tubes.

The simple presence of c-Kit+ ICC-OVI does 
not provide any information as to the functional 
role(s) of these cells in the female reproductive 
tract. The first de facto evidence of the physiolog-
ical role of c-Kit+ ICC-OVI appeared in Dixon 
et al. in 2009 [28] (Fig. 11.4). In this study, the 
authors exploited knowledge obtained from stud-
ies on the functional roles of ICC in the GI tract 
[84]. Shortly before and immediately following 
birth the c-Kit receptors expressed in ICC net-
works in the GI tract are readily amenable to neu-
tralization using the rat anti-mouse monoclonal 
antibody, ACK2 [85–87], or to the c-kit and 
platelet-derived growth factor receptor antagonist 
Gleevec® (imatinib mesylate) [86]. Intracellular 
recordings performed on oviducts isolated from 
newborn mice on postnatal day 0 revealed that 
spontaneous slow waves occurred in oviducts 
even at this early stage of life suggesting that a 
functional pacemaker network was already in 
place. An abundance of c-Kit+ ICC-OVI were 
visualized by immunohistochemistry using the 
same antibody. After 5 days in organotypic cul-
ture, spontaneous slow wave activity was still 
recorded in oviducts and became more robust 
over this time period. Oviducts placed in organo-
typic culture for 5  days abundantly expressed 
c-Kit+ ICC-OVI. However, after 5 days in organ-
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otypic culture in the presence of ACK2, sponta-
neous electrical activity was abolished and 
expression of c-Kit+ ICC-OVI was significantly 
reduced or absent. These experiments provided 
the first tangible evidence that c-Kit+ ICC-OVI 
perform a pacemaker function in the oviduct, 
being the cells responsible for the generation of 
spontaneous slow waves that underlie the phasic 
contractions of the myosalpinx, essential for egg 
transport along the oviduct. A possible criticism 
of this work is that organotypic culture could 
alter the excitability of the myosalpinx leading to 
electrical quiescence. Arguing against this, the 
authors performed experiments which demon-
strated that although neonatal oviducts did not 
display spontaneous slow waves when cultured 
with c-Kit-neutralizing antibody, they were still 
electrically excitable and electrical field stimula-
tion generated large depolarizing membrane 

potentials that were similar in waveform to the 
observed spontaneous activity [28].

11.4  Ionic Conductances 
Underlying Oviduct 
Pacemaker Activity

11.4.1  Expression of Voltage- 
Dependent Calcium Channel 
(VDCC) and Calcium-Activated 
Chloride Channel (CaCC) 
Transcripts in Oviduct 
Myosalpinx

Calcium (Ca2+) influx into smooth muscle tissues 
from the extracellular fluid occurs mostly via dihy-
dropyridine-sensitive L-type (CaV1.2) and dihy-
dropyridine-resistant T-type (CaV3 subfamily) 
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Fig. 11.4 Loss of ICC-OVI within the mouse oviduct 
myosalpinx leads to abolition of spontaneous electrical 
activity. Panels (a), (c), and (e) are confocal micro-
graphs of immunolabeled ICC-OVI from oviducts iso-
lated and fixed at P0 (a), or after 5  days in culture 
without (c) or with (e) c-Kit-neutralizing antibody. 
Treatment with the ACK2 c-Kit-neutralizing antibody 

led to loss of ICC-OVI (e). White arrows in a and c indi-
cate the cell bodies of the ICC-OVI and the asterisk in 
panel a indicates the oviduct lumen. Robust, spontane-
ous electrical slow wave activity was recorded in freshly 
isolated (b) and 5-day-cultured oviducts (d) but was 
absent in ACK2-treated oviducts (f). Adapted and 
reprinted with permission from [28]
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voltage-dependent Ca2+ channels [88]. Another 
depolarizing conductance which has been identi-
fied in a variety of smooth muscle tissues is the 
Ca2+-activated Cl− channel (CaCC) ANO1. These 
channels are important for pacemaker activity in 
smooth muscles [60, 89–94]. The most convincing 
demonstration of this assertion has been the work 
performed on Ano1−/− mice, in which electrical 
slow wave activity fails to develop in GI smooth 
muscle [95]. Further credence is given to this 
model by the finding that pharmacological inhibi-
tion of ANO1 channels in wild-type mice greatly 
attenuates or abolishes slow waves in the stomach 
and small intestine [96–98]. RT-PCR experiments 
have revealed the presence of the transcripts for 
L- and T-type Ca2+ channels [59], and CaCCs 
(Ano1 formerly known as Tmem16a) in oviduct 
myosalpinx [60]. Transcript expression of L-type 
Ca2+ channels CaV1.2 (Cacna1c), 1.3 (Cacna1d), 
and 1.4 (Cacna1f) was confirmed in the ampulla 
and isthmic segments of the mouse oviduct [59]. 
All three members (Cacna1g, Cacna1h, and 
Cacna1i) of the T-type (CaV3) subfamily of Ca2+ 
channels were expressed in all segments of the 
oviduct [59]. Ano1 channel transcripts were also 
expressed in all segments of epithelium-denuded 
mouse oviducts [60].

11.4.2  Role of Extracellular Calcium 
on Oviduct Electrical 
and Contractile Activity

Reduction in extracellular Ca2+ ([Ca2+]o) concen-
tration has been shown to abolish slow wave activ-
ity in a variety of visceral smooth muscles [90, 
99–103]. Dixon et  al. previously examined the 
dependence of oviduct slow wave activity and 
smooth muscle contractions on [Ca2+]o by the 
sequential reduction of [Ca2+]o [59]. In experi-
ments [59] in which simultaneous electrical and 
mechanical activity was recorded, myosalpinx 
slow waves were coupled on a 1:1 basis with 
mechanical contractions and it was observed that 
slow wave depolarization always preceded the 
accompanying contraction. Amplitude and fre-
quencies of slow waves and contractions decreased 

as [Ca2+]o was reduced until spontaneous activity 
ceased at a [Ca2+]o concentration of 0.25 mM or 
lower [59]. Reduction of [Ca2+]o tended to cause 
slight depolarization in RMP but did not become 
statistically significant. The maximum rate of rise 
(dV/dt max) of the upstroke phase of slow waves 
also decreased with reduction in [Ca2+]o prior to 
cessation of slow waves [59]. These data suggest 
that [Ca2+]o is critical, either directly or indirectly, 
for oviduct pacemaker activity.

11.4.3  Effects of L-Type Ca2+ Channel 
Blockade on Slow Waves

The L-type Ca2+ channel inhibitor nifedipine 
(1 μM) has been reported to abolish oviduct slow 
waves but, unexpectedly, blockade of this depo-
larizing, inward current was associated with a 
significant depolarization in RMP (−60  ±  2 to 
−47  ±  2  mV, mean  ±  s.e.m., P  =  0.002) [59]. 
This result suggests that loss of L-type Ca2+ 
influx also affects an outward conductance that 
influences the setting of the RMP of the cells 
(perhaps a Ca2+-activated K+ channel; see K+ 
channel section below). Depolarization can itself 
affect slow wave generation and frequency. 
Indeed a pronounced sensitivity to membrane 
potential displacement was previously reported 
in human fallopian tubes when brief pulses of 
depolarizing or hyperpolarizing current injec-
tions were applied and an effect on slow wave 
frequency and amplitude was observed [64]. 
Brief hyperpolarizing current injections generat-
ing an ~3–5 mV change in the RMP resulted in 
increased amplitude slow waves and a marked 
reduction in slow wave frequency. A similar 
magnitude depolarization in the RMP had the 
opposite effect, resulting in a decrease in ampli-
tude and increase in frequency of slow waves. 
Therefore, to parse out whether L-type Ca2+ 
channels themselves play an essential role in 
slow wave generation or whether the effect on 
RMP was the determining factor in slow wave 
abrogation, the membrane potential was repolar-
ized with low extracellular K+ (0.1  mM)-con-
taining external solution, or the KATP channel 
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opener pinacidil (1  nM) in the continued pres-
ence of nifedipine. Under these conditions, slow 
waves returned at membrane potentials close to 
control levels indicating that L-type Ca2+ chan-
nels are not essential for generation of slow 
waves in the oviduct [59].

11.4.4  Effects of T-Type Ca2+ Channel 
Blockade on Slow Waves

T-type Ca2+ channels have been found to be 
important for the generation and propagation of 
slow waves in a variety of smooth muscle tissues 
[102–108]. Since L-type Ca2+ channels per se are 
not essential for slow wave generation, yet [Ca2+]o 
is critical, it was logical to examine other path-
ways for Ca2+ entry across the plasma membrane 
of ICC-OVI or smooth muscle cells. T-type Ca2+ 
channel transcript expression had already been 
confirmed in mouse oviducts [59], so the effect of 
pharmacological blockade of these channels was 
investigated next. This was accomplished using 
the divalent cation nickel (Ni2+; 30–500  μM). 
Similar to the effect of nifedipine described 
above, Ni2+ caused a graded, concentration- 
dependent depolarization of the RMP, and sig-
nificantly reduced the rate of rise of slow wave 
upstrokes. However, even at the highest concen-
tration tested (500 μM), Ni2+ failed to block slow 
waves in the oviduct, likely ruling out a role of 
T-type Ca2+ channels in murine oviduct pace-
maker activity [59]. Currently, it is not clear what 
the critical pathway is for Ca2+ entry across the 
plasma membrane of these cells. Possible candi-
dates include other voltage-dependent Ca2+ chan-
nels, a nonselective cation channel such as 
TRPV4, or store-operated Ca2+ entry via Orai. 
Future investigations should examine these 
possibilities.

11.4.5  Involvement of Intracellular 
Ca2+ Stores in Oviduct Slow 
Wave Generation

As described above, it would appear that extracel-
lular Ca2+ is important for the maintenance of ovi-

duct RMP and slow wave generation. However, 
[Ca2+]o may not be the only Ca2+ source critical for 
oviduct slow waves. Excitability of smooth mus-
cle cells can depend upon the release of Ca2+ from 
intracellular stores [88, 109], and [Ca2+]o may 
contribute to the filling intracellular stores through 
store-operated Ca2+ entry [110–112]. To investi-
gate the involvement of intracellular Ca2+ stores in 
the generation of oviduct slow waves, Dixon et al. 
tested the effects of ryanodine receptor, inositol 
1,4,5-trisphosphate (IP3) receptor, and SERCA 
pump inhibitors, on these events as described in 
the next two sections [59].

11.4.6  Role of Ryanodine Receptors 
(RyRs) and IP3-Sensitive 
Intracellular Ca2+ Stores 
in Slow Wave Activity

Application of the ryanodine receptor (RyR) ago-
nist, caffeine (1 mM) [91, 113], to mouse  oviducts 
has been reported to block slow wave generation 
and significantly hyperpolarize RMP [59, 114]. It 
was noted that occasionally, as caffeine inhibited 
slow waves, underlying unitary potentials were 
revealed but these were also eventually abolished 
with continued application of caffeine. The caf-
feine effects were reversible and after washout 
unitary potentials returned and increased in fre-
quency and amplitude before they developed into 
slow waves [104]. These results support the 
hypothesis that ryanodine-sensitive intracellular 
Ca2+ stores are involved in the generation of ovi-
duct slow waves. To further examine the role of 
ryanodine-sensitive Ca2+ stores in oviduct slow 
wave generation, Dixon et  al. examined the 
effects of the RyR antagonists, ryanodine and tet-
racaine [59]. Ryanodine (50 μM) caused depolar-
ization in oviduct RMP and slow wave amplitude 
significantly decreased. During the application of 
ryanodine, slow wave frequency initially 
increased markedly. However, in the continued 
presence of ryanodine, slow wave frequency 
became irregular and often occurred in clusters. 
Similar results were obtained using the local 
anesthetic tetracaine (500  μM) which has also 
been shown to inhibit RyRs [115]. Further exper-
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iments were performed where oviducts were 
exposed to a combination of caffeine (1 mM) and 
ryanodine (10 μm) initially and then to ryanodine 
(10  μM) alone. Co-application of caffeine and 
ryanodine inhibited slow wave generation, but 
upon washout of caffeine in the continued pres-
ence of ryanodine the membrane potential depo-
larized and slow wave generation resumed [104]. 
More recently it has been shown that higher con-
centrations of ryanodine are required to produce 
effects in GI muscles [108]; therefore a role of 
RyRs cannot be ruled out. The effects of caffeine 
inhibition on oviduct slow waves may involve a 
mechanism that does not involve RyRs. Further 
discussion of the complex effects of caffeine on 
oviduct pacemaker activity appears in a dedi-
cated section below.

Evaluation of the other SR-localized Ca2+ 
release channels in oviduct slow wave activity 
was performed using the membrane-permeable 
IP3R blocker 2-aminoethoxydiphenyl borate 
(2-APB). 2-APB (30  μM) caused a significant 
depolarization in RMP and decreased slow wave 
amplitude [59], reminiscent of the response to 
ryanodine or tetracaine.

The involvement of intracellular Ca2+ stores 
was further examined using the sarco/endoplas-
mic reticulum Ca2+-ATPase (SERCA) pump 
inhibitor cyclopiazonic acid (CPA). CPA sig-
nificantly depolarized RMP and reduced slow 
wave frequency at lower concentrations 
(10 μM) and inhibited them at higher concen-
trations (50  μM) [59]. To determine if the 
reduction in slow wave frequency was due to 
the membrane depolarization, as seen with 
L-type Ca2+ channels, low [K+] extracellular 
solution (0.1  mM) was used to repolarize the 
membrane potential in the continued presence 
of CPA.  This treatment successfully induced 
membrane hyperpolarization that included a 
period when membrane potential returned to 
control levels; importantly, during this period, 
slow wave activity did not resume. These results 
suggest that intact intracellular Ca2+ stores are 
necessary for slow wave generation in the ovi-
duct and that SERCA pump activity is neces-
sary for refilling these stores.

11.4.7  Involvement of CaCCs 
in Oviduct Slow Wave Activity

The results accumulated from studies examining 
the dependence of oviduct slow wave activity on 
extracellular and intracellular Ca2+ sources sug-
gest the involvement of Ca2+-dependent ion chan-
nels. As discussed above, several studies have 
suggested that the CaCC, Ano1, is important for 
pacemaker activity in smooth muscles [60, 89–
94]. In considering the putative role of these 
channels in oviduct pacemaker activity, it is note-
worthy that the peak depolarization reached dur-
ing the upstroke phase of oviduct slow waves 
(−23 ± 1 mV) is close to the equilibrium poten-
tial predicted for Cl− in vas deferens smooth mus-
cle tissues (−24 mV; [116]). On this basis, Dixon 
et al. investigated whether these channels could 
be the molecular correlate of the depolarizing 
conductance responsible for oviduct slow 
waves [60]. The effects of two chemically dis-
tinct pharmacological Cl− channel blockers, 
anthracene-9-carboxylic acid (9-AC) and niflu-
mic acid (NFA; [117]), were examined. Recently, 
more specific Ano1 channel blockers have been 
developed but these new compounds have not yet 
been evaluated on oviduct preparations [96].

9-AC (1  mM) hyperpolarized the RMP and 
often revealed a “hump” on the slow wave 
upstroke. Such an inflection was previously 
described as the “primary component” of slow 
waves in GI smooth muscles [118]. 9-AC also 
produced a significant reduction in slow wave 
frequency and inhibited slow wave activity in 
several of the oviduct preparations examined. 
Similarly, NFA also caused hyperpolarization. 
This effect was dose dependent and ultimately 
led to inhibition of slow waves at higher concen-
trations (50 μM). To investigate whether aboli-
tion of slow waves caused by NFA was due to 
hyperpolarization, high [K+] (10 mM) was used 
to depolarize cells in the continued presence of 
NFA. Depolarization under these conditions did 
not restore slow wave activity.

Even more compelling evidence for the essen-
tial role of CaCCs in oviduct pacemaker activity 
was obtained by intracellular recording made 
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from oviducts of mice that were Ano1−/−. Previous 
reports have found that 90% of Ano1 null mice 
die within the first 9 days of postnatal life [119]. 
Several pups die soon after birth on postnatal day 
zero (P0), so experiments were performed on ovi-
ducts from litters humanely sacrificed on P0. 
Since oviduct slow waves are already established 
at birth [28], slow waves were compared in ovi-
ducts of WT and Ano1−/− mice. RMPs were 
similar in oviducts from wild-type and Ano1−/− 
mutants. Slow waves were absent in Ano1−/− 
oviducts, as opposed to the robust activity 
observed in oviducts from age-matched WT 
mice. Collectively, these results suggest that 
inward currents through Ano1 CaCCs exert a 
depolarizing influence on RMP of oviduct 
smooth muscle cells, and are essential for slow 
wave generation. Studies examining the cellular 
expression of Ano1  in the oviduct have shown 
that it is expressed in smooth muscle cells ([120]; 
Ward SM unpublished observations) but do not 
exclude its expression in ICC- OVI. Indeed close 
inspection of the double-labeled (Ano1 and 
smooth muscle actin, abbrev. SMA) immunohis-
tochemical images shown in Huang et al. reveals 
that Ano1 expression is not limited to cells 
expressing SMA. In contrast, Ano1 expression in 
the GI tract is limited to ICC in these visceral 
organs [121]. The finding that Ano1−/− mouse 
oviducts lack slow wave activity points to a role 
for these channels in pacemaker activity and 
given the previous finding that pacemaker activ-
ity in the oviduct is mediated by KIT- positive 
ICC-OVI it is a logical prediction that Ano1 
should also be expressed in ICC-OVI, as it is in 
other smooth muscle ICC populations. So what is 
the utility of having Ano1 on smooth muscle 
cells? One hypothesis is that Ano1 expression 
could enhance the sensitivity of the myosalpinx. 
In this model, depolarization of the myosalpinx, 
produced by ICC-OVI-generated slow waves, 
would activate L-type Ca2+ channels on the myo-
cytes, which in turn would activate Ano1 chan-
nels (synergistically activated by voltage and 
calcium) [122]. This would favor a more pro-
nounced depolarization of the smooth muscle 
cells, leading to enhanced open probability of 

L-type Ca2+ channels and thus more calcium 
entry to trigger more forceful contractions.

11.4.8  The Role of Potassium 
Channels (K+) in Oviduct 
Myosalpinx

We have also examined expression of K+ channel 
transcripts in mouse oviduct myosalpinx. Several 
types of K+ channel transcripts were identified in 
the ampulla, isthmus, and intramural segments, 
including the two-pore K+ channel, Trek1; delayed 
rectifier K+ channels KV1.2, 1.5, and 2.2; A-type 
K+ channels KV4.1, 4.2, and 4.3; ether-a- go-go K+ 
channel KV11.1; inward rectifier K+ channels 
Kir2.1, 3.1, and 3.2; KATP channels Kir6.1, 6.2, and 
their sulfonylurea receptor (SUR) subunits SUR2A 
and 2B; and Ca2+-activated K+ channels (KCa), BK 
(α-subunit), and SK1–3 (unpublished results).

The KATP antagonist glibenclamide causes 
depolarization and increases the frequency and 
decreases the amplitude of slow waves in mouse 
oviducts [114]. These observations suggest that 
KATP channels are active under basal conditions 
and contribute to the RMP in oviduct smooth 
muscle cells. In parallel with this work, we found 
that pinacidil hyperpolarizes oviduct smooth 
muscle which would be predicted to promote 
myosalpinx relaxation [114]. KATP channels 
therefore appear to contribute to the setting of 
myosalpinx membrane potential and regulate 
slow wave frequency. As stated above, a plethora 
of K+ channel transcripts can be detected in 
mouse oviducts. It remains to be determined 
what role(s) these remaining K+ channel popula-
tions play in oviduct contractility and function. 
Future studies should examine this.

11.4.9  Existence of a Slow Wave 
Gradient Along the Oviduct

Oocytes may be propelled along the rabbit oviduct 
from regions of high to low contraction frequencies 
[68]. In the stomach it is well established that there 
is a gradient in pacemaker activity from the corpus 
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where there is a higher frequency to the gastric 
antrum [123]. A similar gradient also exists in 
small intestine where slow waves are generated at a 
higher frequency in the jejunum than in the ileum 
that is thought to aid in the propulsion of luminal 
contents along the gastrointestinal tract in an oral to 
aboral direction [124–126]. To determine if such a 
frequency gradient exists in the oviduct, intracel-
lular recordings at five separate locations in the ovi-
ducts of adult mice revealed the presence of 
gradients in RMP, slow wave frequency, and dura-
tion along the oviduct length (unpublished obser-
vations). The locations along the oviduct that were 
examined included the ovarian pole (the infundibu-
lum), 25% along (the ampulla), 50% along (the 
proximal isthmus), 75% along (the distal isthmus), 
and the uterine pole (the intramural segment). RMP 
depolarized from the ovarian pole (−70 ± 3 mV; 
mean ± s.e.m.) to the 75% location (−52 ± 5 mV) 
and then became more hyperpolarized again at the 
uterine pole (−60  ±  4  mV). Associated with the 
membrane depolarization there was a gradual 
increase in slow wave frequency from the ovarian 
pole (1.0  ±  0.4  cycles/min) to the 75% location 
(14.6 ± 2.0 cycles/min) which then declined again 
at the uterine pole (8.4  ±  2.3  cycles/min). Slow 
wave amplitudes varied along the length of the ovi-
ducts but no distinct pattern or gradient could be 
distinguished. A gradient in slow wave duration 
was observed, such that slow waves were shortest 
at the ovarian pole (0.8 ± 0.3 s) and longest in dura-
tion at the uterine pole (4.6 ± 1.1 s) where promi-
nent plateau phases were observed. The increase in 
the duration of the plateau phase towards the uter-
ine pole would likely result in greater contractile 
force in the myosalpinx since membrane potential 
remains for longer periods in the activation win-
dow of voltage-dependent Ca2+ channels.

A previous investigation into the electrical 
activity of the guinea pig oviduct has reported 
that estrous cycle-dependent changes in slow 
wave frequency gradients occur in this species 
[66]. To rule out the possibility that sex hormones 
could influence the slow wave frequency gradi-
ent, intracellular microelectrode recordings were 
performed at five locations (as above) along the 
length of oviducts from sexually immature mice 
(1–3  weeks old). A similar correlation between 

RMP and slow wave frequency, as seen in adult 
oviducts, was also observed in the immature ovi-
ducts. Cells that were more depolarized tended to 
generate slow waves with a higher frequency 
than those with more polarized cells. A less pro-
nounced frequency gradient was observed in the 
sexually immature mice compared to that 
observed in the adult oviducts; however the same 
basic pattern existed. Slow wave frequency was 
low at the ovarian pole (4.9 ± 0.6 cycles/min) and 
increased to the highest rate at 50% along the ovi-
duct (5.8  ±  0.7  cycles/min) before decreasing 
again at 75% (4.2 ± 0.6 cycles/min) and uterine 
pole (2.2 ± 0.5 cycles/min) locations. Amplitude 
of slow waves was similar at all impalement loca-
tions. Slow waves recorded from the uterine pole 
location had the longest durations (3.2 ± 0.6 s).

When oviducts were cut into three separate 
segments, each segment generated slow wave 
activity. This is evidence that the cells responsi-
ble for pacemaker activity (ICC-OVI) are spread 
along the length of the organ. Cut oviducts also 
continued to display a slow wave frequency gra-
dient similar to that observed in intact oviducts, 
again suggesting that each oviduct segment 
expresses different populations of pacemaker 
units coupled to ion channels which can influ-
ence the electrical activity in that region of the 
oviduct myosalpinx.

These data demonstrate that a slow wave fre-
quency gradient exists along the length of ovi-
ducts and this gradient is established prior to 
sexual maturity. The observed frequency gradient 
would appear to favor transport away from the 
high-frequency isthmus towards the lower fre-
quency ampulla and infundibulum or intramural 
segments. A correlation between RMP and fre-
quency suggests that ion channel expression may 
differ along the oviduct, and could potentially 
explain the variation in slow wave frequency. 
Future studies should clarify this point and deter-
mine whether ion channel expression varies in 
ICC-OVI and smooth muscle cells. These ion 
channels may be coupled to pacemaker units 
which pace individual segments at different 
intrinsic frequencies. Slow wave durations were 
observed to be longest at the uterine pole side of 
oviducts. This too may be explained by different 
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populations of ion channels in this location that 
may serve to prolong the plateau phase of slow 
waves. An alternative explanation is that there 
could be differences in the Ca2+ release mecha-
nisms and Ca2+ handling by pacemaker units in 
different regions of the oviduct.

11.5  Modulation of Motor 
Activity of the Oviduct

11.5.1  Innervation of the Oviduct

Autonomic motor and sensory fibers innervate 
the oviducts [3, 127]. In oviducts of rats, most 
afferent fibers originate from T13-L1 and L2 dorsal 
root ganglia (DRG) and follow the superior ovar-
ian nerves (branches of the celiac plexus) and the 
ovarian plexus nerves (originating in the inter-
mesenteric plexus) [127–129]. Efferent fibers 
containing noradrenaline (NA) have been 
reported to follow the ovarian sympathetic nerves 
to the oviduct, whereas efferent nerves contain-
ing vasoactive intestinal protein (VIP) have their 
origin in the paracervical ganglia (PG) [129].

Neurotransmitters released by nerves in the ovi-
duct include noradrenaline (NA) that has opposing 
actions depending upon the muscle layer. NA 
causes contraction of the longitudinal muscle and 
relaxation of the circular muscle via activation of 
α- and β-adrenergic receptors (α-ARs and β-ARs), 
respectively. Acetylcholine (ACh) and substance P 
(SP) are contractile; neuropeptide Y has no direct 
effect on oviduct muscle but will relax NA and 
ACh-induced contractions; VIP relaxes oviduct 
muscularis and SP-evoked contractions; and calci-
tonin gene-related peptide (CGRP) is a relaxant 
[127, 129–132]. Nitric oxide donors nitroglycerin 
and spermine NONOate reduce the frequency of 
spontaneous contractions in human fallopian tubes; 
however, neuronal nitric oxide synthase (nNOS) 
protein and transcript expression have been 
reported in the oviduct of several species. Even 
though endothelial and inducible isoforms of NOS 
have been reported in endothelial cells and smooth 
muscle cells of human oviduct [133–135], there are 
no evidence of nNOS-positive neurons in the mam-

malian oviduct or mouse ovary [133–135]. 
Although the neurotransmitters listed above have 
been identified and studied for their effects on 
myosalpinx contractility, a gap in the literature 
exists when one considers the role of these sub-
stances in egg transport along the oviduct.

11.5.2  Hormonal Influences 
on Oviduct Motor Function

It has been reported that estrous cycle-dependent 
changes in slow wave frequency gradients occur 
in guinea pig oviducts [66]. These data strongly 
support hormonal influences on oviduct motor 
function. Further evidence supporting a role for 
ovarian hormones in mediating changes in ovi-
duct contractility includes a 1979 study per-
formed on unmated rats, where the time taken 
for egg transit through the oviduct to the uterus 
was significantly accelerated from the normal 
~72–96 h to <20 h after a single injection of the 
estrogen steroid hormone estradiol (E2) [136]. 
This accelerated transport was associated with 
an increased frequency of pendular movements 
in the isthmic segment of the oviduct. These 
effects of E2 were antagonized by progesterone. 
The effect of E2 on oviduct transport in unmated 
rats is thought to occur through a nongenomic 
pathway involving conversion of E2 to 
2-methoxyestradiol and subsequent activation of 
cAMP/PKA and PLC/IP3 pathways. In contrast, 
the accelerative effect of E2 on embryo or micro-
sphere transport through the oviducts of mated 
rats appears to involve a genomic pathway and 
can be abrogated by Connexin 43 uncouplers 
[137]. The dependence of the E2-accelerative 
effect on transport implies that gap junctions 
play a critical role in synchronizing the myosal-
pinx. As mentioned above, during the estrogen- 
dominated proliferative period in human 
fallopian tubes, Kishikara and Kuriyama 
reported that electrical activity was more tightly 
coupled to mechanical activity than it was during 
the progesterone- dominated secretory period 
[64]. Tighter cell-to-cell communication facili-
tated by gap junctions could explain this effect.
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11.6  Pathophysiological 
Conditions Associated 
with Oviduct Dysfunction

Evidence supports the hypothesis that coordi-
nated contractions of the oviduct myosalpinx 
ciliary beating and epithelial secretions are 
thought to provide the propulsive force and lubri-
cation essential for the transportation of oocytes 
from the ovary to the site for successful fertiliza-
tion to occur [6]. These spontaneous contractions 
also play a critical role in the terminal regions of 
the oviduct for delivery of the embryo to the 
uterus for implantation. Under normal conditions 
the contractions of the myosalpinx along with 
ciliary beating, providing lubrication of the ovi-
duct, occur in an optimal synchronized manner 
for successful fertilization and subsequent preg-
nancy to occur. However, there are a variety of 
pathophysiological conditions that can influence 
the proper functions of the oviduct. Disorders 
including ectopic pregnancy (EP), tubal factor 
infertility (TFI), pelvic inflammatory disease 
(PID), and chronic pelvic pain (CPP) are associ-
ated with significant morbidity and mortality. For 
example, ectopic pregnancy, which complicates 
up to 2% of pregnancies, is associated with sig-
nificant morbidity and remains the most common 
cause of maternal death in the first trimester of 
pregnancy [138, 139]. More than 98% of ectopic 
pregnancies occur in the fallopian tube, with at 
least 80% of these occurring in the ampulla [140, 
141].

Several common lifestyle habits have been 
implicated in decreased fertility. Some of these 
habits are more obviously harmful than others; 
for example, it is unsurprising that cigarette 
smoking is detrimental to female fertility [142], 
and that it increases the risk of EP [143]. 
Accordingly, nicotine has been reported to impair 
the oviduct transport of rat embryos [144]. 
Perhaps less obvious is the idea that daily coffee 
consumption could impair fertility; yet, a statisti-
cally significant progressive decrease in fertility 
has been reported with increasing caffeine con-
sumption in women, suggesting a negative dose- 
dependent effect of caffeine on conception [145]. 

Another commonly consumed substance which 
has recently been legalized for recreational use in 
several US states (although not federally) is can-
nabis. Global consumption of marijuana has 
remained relatively stable over the past 20 years 
despite legalization in certain regions [146]. In 
the United States, medicinal and recreational 
marijuana usage has been on the rise since the 
late 1990s and has become the most popular 
illicit drug used by pregnant women or those 
planning to become pregnant [147, 148]. For 
example, a Kaiser Permanente-approved study in 
Northern California reported a 3% increase in 
marijuana usage among pregnant females during 
the time period from 2009 to 2016 [148]. That 
does not sound like a big rise, but the numbers 
were already alarmingly high as can be appreci-
ated when one considers that almost a quarter 
(22%) of young pregnant girls (<18  years old) 
and a fifth (19%) of pregnant women aged 18–24 
tested positive for marijuana use in 2016 when 
they were screened at ~8  weeks gestation. So 
does marijuana usage have any known 
 consequences for female fertility and pregnancy, 
and can any of those effects be attributed to 
effects on oviduct smooth muscle? Links between 
marijuana usage and suppression of ovulation 
[149], higher risk of infertility [150], and lower 
pregnancy rates compared to nonusers [151] have 
been reported. More recently, aberrant endocan-
nabinoid signaling has been linked to ectopic 
pregnancy in human fallopian tubes [152], and 
disrupted oviductal embryo transport in mice 
leading to pregnancy failures [153]. High levels 
of anandamide have also been associated with 
miscarriages in humans [154].

The physiological mechanism of action of mar-
ijuana is predominantly mediated through two G 
protein-coupled receptors, cannabinoid receptor 1 
(CB1) and cannabinoid receptor 2 (CB2), encoded 
by the genes Cnr1 and Cnr2, respectively [155, 
156]. The two endogenous ligands (termed endo-
cannabinoids) for these receptors are anandamide 
(N-arachidonoylethanolamine) and 2- arachidonoyl 
glycerol [157–159]. Endocannabinoid signaling 
occurs in many central and peripheral systems 
including the oviduct [160–162]. Cannabinoid 
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receptors have been documented in the female 
reproductive system of mice, where CB1 receptors 
have been found in preimplantation embryos [163] 
and anandamide presence has been detected in the 
oviduct and uterus [164, 165]. The presence of this 
endocannabinoid in the oviduct implies that 
endocannabinoid signaling is engaged prior to 
and during the very early stages of pregnancy. 
Accordingly, anandamide has been found to 
exert a concentration- dependent biphasic effect on 
embryo development and implantation [166], such 
that low concentrations of it accelerate and facili-
tate implantation but high concentrations inhibit 
implantation and are associated with tubal arrest of 
embryos in mice. It is conceivable then that high 
anandamide levels could produce a similar effect 
in women. In a 2004 study examining the effect of 
endocannabinoid signaling on oviductal embryo 
transport and implantation in mice, utilizing Cnr1 
knockout mice (Cnr1−/−), reduced fertility in these 
animals was attributed to oviductal retention of 
embryos [153]. Cnr1−/− mice did not yield embryos 
when their uterine lumens were flushed on day 4 
of pregnancy while WT and Cnr2−/− mice always 
did [153]. Embryos at the morula and blastocyst 
stages were instead recovered from the oviducts of 
Cnr1−/− mutants. It was suggested that many 
embryos become trapped in the oviduct, often for 
extended periods of time, resulting in pregnancy 
failure leading to reduced fertility in Cnr1−/− mice. 
This hypothesis was also supported by similar 
results obtained in WT mice treated with the selec-
tive CB1 receptor antagonist, SR141716. These 
data suggest that the failure of embryos to enter the 
uterine lumen is related to the absence of Cnr1 
[164]. In mice, this does not result in EP as ectopic 
implantations in the oviduct are thought to be an 
exclusively human phenomena. Rather, the conse-
quence is spontaneous pregnancy failure.

The authors of this study sought an answer to 
why CB1 receptor inhibition or KO should lead 
to oviductal retention of embryos and based on 
their observation that CB1 receptors colocalized 
with β2-adrenergic receptors (β2ARs) they specu-
lated that noradrenaline (NA) could play a role in 
this process. Treatment of Cnr1−/− mice with the 
nonselective β-agonist isoproterenol was found 

to restore normal embryo transit and implanta-
tion, while treatment of WT mice with phenyl-
ephrine (an α1AR agonist) with or without 
butoxamine (a β2AR antagonist) recapitulated the 
mutant phenotype and resulted in oviduct embryo 
retention. These results suggest that inhibition of 
CB1 receptors either genetically (with the 
Cnr1−/−) or pharmacologically leads to enhanced 
NA release, which impedes oviduct transport in a 
mechanism that alters the balance of activation 
between α-ARs and β-ARs. It was thus hypothe-
sized that CB1 serves as a presynaptic receptor 
and maintains an endogenous myosalpinx tone, 
regulating NA release that coordinates oviductal 
muscle contraction and relaxation to facilitate 
embryo transport. It is currently unknown if CB1 
or CB2 can regulate the release of any other neu-
rotransmitters in the oviduct. It should be noted 
that in the mouse oviduct mRNA for Cnr2 has 
been reported to not be detected [153].

11.6.1  Caffeine Inhibits Myosalpinx 
Slow Waves and Associated 
Contractions

Caffeine ingestion in its various forms including 
tea, coffee, soda, and energy drinks, as well as 
several over-the-counter medications, has 
become an integral part of the daily dietary rou-
tine of millions of people around the globe. 
Unsurprisingly then, caffeine is thought to be 
“the most frequently ingested pharmacologically 
active substance in the world” [167]. In spite of 
our casual consumption of this substance, it is not 
clear that it is without risk, especially when it 
comes to fertility and conception. Several epide-
miological studies have reported a negative 
impact of caffeine on fecundability [168–170]. 
Bolumar et al. reported the findings of a European 
multicenter study on women aged 25–44 years in 
which an 11% increase in waiting time while try-
ing to conceive was experienced by those who 
consumed ≥501  mg of caffeine daily [169]. 
Another US-based study reported that women 
who drank >300 mg of caffeine a day had a 27% 
lower chance of conceiving for each cycle com-
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pared with women who did not consume caffeine 
[171]. To put this into context, a large (20 fl oz) 
caffe Americano contains 300 mg of caffeine.

Caffeine causes dramatic hyperpolarization of 
mouse oviduct membrane potential and inhibi-
tion of spontaneous slow wave activity and asso-
ciated phasic contractions [59, 114]. Caffeine is 
commonly used to dump intracellular ER/SR 
Ca2+ stores due to its ability to open ryanodine 
receptors [113]. This drug has also been reported 
to inhibit IP3 receptors [172] and phosphodiester-
ases (PDEs) [173, 174]. Our group found that the 
effects of caffeine on the mouse oviduct were not 
affected by co-application of ryanodine and could 
not be replicated by the IP3 receptor blocker 
2-APB.  We therefore hypothesized that the 
mechanism of action for caffeine’s effects on the 
oviduct myosalpinx was via PDE inhibition.

To test this hypothesis, experiments were per-
formed using the noncompetitive phosphodies-
terase inhibitor 3-isobutyl-1-methylxanthine 
(IBMX) and the activator of adenylate cyclase, 
forskolin. Both compounds raise intracellular 
cyclic adenosine monophosphate (cAMP) levels, 
which leads to PKA activation. PKA can phos-
phorylate a number of target proteins within 
cells; we considered several of these proteins and 
their possible role in mediating the caffeine- 
induced effects on oviduct membrane potential 
and contractility. One PKA target is the ER/
SR-associated regulatory protein, phospholam-
ban (PLN). PLN is well known as a regulator of 
cardiac SERCA activity but several studies have 
pointed to a role for this protein in smooth mus-
cle also. In particular, PLN knockout mice have 
revealed altered Ca2+ dynamics and contractility 
in GI [175, 176], and bladder [177] smooth mus-
cle. In its native, unphosphorylated state, PLN 
inhibits the SERCA pump to limit store refilling 
but once phosphorylated this inhibition is relieved 
[178]. The resultant enhanced store refilling leads 
to increased frequency of calcium-release events 
which can stimulate KCa channels and promote 
membrane hyperpolarization and smooth muscle 
relaxation [175], which could potentially explain 
the effects of caffeine. PKA has also been 
reported to directly stimulate KCa channels [179, 
180] and is known to also phosphorylate myosin 

light-chain kinase (MLCK), decreasing its affin-
ity for the calcium-calmodulin complex and 
inhibiting smooth muscle contraction [181]. 
Finally, in vascular smooth muscle tissues, PKA 
has been reported to phosphorylate and activate 
KATP channels [182–186]. Relevant to this last 
point, we found that the effects of caffeine on the 
oviduct were similar to the effects seen with 
application of the KATP channel opener pinacidil 
and could be reversed by the KATP inhibitor glib-
enclamide [114]. In addition, we found that 
application of IBMX or forskolin which mim-
icked the effects of caffeine was also reversed by 
glibenclamide. These data strongly suggest that 
caffeine’s effects on the oviduct are mediated, at 
least in part, through cAMP.

It still remains to be determined whether cAMP 
stimulates KATP channels directly or activates them 
via PKA-mediated phosphorylation. The hyperpo-
larization induced by KATP channel activation 
likely shifts membrane potential out of the activa-
tion range for voltage-dependent Ca2+ channels 
and promotes oviduct smooth muscle relaxation. 
Since phasic contractions of the myosalpinx are 
essential for egg transport along the oviduct [28] 
this may provide an explanation why women that 
consume moderate amounts of caffeine take lon-
ger to conceive than women who do not consume 
caffeinated drinks. One important caveat of these 
experiments is that the concentration of caffeine 
utilized in these experiments (1 mM) is likely to be 
supraphysiological [187]. A recent study reported 
that human subjects who consumed 160 mg caf-
feine in a beverage in one sitting had a peak plasma 
concentration of 3.74 μg/mL [188]. Assuming a 
formula weight of caffeine of 194.19 g/mol, this 
mass equates to a concentration of ~19 μM.  As 
stated above, a 20 oz. Americano contains ~300 mg 
which is ~1.8-fold the amount consumed in the 
aforementioned study; scaling accordingly we 
would predict a plasma concentration of around 
36  μM after ingestion of this higher amount. 
Plasma caffeine concentrations could therefore 
conceivably reach upwards of 100 μM with high 
consumption of caffeinated beverages and/or other 
caffeine- containing substances. Previously, we 
have reported that concentrations in the 100–
300 μM range induce hyperpolarization of mouse 
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oviduct RMP and reduce slow wave frequency 
[114] so while 1 mM caffeine may be excessive in 
this context it is likely that lesser concentrations 
can also affect oviduct electrical and phasic 
mechanical activity.

11.6.2  Chlamydia Infection Causes 
Loss of Pacemaker Cells 
Within the Oviduct Resulting 
in Inhibition of Oocyte 
Transport

One of the most common causes of the pregnancy 
disorders EP, TFI, PID, and CPP is the sexually 
transmitted bacterial infection, Chlamydia tra-
chomatis (C. trachomatis). The prevalence of this 
infection is staggering, with the World Health 
Organization estimating that up to 100 million 
new cases of Chlamydia occur globally every 
year [189]. Recent estimates suggest that 1 in 20 
sexually active young women (14–24  years of 
age) in the United States has Chlamydia. The 
total financial cost of treating Chlamydia infec-
tions and associated pathologies is predicted to 
amount to ~$2 billion per year [190].

One of the core issues with Chlamydia is that 
the infections are commonly asymptomatic, and 
thus often go undiagnosed and untreated [191]. 
Without treatment, the infections can become 
chronic or persistent. Another common compli-
cation is reoccurrence or reinfection after the ini-
tial clearance of Chlamydia that often results in 
the development of significant tissue damage as a 
consequence of the host inflammatory immune 
response [192]. Women are at high risk of devel-
oping significant health complications, including 
urethritis, cervicitis, and CPP [193]. If untreated, 
more serious complications including PID, EP, 
and TFI can develop. According to a a World 
Health Organization report, 10–40% of women 
will develop PID if Chlamydia is untreated. 
Postinfection damage of fallopian tubes as a con-
sequence of Chlamydia is estimated to be respon-
sible for 30–40% of female infertility. In the 
forthcoming section, we discuss the conse-
quences of this pathophysiological condition on 
oviduct motility.

Currently, the underlying, mechanistic etiol-
ogy of ectopic pregnancies and TFI is poorly 
understood. As covered in early sections of this 
chapter, contractions of the smooth muscle (myo-
salpinx) that lines oviducts/fallopian tubes, inces-
sant beating of cilia, and epithelial secretions are 
thought to provide the propulsive forces and 
lubrication necessary to transport oocytes from 
the ovary to the uterus [6]. Chlamydia infection 
can lead to stasis of the oviduct and eventual 
hydrosalpinx (serous fluid-filled oviduct) or pyo-
salpinx (pus-filled oviduct) and subsequent epi-
thelial scarring that can eventually occlude the 
lumen of the oviduct. We hypothesized that infec-
tions like Chlamydia, and the ensuing host 
inflammatory response, could damage ICC-OVI 
networks, resulting in a cessation of oviduct 
motility and producing pseudo-obstruction of 
luminal contents and functional inhibition of 
oocyte transport and retention of luminal secre-
tions. To test this hypothesis, we examined the 
response of mouse oviducts to Chlamydia 
 muridarum (C. muridarum), a murine model of 
Chlamydia infection [194–196]. We focused our 
attentions on the effect of this infection on ICC- 
OVI populations and myosalpinx electrical and 
mechanical activity. In humans, chronic persis-
tent or recurrent infections of C. trachomatis can 
cause infertility. A similar sequelae can occur in 
rodent animal models (mice) with induced infec-
tions of C. muridarum. The genetic profile of C. 
muridarum is comparable to human C. tracho-
matis and acute C. muridarum infection in mice 
provides a suitable approximation of the acute 
phase of infection seen in females [195]. Sharp 
electrode electrophysiological recordings and 
immunohistochemistry were performed on con-
trol and C. muridarum-infected oviducts. Results 
from these studies suggest that C. muridarum 
infection disrupts pacemaker activity in mouse 
oviducts and causes loss of ICC-OVI populations 
along the organ (Fig. 11.5).

A variety of pro-inflammatory mediators are 
released by the host upon infection with Chlamydia 
and the pathways through which Chlamydia affects 
oviduct pathogenesis are extensive. In particular, 
two pro-inflammatory mediators that have been 
reported to be upregulated during the response to 
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Chlamydia caught our attention since they have 
previously been implicated as players in the host-
dependent damage to ICC produced during inflam-
mation of the GI tract [197–199]. The expression 
of these two mediators, PTGS2 (A.K.A. COXII) 
and NOS2 (A.K.A. iNOS), was thus examined in 
C. muridarum- infected oviducts to determine 
whether a similar sequel of events occurred in 
these tubular smooth muscle-lined organs [28]. 
Immunohistochemical and western blot results 
confirmed that the pro-inflammatory mediators 
PTGS2 and NOS2 were significantly upregulated 
in C. muridarum-infected oviducts. NOS2 expres-
sion was localized to leukocytes and macrophages 
within the wall of the oviduct including the myo-
salpinx. Thus, part of the host immune response to 
Chlamydia infection and disruption of ICC net-
works could likely be due to PTGS2 and NOS2.

The significance of NOS2 upregulation was 
tested in week-long organotypic cultures in 
which oviducts were constantly exposed to 
lipopolysaccharide (LPS), a derivative of bacte-
rial cell walls. Subsequent sharp microelec-
trode recordings performed on the oviducts 
after this culture period revealed that, similar to 
Chlamydia infection, LPS treatment inhibited 
ICC-OVI- mediated pacemaker activity. NOS2 
was implicated in this damaging host-response 
as application of the NOS2 inhibitor 1400  W 
preserved oviduct pacemaker activity. Loss of 
oviduct pacemaker activity and associated con-
tractions causes stasis of the oviduct and the 
ensuing pseudo-obstruction may lead to block-
age and scarring, because secretions and 
oocytes cannot be cleared. This occlusion may 
ultimately result in TFI.

-60

-15

mV

-57

-57

-13

mV

5 s

1p, 3 ms 1p, 4 ms 1p, 5 ms 1p, 10 ms

a Control

b  C. muridarum infected

c C. muridarum infected with EFS
5 s

5 s

d Control e  C. muridarum infected

50 mm

(i) Ampulla (ii) Isthmus (i) Ampulla (ii) Isthmus

Fig. 11.5 Chlamydia 
muridarum infection 
abolishes spontaneous 
rhythmicity in the 
oviduct. Spontaneous 
electrical activity in 
uninfected adult control 
oviducts (a) is absent in 
C. muridarum-infected 
oviducts (b). Electrical 
field stimulation (red 
arrows) was used to 
elicit slow waves from 
the quiescent infected 
oviducts to confirm 
tissue viability and 
ability to generate 
excitable events (c). 
Confocal micrographs 
show that c-Kit-labeled 
ICC-OVI populations in 
the ampulla (di) and 
isthmus (dii) regions of 
a control oviduct are 
absent in the ampulla 
and isthmus of infected 
oviducts (ei and eii, 
respectively). Adapted 
and reprinted with 
permission from [28]

R. E. Dixon et al.



287

11.6.3  Concluding Thoughts

In summary, the oviducts or fallopian tubes are 
not simply a passive conduit through which 
gametes and embryos pass on their way to the 
uterus. On the contrary, they are complex 
organs with intrinsic pacemaker cells, ICC-
OVI, that generate the electrical activity under-
lying the phasic mechanical contractions of the 
smooth muscle within their walls to precisely 
coordinate elaborate processes such as fertiliza-
tion, early embryo development, and timely 
transport of the embryo to the uterus for implan-
tation. This activity can be influenced by an 
extensive innervation and a cyclic hormonal 
milieu that choreographs contractions of the 
myosalpinx at various stages of the estrus/men-
strual cycle, and during very early pregnancy. 
Aberrant oviduct smooth muscle function stim-
ulated by consumption of active substances 
such as marijuana, nicotine, or even the seem-
ingly innocuous caffeine can have detrimental 
and sometimes devastating effects on female 
fertility. Loss of ICC-OVI during bacterial 
infections such as Chlamydia can lead to loss of 
electrical and contractile activity, ultimately 
producing stasis in the oviduct which could 
conceivably lead to ectopic pregnancy or tubal 
factor infertility. These relatively understudied 
organs are critically important for female repro-
ductive capacity and are deserving of rigorous 
investigation.
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Cellular and Ionic Mechanisms 
of Arterial Vasomotion

William C. Cole, Grant R. Gordon, 
and Andrew P. Braun

Abstract
Rhythmical contractility of blood vessels 
was first observed in bat wing veins by Jones 
(Philos Trans R Soc Lond 1852:142, 131–
136), and subsequently described in arteries 
and arterioles of multiple vascular beds in 
several species. Despite an abundance of 
descriptive literature regarding the presence 
of vasomotion, to date we do not have an 
accurate picture of the cellular and ionic 
basis of these oscillations in tone, or the 
physiological relevance of the changes in 
pulsatile blood flow arising from vasomo-
tion. This chapter reviews our current under-
standing of the cellular and ionic mechanisms 
underlying vasomotion in resistance arteries 
and arterioles. Focus is directed to the ion 
channels, changes in cytosolic Ca2+ concen-
tration, and involvement of intercellular gap 
junctions in the development and synchroni-
zation of rhythmic changes in membrane 
potential and cytosolic Ca2+ concentration 
within the vessel wall that contribute to vaso-
motion. The physiological consequences of 

vasomotion are discussed with a focus on the 
cerebral vasculature, as recent advances 
show that rhythmic oscillations in cerebral 
arteriolar diameter appear to be entrained by 
cortical neural activity to increase the local 
supply of blood flow to active regions of the 
brain.

Keywords
Vasomotion · Artery · Arteriole · Vascular 
smooth muscle · Endothelium · Sympathetic 
nerve · Neurovascular coupling

12.1  Introduction

Rhythmic oscillations in the diameter of blood 
vessels have been observed for more than 
150 years beginning with the initial description 
by Jones [1]. In his analysis of veins in the bat 
wing, Jones [1] stated that there was “something 
peculiar in the flow of blood in the veins; that 
they contracted and dilated rhythmically,” with 
an average of 7–13 contractions per minute. 
Similar spontaneous and evoked oscillations in 
diameter, now generally referred to as vasomo-
tion, are accepted to be a common feature of 
arteries and veins ranging in size from conduit 
vessels (e.g., carotid arteries) to microvasculature 
of animals and humans studied in vitro and in 
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vivo under various experimental and physiologi-
cal conditions (reviewed in [2–7]). Vasomotion is 
dependent on mechanisms within the vascular 
wall, as it is observed in isolated segments of 
arterioles maintained in vitro in the absence of 
neural activity and blood flow, but it can be mod-
ulated by neurohumoral factors in a vessel- and 
species-specific manner [4, 5, 7]. An example of 
spontaneous vasomotion in a segment of rat mid-
dle cerebral artery studied in vitro by pressure 
myography is presented in Fig. 12.1. Varied pat-
terns of modulation and different sensitivities to 
pharmacological manipulation and endothelium 
removal have been described for vessels of differ-
ent vascular beds and varied caliber, suggesting 
that multiple mechanisms may contribute to the 
appearance and maintenance of vasomotion in a 
vessel-specific manner [4–8]. Despite these com-
plexities, considerable progress has been made in 
understanding the factors and mechanisms 
responsible for vasomotion. This chapter pres-
ents a current understanding of vasomotion in 
arteries and arterioles. Emphasis has been placed 
on the cellular and ionic mechanisms that have 
been postulated to contribute to the rhythmic 
oscillations in membrane potential, cytosolic 
Ca2+ concentration, and cross-bridge cycling in 
vascular smooth muscle cells during vasomotion. 
Furthermore, we explore recent advancements in 
our understanding of the influence of neural 
activity in the brain on vasomotion in the cerebral 
vasculature, and the link between the presence of 
vasomotion and metabolic demand associated 
with information processing in the brain cortex.

12.2  Vasomotion is a Common 
Feature of the 
Macrovasculature

Vasomotion has been observed in segments of con-
duit arteries, as well as small-resistance arteries 
and arterioles studied in vitro by wire (isometric) 
and pressure (isobaric) myography (Fig. 12.1), and 
in vessels in vivo through the application of multi-
ple techniques that assess blood flow (e.g., laser 
Doppler flow, blood cell velocity, capillary pres-
sure). For a more  comprehensive presentation and 
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Fig. 12.1 Vasomotion in pressurized middle cerebral 
arteries in vitro. Panel a: Continuous recording of arterial 
diameter over a range of intraluminal pressures from 20 to 
100  mmHg. The “noisy” appearance of the recording 
results from oscillations in diameter of decreasing ampli-
tude with increased intraluminal pressure. Panel b: 
Representative expanded segments of the trace in panel a 
at 20, 40, and 100 mmHg illustrating the change in ampli-
tude and frequency of vasomotion associated with 
increased intraluminal pressure
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historical perspective the interested reader should 
consult the following review articles [2–4, 6, 8]. In 
the case of blood flow measurements, the rhythmic 
oscillations in arterial diameter during vasomotion 
evoke corresponding variations in flow velocity, or 
“flowmotion” [9, 10]. Blood flow measurements 
include variations in flow due to multiple causes; 
these include a “myogenic” component of tempo-
ral variability resulting from vasomotion, as well as 
fluctuations in flow due to cardiac and respiratory 
activity, and rhythmic endothelium-dependent and 
neurogenic mechanisms [11, 12].

Rhythmic, synchronous contraction over sev-
eral millimeters of individual vessel segments is a 
ubiquitous feature of the arterial vasculature [4, 
8]; examples include cerebral [13, 14], mesenteric 
[15–18], irideal [19], skeletal muscle [20], and 
cutaneous arteries and arterioles [21, 22]. In some 
instances, vasomotion can exhibit a more irregu-
lar character owing to the superimposition of mul-
tiple rhythms (Fig.  12.1), generated by multiple 
intrinsic oscillators at different frequencies [23, 
24], or superimposed activity originating from 
multiple initiating sites along the vessel wall. 
Reported variations in the amplitude and fre-
quency (0.01–0.3  Hz) of spontaneous vasomo-
tion, or vasomotion observed in the presence of 
intraluminal pressure, stretch, vasoconstrictors, or 
vasodilators, arise from varied physiological or 
experimental conditions, species and vascular 
bed, and vessel caliber (Fig. 12.1). Different sta-
ble patterns of vasomotion at varied frequencies 
can also emerge in the presence of various ion 
channel and transport-blocking drugs, consistent 
with the presence of multiple oscillatory mecha-
nisms in the vessel wall [7, 8]. In general, branch 
vessels of similar size behave independently and 
differences in frequency are detected at the branch 
points, with smaller downstream vessels oscillat-
ing at a higher frequency [5–7, 21, 25, 26]. 
Vasomotion is generally observed at intermediate 
levels of tone development, and may be reduced 
in amplitude or not detected towards extremes of 
full dilation or constriction [27]. The characteris-
tics of noradrenaline- and arginine vasopressin-
evoked vasomotion in rat mesenteric arteries 
assessed in vitro and in vivo were similar [16, 17, 
28]. However, differences in amplitude and fre-

quency of the oscillations were detected in vivo 
depending on the combination of anesthetic and 
vasoconstrictor employed [28]. Effects of anes-
thesia on vasomotion were previously reported in 
several studies, i.e., including an inhibition or a 
stimulation of rhythmic contractions [7, 9, 21, 
29–32]. For this reason, analysis of vasomotion in 
vessels in vivo is best performed in the awake, 
unanesthetized condition [14, 22, 31, 32].

12.3  Cellular Mechanisms 
of Arterial Vasomotion

No clear pattern of pharmacological sensitivity, 
endothelium removal, or neuronal dependence 
has emerged for arterial vasomotion, prompting 
the view that multiple mechanisms may be 
involved in a vessel- and species-dependent man-
ner [4, 6–8]. This section provides a summary of 
the major mechanisms postulated to underlie 
vasomotion that are largely based on an analysis 
of vasomotion in rat mesenteric arteries. Also 
presented are recent advances that (1) identify a 
role for bestrophin- and/or ANO1/TMEM16A- 
containing Ca2+-sensitive chloride channels as a 
cause of rhythmic depolarizations in vasomotion 
[33–35] and (2) present contrasting views con-
cerning the role of asynchronous Ca2+ waves in 
the initiation of vasomotion in vitro and in vivo 
[7, 16, 22, 32, 36].

Vasomotion is dependent on simultaneous, 
rhythmic contraction and relaxation of smooth 
muscle cells over the length of individual vessel 
segments that may span several millimeters. By 
necessity this contractile behavior requires two 
key elements, a mechanism that synchronizes 
electrical and contractile activity in individual 
myocytes along the vessel wall, and an oscillatory 
mechanism that provides temporal control over 
Ca2+-dependent activation of cross-bridge cycling. 
Synchronized contractile behavior in individual 
vascular smooth muscle cells is not attributed to 
innervation, as neurotransmitters are released “en 
passant” from intermittent varicosities within a 
loose network of perivascular (mostly sympa-
thetic) nerves in the outer adventitial connective 
tissue layer surrounding vessels [37]. Rather, there 
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is general agreement that synchronization is 
dependent on the presence of gap junctions that 
permit intercellular electrical communication 
between individual smooth muscle cells (homo-
cellular junctions), and between smooth muscle 
and endothelial cells (heterocellular junctions) at 

myoendothelial projections (i.e., myoendothelial 
gap junctions; Fig.  12.2) [5, 7, 8, 38–40]. Gap 
junctions are formed by the alignment of two con-
nexon hemichannels in opposing cell membranes, 
with each connexon composed of six transmem-
brane connexin proteins (i.e., connexins 37, 40, 
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Fig. 12.2 Cartoon representation of the key elements pos-
tulated to contribute to arterial vasomotion. The upper car-
toon depicts a branching resistance arteriole showing the 
key structural elements, endothelial cells (ECs) lining the 
vessel lumen and arranged parallel to the direction of 
blood flow, surrounded by vascular smooth muscle cells 
(VSMCs) oriented in a perpendicular manner around the 
vessel wall, and the loose meshwork of sympathetic nerves 
and intermittent varicosities within the adventitial layer of 
connective tissue around the vessel. The lower cartoon is 
an expanded version showing that the ECs are electrically 
coupled to the surrounding VSMCs by heterocellular gap 
junctions (GJs) within myoendothelial projections that 
extend between the cell types. The postulated mechanisms 
of vasomotion within ECs and VSMCs include (1) Gq/11 G 
protein-coupled receptors, such as the α1-adrenoceptor (α1-
AR), that evoke synthesis of inositol 1,4,5-trisphosphate 
(IP3) via phospholipase C (PLC) activation and PIP2 
hydrolysis that is required to elicit the release of internal 
Ca2+ stores in the sarcoplasmic reticulum (SR) via IP3 
receptors (IP3Rs) near the plasma membrane in VSMCs 
and within myoendothelial projections of ECs. The local-
ized release of Ca2+ at these sites is denoted by the 
red shading in the cytosol between the IP3Rs and plasma 
membrane. (2) A cytosolic oscillator mechanism that 

involves cycles of Ca2+ release by IP3Rs to evoke depolar-
ization by activating cGMP-dependent Ca2+-activated 
chloride channels (cGMP-ClCa), or nonselective cation 
channels consisting of TRPC3 (activation by a direct pro-
tein-protein interaction with IP3Rs is postulated for this 
conductance) or TRPM4 proteins, in the plasma mem-
brane. The depolarization (+ΔVm) activates nearby volt-
age-gated Ca2+ channels resulting in Ca2+ influx and a 
global change in cytosolic Ca2+ concentration that evokes 
cross-bridge cycling in the myofilaments, and propagates 
electrotonically into adjacent VSMCs via homocellular 
GJs (ΔVm). Cytosolic Ca2+ concentration is subsequently 
reduced by transport into the SR via sarco/endoplasmic 
reticulum Ca2+-ATPase (SERCA) for subsequent release 
during the next cycle of vasomotion as well as extrusion 
out of the cell (not shown). (3) IP3 from VSMCs may tran-
sit myoendothelial GJs to evoke Ca2+ release and activation 
of endothelial nitric oxide synthase (eNOS) and intermedi-
ate-conductance, Ca2+-activated K+ channels (IKCa) local-
ized within and in close proximity to the myoendothelial 
projection (slightly displaced out of the projection for clar-
ity in this cartoon), with the resultant synthesis and release 
of nitric oxide (NO) activating soluble and particulate gua-
nylyl cyclase (GC) to produce the second messenger, 
cGMP, that is required for cGMP- ClCa activity

W. C. Cole et al.



301

43, and/or 45) that surround an aqueous cell-to-
cell pathway that permits electrical coupling, as 
well as the movement of ions and small molecules 
(<~1 kDa) between the cytosol of connected cells 
(reviewed in [39, 40]). Evidence that functional 
gap junctions are essential for vasomotion in rab-
bit mesenteric arteries was provided through the 
use of inhibitor peptides that disrupt the interac-
tion between gap junction hemichannels [41]. 
Vasomotion was suppressed by these peptides 
without an effect on basal tone suggesting that a 
specific block of gap junction communication was 
achieved [41]. Vasomotion was also assessed fol-
lowing genetic knockout of connexin 40 in mice, 
and only irregular contractile activity was observed 
in cremaster arterioles [42]. Finally, inhibition of 
gap junctions with heptanol or glycyrrhetinic acid 
derivatives was also reported to suppress vasomo-
tion, with the caveat that these agents are known to 
have off-target effects [41, 43, 44].

There is also consensus that the signal that pro-
motes synchronization along the vessel wall must 
be electrical in nature, i.e., a change in membrane 
potential (ΔVm) [5–8]. Only an electrical signal 
appears sufficient to account for synchronization 
over millimeter lengths of arteriolar segments that 
are considerably greater than the width of indi-
vidual myocytes (~3–5  μm) positioned perpen-
dicularly around the vessel wall [5, 16]. In this 
scenario, independent oscillations in membrane 
potential within individual myocytes are thought 
to be entrained by rapid cell-to-cell spread of elec-
trotonic current via gap junctions. This results in 
synchronized phases of depolarization, voltage-
dependent Ca2+ channel activation, and Ca2+ influx 
that evoke a simultaneous, global rise in cytosolic 
Ca2+ concentration and cross-bridge cycling in all 
myocytes along the vessel wall (i.e., a coupled 
oscillator model [5, 16, 45]).

Three generalized mechanisms are thought to 
be responsible for rhythmic contractile behav-
ior of smooth muscle (reviewed in [46]), and 
examples of each mechanism are presented in 
this book. The postulated mechanisms involve (1) 
oscillations in membrane potential in individual 
smooth muscle cells that are evoked by special-
ized pacemaker cells, such as interstitial cells 
of Cajal associated with gastrointestinal smooth 

muscle cells, and atypical smooth muscle cells 
within urogenital smooth muscle tissues; (2) 
a membrane oscillator mechanism within the 
plasma membrane that periodically depolarizes 
and hyperpolarizes membrane potential, lead-
ing to intermittent voltage-dependent Ca2+ entry 
and rhythmic activation of cross-bridge cycling; 
and (3) a cytosolic oscillator involving intermit-
tent release of Ca2+ from internal Ca2+ stores via 
inositol trisphosphate receptors (IP3R) and/or 
ryanodine receptors (RyR) in the sarcoplasmic 
reticulum [46]. It is this third scenario involving 
oscillatory Ca2+ release and refilling of internal 
Ca2+ stores that is postulated to be involved in arte-
rial vasomotion (Fig. 12.2) [5, 7, 16]. However, 
Ca2+ released from the internal stores does not 
activate contraction directly, as global elevations 
in cytosolic Ca2+ concentration are only achieved 
with depolarization and voltage- dependent Ca2+ 
channel activity in vascular smooth muscle cells 
[47]. Rather, localized Ca2+ release from IP3Rs in 
close proximity to the plasma membrane is pos-
tulated to cause the activation of a Ca2+-sensitive 
depolarizing current, and subsequent Ca2+ influx 
through voltage- dependent Ca2+ channels leading 
to contraction (Fig. 12.2) [7, 16]. Uptake of Ca2+ 
from the cytosol into the sarcoplasmic reticulum 
via sarco/endoplasmic reticulum Ca2+-ATPase 
(SERCA) activity refills the internal Ca2+ store in 
preparation for the next release event. The delay 
required for store refilling is postulated to provide 
the necessary time lag needed for rhythmicity; 
that is, in this model, IP3R-dependent store release 
and refilling is the primary cytosolic oscillator [7, 
8, 16], with release from the store dependent on 
the combination of IP3 concentration and luminal 
Ca2+ concentration [48]. Factors that influence the 
refilling process, including changes in the level of 
Ca2+ influx across the plasma membrane, cytosolic 
concentration of IP3, and level of luminal Ca2+ in 
the store, may alter the frequency of vasomotion 
by affecting this cytosolic oscillator mechanism.

The current view that arterial vasomotion is 
dependent on a cytosolic oscillator involving the 
periodic release of internal Ca2+ stores via IP3Rs, 
coupled to rhythmic oscillations in membrane 
depolarization and elevations of global cytosol 
Ca2+ concentration due to the activation of a Ca2+-
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sensitive inward current, is supported by several 
observations:

 1. Oscillations in membrane potential are 
detected in a variety of vessels exhibiting 
vasomotion, with depolarization observed to 
precede the onset of constriction [5, 16, 17, 
27, 49–53], with the apparent exception of iri-
deal arterioles [19, 54]. That oscillations in 
membrane potential are required for vasomo-
tion is indicated by experiments showing an 
inhibition of vasomotion in the presence of 
ATP-sensitive K+ channel-activator drugs that 
cause sustained smooth muscle hyperpolar-
ization [16, 55].

 2. Rhythmic, synchronized oscillations in global 
cytosolic Ca2+ concentration in smooth muscle 
cells are detected during vasomotion in arteri-
oles studied in vitro [15, 16] and in vivo [22, 
32, 36], with cytosolic Ca2+ rapidly increas-
ing prior to the onset of contraction in both 
experimental conditions. An ~0.3 s delay was 
detected between the peak elevation in cyto-
solic Ca2+ and maximal rate of constriction in 
murine ear arterioles in vivo [22], and a delay 
of ~0.9 s was detected in basilar arterial seg-
ments in vitro [53]. These values are consistent 
with the time lag between the rise in global 
Ca2+ concentration, and subsequent phosphor-
ylation of myosin regulatory light chain (i.e., 
LC20) by Ca2+-calmodulin- dependent myo-
sin light-chain kinase and contraction during 
depolarization-evoked contraction of urinary 
bladder smooth muscle following neural acti-
vation [56, 57].

 3. The oscillations in cytosolic Ca2+ concentra-
tion associated with vasomotion are sup-
pressed by inhibiting L-type, voltage-gated 
Ca2+ channels, or removal of extracellular 
Ca2+ [16, 17, 56, 58, 59], whereas vasomotion 
is enhanced by treatment with the Ca2+ chan-
nel activator BayK8644 [59]. Ca2+ influx via 
voltage-dependent Ca2+ channels is required 
for cross-bridge cycling, and to refill the inter-
nal Ca2+ stores following Ca2+ release by IP3Rs 
(Fig.  12.2) [5, 7]. Global elevations in cyto-
solic Ca2+ in smooth muscle cells are widely 
recognized to be dependent on membrane 

electrical activity, in which depolarization 
evokes the activation of voltage-gated Ca2+ 
channels, and oscillations in Ca2+ entry lead to 
rhythmic variations in membrane potential 
and vasomotion through intermittent filling 
and release of internal Ca2+ stores [47].

 4. Inhibition of the release of internal Ca2+ stores 
in vascular myocytes by blocking phospho-
lipase C-dependent inositol 1,4,5-trisphos-
phate (IP3) synthesis from phosphoinositide 
4,5-bisphosphate (PIP2) with U73122, or IP3Rs 
with the nonselective inhibitor 2- aminoethyl 
diphenylborinate (2-APB), was shown to 
prevent rhythmic oscillations in cytosolic 
Ca2+ concentration and vasomotion, as does 
blocking Ca2+ uptake into the sarcoplasmic 
reticulum with cyclopiazonic acid (CPA) or 
thapsigargin [16, 24, 27, 56, 58–61]. The key 
role played by IP3R is also indicated by the 
stimulation of vasomotion by different vaso-
constrictor agonists, noradrenaline, serotonin, 
and vasopressin, that all act on Gq/11- coupled 
receptors to evoke phospholipase C-mediated 
generation of IP3 (Fig. 12.2) [7].

Treating arteries and arterioles with ryanodine to 
alter RyR-mediated release of internal Ca2+ stores 
has varied effects on vasomotion, including a 
block of cytosolic Ca2+ oscillations and rhythmic 
contraction [16, 56, 59], alteration in the fre-
quency and amplitude of Ca2+ oscillations and 
vasomotion (as was also noted for CPA in rabbit 
mesenteric arteries), and a change in endothelium 
dependency of vasomotion from necessary to not 
required [60, 62]. These contrasting observations 
may reflect a varied contribution of RyR to the 
cytosolic oscillator in different vessels and 
 experimental conditions, and/or that depleting 
internal Ca2+ stores with ryanodine or CPA may 
reveal the presence of additional oscillator mech-
anisms in the vascular wall that may or may not 
involve endothelium-dependent mechanisms [7]. 
Based on our current understanding, there is gen-
eral agreement that periodic release of Ca2+ from 
the sarcoplasmic reticulum via IP3Rs in vascular 
myocytes represents the key component of the 
cytosolic oscillator necessary for vasomotion, but 
RyRs may be involved in vessel-specific manner, 
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a view consistent with the evidence of a differen-
tial expression and functional contribution of 
RyRs, but not IP3Rs, to the regulation of cyto-
solic Ca2+ in smooth muscle cells within arteries 
and arterioles of varied size and location [63, 64].

Identification of the ionic conductance respon-
sible for rhythmic depolarization of membrane 
potential during vasomotion has been hampered 
by a lack of selective pharmacological tools to 
inhibit or activate the suspected channel candi-
dates, but the recent application of molecular 
approaches has provided novel insight. Several 
lines of evidence suggest that cGMP-dependent, 
Ca2+-activated chloride channels are stimulated 
by IP3R-dependent release of Ca2+ from the sar-
coplasmic reticulum to evoke membrane poten-
tial depolarization during vasomotion in rat 
mesenteric arteries (i.e., ECl is ~−25 mV, so acti-
vation of the channels elicits outward Cl− flux 
and depolarization; Fig.  12.2) (reviewed in [7, 
8]). Ca2+ released from the sarcoplasmic reticu-
lum via IP3R may be localized within microdo-
mains between the sarcoplasmic reticulum and 
plasma membrane such that chloride channel gat-
ing is stimulated without activation of cross- 
bridge cycling (Fig.  12.2). This mechanism 
parallels the regulation of membrane potential by 
localized Ca2+ sparks created by the focal release 
of Ca2+ from RyRs that stimulate juxtaposed 
large-conductance Ca2+-activated potassium 
channels in the plasma membrane to evoke 
hyperpolarization and relaxation [47].

The rhythmic depolarizations, oscillations in 
cytosolic Ca2+ concentration, and vasomotion of 
rat mesenteric arteries evoked by α1-adrenoceptor 
activation with phenylephrine were shown to be 
dependent on the presence of cytosolic cGMP 
[16]. Moreover, a cGMP-dependent, Ca2+-
activated chloride current was observed in myo-
cytes from these arteries [65]. This current was 
found to possess biophysical and pharmacologi-
cal properties distinct from those of “classical” 
Ca2+-activated chloride channels in vascular 
smooth muscle [65] that are thought to be due to 
expression of ANO1/TMEM16A chloride chan-
nel proteins [66, 67]. Expression of another puta-
tive Ca2+-activated Cl− channel protein, 
bestrophin, was demonstrated to be essential for 

the cGMP dependence of the chloride current 
[33], and the amplitude of vasomotion in rat mes-
enteric arteries was reduced following siRNA 
knockdown of bestrophin-3 [34]. Although 
ANO1/TMEM16A silencing produced a similar 
suppression of vasomotion as bestrophin-3 
knockdown, this strategy also reduced bestrophin 
expression, so it remains unclear if the two pro-
teins form distinct channels, or that bestrophin 
confers cGMP sensitivity and unique properties 
to ANO1/TMEM16A channels by acting as an 
auxiliary subunit [35].

Alternatively, it is possible that rhythmic acti-
vation of a depolarizing, nonselective cation con-
ductance is responsible for the IP3R-dependent 
depolarization of membrane potential in vaso-
motion (Fig.  12.2). Recent electrophysiologi-
cal analysis has identified two mechanisms by 
which IP3Rs could potentially evoke rhythmic 
depolarization by activating nonselective cat-
ion channels in vascular smooth muscle cells. 
Specifically, a direct interaction of IP3Rs with 
transient receptor potential cation channels com-
posed of TRPC3 proteins was identified [68]. In 
this case, the conformational change associated 
with IP3R activation is coupled to the gating of 
TRPC3 channels via a direct, protein-protein 
interaction [68]. Alternatively, localized Ca2+ 
release by IP3R near the plasma membrane could 
evoke the activation of cation channels contain-
ing Ca2+-sensitive TRPM4 subunits [69, 70]. 
Consistent with a role for nonselective cation 
channels, an increased  level of vasomotion was 
observed in mesenteric arteries of spontaneously 
hypertensive rats (SHR) compared to normoten-
sive controls (WKY), and found to be associated 
with a greater expression of TRPC1, TRPC3, and 
TRPC5 cation channel proteins [71]. The extent 
of vasomotion was reduced by exposing the 
arteries to putative nonselective cation channel 
inhibitors, gadolinium, SKF-96365, and 2-APB, 
or antibodies against TRPC1 and TRPC3 pro-
teins [71]. Furthermore, chronic treatment of the 
SHRs with angiotensin AT1 receptor antagonist, 
but not the L-type Ca2+ channel blocker amlodip-
ine, was demonstrated to suppress TRPC protein 
expression and vasomotion in the mesenteric 
vessels [71].
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An intact, functional endothelium is essential 
for vasomotion in many, but not all, arteries [7]. 
For example, endothelial removal blocks vaso-
motion in rat mesenteric arteries [16, 59, 72–74], 
but it is potentiated by endothelial denudation or 
inhibition of NO synthesis in other vessels [23, 
75, 76]. The endothelium appears to be required 
for nitric oxide synthesis and release (Fig. 12.2). 
Nitric oxide is thought to be necessary because it 
evokes cGMP synthesis by guanylyl cyclase in 
the myocytes, and cGMP is required to facilitate 
cGMP-dependent Ca2+-activated Cl− channel 
activity and depolarization during vasomotion in 
rat mesenteric arteries (Fig.  12.2) [7, 8]. 
Consistent with this view, inhibition of nitric 
oxide synthesis (e.g., with l-NG-nitroarginine (l- 
NNA)) also blocked vasomotion in these vessels, 
and it was partially restored with sodium nitro-
prusside or membrane-permeant analogs of 
cGMP [16, 59, 74, 77].

Alternatively, the endothelium may be 
required to facilitate electrical conduction and/or 
synchronization along the vessel wall. The longi-
tudinal orientation of electrically coupled endo-
thelial cells and presence of myoendothelial gap 
junctions would be expected to permit synchroni-
zation over greater distances along vessels than 
what is possible with electrotonic current spread 
within the smooth muscle layer alone [78, 79]. It 
is also possible that vasomotion is affected by 
endothelium-dependent hyperpolarization [73]. 
In this case, IP3 generated in smooth muscle cells 
by α1-adrenoceptor activation may diffuse into 
endothelial cells via myoendothelial gap junc-
tions to cause the release of Ca2+ stores within the 
myoendothelial projections. Subsequent activa-
tion of intermediate-conductance Ca2+-activated 
potassium (IKCa) channels in the endothelial cells 
may evoke hyperpolarization that spreads back 
through the junctions to regulate smooth muscle 
membrane potential and contractility [80, 81]. 
This mechanism involving IP3- and endothelial 
IKCa channel-dependent feedback dilation is 
thought to account for endothelium-mediated 
inhibition of constriction evoked by α1- 
adrenoceptors (see [81]), but it may also modu-
late vasomotion [73] (Fig. 12.2).

The cellular mechanism by which vasomotion 
is initiated is controversial; recent studies (e.g., 
[22, 32]) using in vivo experimental approaches 
have cast doubt on the established model involv-
ing asynchronous Ca2+ waves arising from analy-
ses of vasoconstrictor-evoked vasomotion in rat 
mesenteric arterioles under isometric recording 
conditions in vitro [7, 8, 16]. An abundant litera-
ture on Ca2+ signaling in arteries in vitro indicates 
that activation of Gq/11-coupled receptors by vaso-
constrictor agonists is associated with the pres-
ence of asynchronous, IP3R-dependent (and/or 
RyR-dependent) oscillations in cytosolic Ca2+ 
concentration within individual vascular myo-
cytes [47, 82]. These oscillations in cytosolic Ca2+ 
occur as waves of Ca2+ elevation that spread 
through the cytosol due to regenerative Ca2+-
induced Ca2+ release from nearby IP3Rs [47, 82]. 
Significantly, asynchronous Ca2+ waves are con-
sistently detected in individual myocytes within 
the vessel wall prior to the appearance of synchro-
nous, global elevations in cytosolic Ca2+ concen-
tration and the onset of vasomotion in arteries 
studied in vitro [7, 8, 15, 16]. Peng et al. [16] pos-
tulated that the initiation of vasomotion occurs 
when these asynchronous Ca2+ wave events in 
individual cells are entrained to produce synchro-
nized, global Ca2+ elevations in myocytes along 
the length of the vessel wall. Entrainment was 
postulated to involve Ca2+-dependent activation of 
depolarizing cGMP-dependent, Ca2+-activated 
chloride current and cell-to-cell electrical com-
munication via gap junctions [16]. In this case, 
the oscillations in membrane potential in individ-
ual myocytes influence the electrical behavior of 
adjacent cells via electrotonic current flow, lead-
ing to simultaneous depolarization, global Ca2+ 
elevation, and contraction of increasingly greater 
numbers of myocytes along the vessel in the 
absence of a defined pacemaker. This mechanism 
of self-organizing behavior is comparable to that 
of crowds at sports events, such as soccer matches, 
in which songs initiated by small groups of sup-
porters spread through the crowd, and unison is 
achieved in the absence of a conductor [83].

The Peng et al. [16] model for the initiation of 
vasomotion is compelling, but it remains to be 
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established that this mechanism is applicable to 
arteries and arterioles in vivo. Indeed, although 
synchronous elevations in global cytosolic Ca2+ 
concentration and vasomotion are readily 
observed in small arteries and arterioles in vivo 
(or surgically exposed vessels in situ), asynchro-
nous propagating Ca2+ waves were only rarely 
detected in cremaster skeletal muscle arterioles 
[36, 84], femoral arteries [85, 86], and intact ear 
arterioles [22, 32]. The genetically encoded 
GCaMP2 and exMLCK fluorescent probes used 
to monitor cytosolic Ca2+ concentration by confo-
cal microscopy in these studies were shown to be 
appropriate for detecting asynchronous Ca2+ 
waves in arterial segments exposed to α1- 
adrenoceptor agonist in vitro [36]. These obser-
vations suggest that technical limitations are 
likely not involved. Alternatively, Mauban et al. 
[36] indicated that a Ca2+-dependent desensitiza-
tion of IP3Rs may underlie the absence of asyn-
chronous Ca2+ waves in vivo. An increased 
cytosolic Ca2+ concentration is expected in arte-
rial myocytes in vivo due to myogenic constric-
tion evoked by intraluminal pressure, and the 
influence of neurohumoral vasoconstrictors that 
are not present under in vitro isometric recording 
conditions [36]. This elevated cytosolic Ca2+ may 
cause desensitization of the IP3Rs and preclude 
propagating Ca2+ waves, but have a limited 
impact on Ca2+ release due to receptor- and phos-
pholipase C-dependent IP3 synthesis [36]. This 
hypothesis needs to be tested experimentally. 
Alternatively, it is possible that there are multiple 
routes to vasomotion initiated by different mech-
anisms under varied physiological conditions [7, 
8]. Further study is required to resolve this key 
issue.

12.4  Cerebral Arterial Vasomotion 
and Neural Activity 
in the Brain

A long-held, but widely debated, view holds that 
the physiological function of vasomotion is to 
increase blood flow to supply the metabolic needs 
of downstream parenchyma [2, 21, 87–94]. 
However, whether vasomotion is a physiological 

or pathophysiological characteristic of the vascu-
lature remains unresolved [7, 8]. Historically, 
attention has focused on the peripheral vascula-
ture due to ease of access for experimentation. 
Multiple studies have shown that flowmotion in 
cutaneous microcirculation is associated with 
increased tissue perfusion, greater O2 content, 
and increased O2 extraction, consistent with a 
physiological role [5, 7, 8, 94]. Recent analysis of 
the cerebral vasculature reinforces this view, 
indicating that vasomotion is associated with 
increased oxygen delivery to active regions and a 
direct consequence of neural activity in the brain 
[14]. These new findings coupled with evidence 
that the regulation of the cerebral vasculature and 
vasomotion may be impaired in situations of cog-
nitive dysfunction such as Alzheimer’s disease 
[95, 96] highlight the importance of understand-
ing the physiological role(s) and regulation of 
vasomotion, and the differences between the 
peripheral and cerebral vasculature.

The high metabolic cost of neural electrical 
activity and lack of substantive energy reserves in 
the brain require that a mechanism known as neu-
rovascular coupling mediates dynamic regulation 
of blood flow in response to changes in neural 
activity. This regulation permits precise, spatio-
temporal matching of neuronal metabolic demand 
with the supply of O2 and glucose, and removal 
of metabolic by-products [97–99]. Blood oxygen 
level-dependent (BOLD) functional magnetic 
resonance imaging (BOLD fMRI) [100, 101] and 
intrinsic optical signal (IOS) imaging techniques 
have been widely employed as a proxy for neural 
activity related to sensory stimulation, move-
ment, and decision-making. A local positive 
BOLD signal (i.e., decreased deoxyhemoglobin) 
is indicative of augmented blood flow in response 
to an increase in neural activity. For example, 
sensory stimulation evokes a rapid increase in 
penetrating and pial arterial diameter and blood 
flow that is accompanied by a local increase in 
BOLD signal within the cortical region respon-
sible for processing the sensory signal [31, 102].

Growing attention has recently focused on 
localized, spontaneous fluctuations in BOLD sig-
nals that are detected in the absence of sensory 
stimulation, but synchronized in functionally 
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related yet distant regions of the brain that are 
connected by long range and commissural neural 
pathways, for example in symmetric regions 
across the brain midline [103–106]. Significantly, 
these so-called resting-state BOLD signals occur 
at frequencies focused around ~0.1 Hz, matching 
the frequency of the oscillations in arterial diam-
eter associated with cerebral vasomotion and 
flowmotion [9, 14, 31, 107, 108].

The precise neural correlate of resting-state 
BOLD signal fluctuations has been widely 
debated [104, 109–113], and the interested reader 
is directed to a 2016 themed issue in Philosophical 
Transactions of the Royal Society B entitled 
“Interpreting BOLD: a dialogue between cogni-
tive and cellular neuroscience” [114]. However, 
consensus has developed around the idea that they 
are the result of rhythmic fluctuations in the activ-
ity of intracortical neural networks which can be 
detected via extracellular electrophysiological 
recordings of local field potentials [111, 112, 
115–118]. Specifically, the resting-state BOLD 
signal correlates with γ-band (30–80 Hz) rhythms 
in the local field potential that are generated by 
tightly synchronized electrical activity within 
local networks of fast-spiking cortical interneu-
rons [111, 112, 115–118]. For example, such 
γ-band activity is observed in response to 
increased sensory drive in the somatosensory cor-
tex [119], and increased neural activity associated 
with working memory and learning [120, 121].

Direct evidence that cerebral vasomotion is 
entrained by oscillations in γ-band power and is 
responsible for resting-state BOLD signal was 
recently provided by Mateo and co-workers [14]. 
In their study, Mateo et al. [14] assessed the local 
field potentials generated by superficial layers of 
neurons within the vibrissa area of the  parietal 
cortex in head-restrained, conscious mice fitted 
with a transcranial window to permit two-photon 
fluorescence  microscopy of vasomotion in pial 
arterioles. Vasomotion in the arterioles was found 
to be phase-locked to γ-band oscillations pro-
duced by cortical neuronal activity with a lag of 
~2 s, and accompanied by a positive BOLD IOS 
signal due to increased blood flow that followed 
the arteriolar dilation by ~0.7 s [14]. Significantly, 
the vasomotion was transhemispheric in nature, 

with arterioles in mirrored regions across the mid-
line showing identical behavior that was mark-
edly reduced in mice lacking callosal connections 
[14]. An optogenetic approach was further used to 
establish causality between the γ-band oscilla-
tions and vasomotion. Specifically, transgenic 
mice expressing the channelrhodopsin protein in 
layer 5b pyramidal neurons were stimulated with 
a 40 Hz γ-like train of laser light pulses with a 
sinusoidal variation in intensity around 0.1  Hz 
[14] (i.e., 0.05–0.3  Hz consistent with the fre-
quency range of vasomotion in the preparation; 
[31]). Driving the cortical circuitry in this manner 
caused phase-locked vasomotion in pial arterioles 
identical to that observed during spontaneous 
activity [14]. Identical illumination in wild-type 
mice did not elicit a vasomotor response, ruling 
out a direct effect of the light stimulation protocol 
on blood flow. In contrast, mice with smooth mus-
cle-specific expression of the light-sensitive chlo-
ride pump protein, halorhodopsin, exhibited 
light-driven vasomotion consisting of ~20% 
changes in resting arterial diameter, but with no 
coherent neural activity [14]. This data set dem-
onstrates that the functional interaction is unidi-
rectional, with the neural activity entraining 
vasomotion in the arterioles, but not the reverse. 
Significantly, the amplitude of vasodilations 
observed during spontaneous vasomotion and 
functional hyperemia in response to whisker stim-
ulation were of similar magnitude and both were 
attenuated by urethane anesthesia [31], reminis-
cent of the sensitivity of vasomotion in other vas-
cular beds to anesthetics [7].

To appreciate how cerebral vasomotion may 
be phase-locked to γ-band neural activity, it is 
appropriate to consider the mechanisms of 
 neurovascular coupling, as they may foster vaso-
motion. Our understanding of neurovascular cou-
pling is still evolving, but the contemporary view 
presented by Iadecola [99] indicates that vasomo-
tor responses are caused by stimulus- and brain 
region-dependent release of vasoactive media-
tors, such as nitric oxide, prostaglandins, vasoac-
tive peptides, ATP, adenosine, and/or potassium 
ions (K+) from neurons and/or astrocytes, that 
affect membrane potential within capillary endo-
thelial cells [122], pericytes [123], and/or nearby 
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smooth muscle cells in the cerebral microvascu-
lature to evoke dilation or constriction (a decline 
in  local O2 or glucose content may also be 
involved; see [99]).

For example, evidence consistent with the 
potential involvement of capillary endothelial 
cells in sensing modest elevations in extracellular 
K+ concentration due to neural activity, and com-
municating this vasodilatory signal to upstream 
arterioles was recently provided by Longden 
et al. [122]. The cortical capillary endothelium of 
mice was demonstrated to possess the Ba2+-
sensitive Kir2.1 subtype of inward-rectifier K+ 
channel that conducts hyperpolarizing K+ current 
of increased magnitude in the presence of ele-
vated extracellular K+ concentration (from ~4 to 
8–10 mM) [122], as previously shown for endo-
thelial cells in other vascular beds [124]. 
Exposing cerebral capillary endothelial cells to 
10 mM external K+ resulted in a rapid (~2 mm/s) 
propagating hyperpolarization and dilation in 
upstream arterioles in an ex vivo parenchymal 
arteriolar-capillary preparation, and increased 
red blood cell flux in the cortical vasculature of 
mice in vivo, that were similarly suppressed by 
either Ba2+ treatment or endothelium-specific 
knockout of Kir2.1 channels [122].

Hyperpolarization and vasodilation in the cere-
bral microvasculature in response to extracellular 
K+ accumulation, prostaglandin, or nitric oxide 
release during neurovascular coupling [99] evoke 
vasodilation in upstream penetrating and pial arte-
rioles by a mechanism of ascending, retrograde 
vasodilation, identical to that described for the 
peripheral vasculature [81, 122, 125–127]. The 
functional hyperemic response in the cerebral 
vasculature consists of: (1) a propagating electri-
cal signal of membrane potential hyperpolariza-
tion that rapidly spreads (~2–2.5  mm/s) into 
upstream pial and penetrating arterioles to evoke 
immediate vasodilation and (2) a second, slower 
mechanism of ascending vasodilation involving 
cytosolic Ca2+-dependent release of nitric oxide 
and prostacyclin from the endothelium in response 
to increased flow and shear stress due to dilation 
of distal terminal arterioles [102, 122, 125, 126]. 
Retrograde propagation of the hyperpolarization 
involves cell-to-cell electrical communication 

through the endothelium and then into smooth 
muscle cells via myoendothelial gap junctions to 
evoke vasodilation, being inhibited by focal dis-
ruption of the endothelium or suppression of 
endothelial Kir2.1 expression [102, 122, 126].

Retrograde, ascending propagation of hyper-
polarization evoked by neurovascular coupling 
thus represents a likely mechanism to account for 
the entrainment of vasomotion by neural activity 
in the cerebral vasculature. Rhythmic ascending 
waves of hyperpolarization evoked by neurovas-
cular coupling may serve to entrain the oscilla-
tions in membrane potential responsible for 
vasomotion at the level of the penetrating and pial 
arterioles. Periodic hyperpolarization may addi-
tionally reinforce the subsequent depolarization 
phase of each oscillation by favoring recovery 
from inactivation and increased availability of 
voltage-gated Ca2+ channels. Additionally, release 
of nitric oxide owing to increased shear stress 
could facilitate cGMP-dependent Ca2+-activated 
chloride current and oscillatory depolarization. A 
role for perivascular nerves in the modulation of 
vasomotion may also be postulated. Further 
research is required to delineate the precise 
mechanism(s) contributing to the entrainment of 
vasomotion by neural activity in the brain.

As a final point, vasomotion in the peripheral 
vasculature is similarly affected by nerve activity, 
and oscillations in separate vessel segments can 
be entrained by bursts of sympathetic nerve activ-
ity [128, 129]. This is achieved through a prolon-
gation of cycle length when nerve activity occurs 
after peak relaxation until a critical point after 
which cycle length is reduced [129]. However, in 
contrast to the role of neurovascular coupling in 
entrainment in the cerebral vasculature, entrain-
ment and vasomotion in peripheral vessels are 
facilitated by the release of noradrenaline from 
adventitial sympathetic nerve varicosities. 
Oscillations in forearm skin blood flow at 0.1 Hz 
were suppressed by sympathetic blockade fol-
lowing anesthesia by brachial plexus infiltration 
in humans [128]. Suppression of sympathetic 
nerve activity following application of the gan-
glionic blocker hexamethonium was shown to 
inhibit synchronous oscillations in cytosolic Ca2+ 
concentration and vasomotion in rabbit ear arteri-
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oles in vivo [22, 36]. Finally, 0.1 Hz fluctuations 
in cutaneous microcirculatory blood flow disap-
pear in conditions of sympathetic dysfunction 
such as in diabetes [130, 131]. The contribution 
of rhythmic ascending vasodilation to vasomo-
tion in peripheral vasculature is not known at 
present. The presence of these different mecha-
nisms for entrainment of vasomotion in cerebral 
and peripheral vasculature illustrates the chal-
lenge in developing a comprehensive understand-
ing of vasomotion and its regulation in varied 
vascular beds.

12.5  Summary

Despite more than 150  years of research, there 
are many questions concerning vasomotion that 
remain to be adequately addressed. Key issues 
for future study should include (1) identification 
of the inward current activated by the IP3R- 
dependent release of Ca2+ stores: Specifically, is 
the contribution of cGMP-dependent, Ca2+-
activated Cl− channels ubiquitous or restricted to 
mesenteric arteries, and what is the role of nonse-
lective cation channels? (2) Why does the contri-
bution of the endothelium to vasomotion vary in 
a vessel-specific manner? (3) What is the mecha-
nism by which vasomotion in cerebral pial and 
penetrating arterioles is entrained to cortical neu-
ral activity: specifically, is this process dependent 
on rhythmic hyperpolarization associated with 
ascending vasodilation and Kir2.1 channels in 
the cerebrovascular endothelium and capillaries? 
(4) If asynchronous Ca2+ waves are not involved 
in synchronization of contractile activity in indi-
vidual myocytes in vivo, what is the mechanism 
responsible for the self-organizing behavior? (5) 
Does entrainment of vasomotion in peripheral 
and cerebral vasculature involve a differential 
contribution of neural- versus endothelium- 
dependent mechanisms of modulation, respec-
tively? Novel understanding in these areas will 
undoubtedly be facilitated by technological 
advancements permitting in vivo imaging of arte-
rial diameter and cytosolic Ca2+ concentration, as 
well as cell type-specific expression of functional 
and genetically compromised proteins to selec-

tively augment and disrupt cellular processes 
postulated to contribute to vasomotion and its 
regulation in health and disease.
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Venous Vasomotion
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Abstract
Veins exhibit spontaneous contractile activity, 
a phenomenon generally termed vasomotion. 
This is mediated by spontaneous rhythmical 
contractions of mural cells (i.e. smooth mus-
cle cells (SMCs) or pericytes) in the wall of 
the vessel. Vasomotion occurs through inter-
connected oscillators within and between 
mural cells, entraining their cycles. 
Pharmacological studies indicate that a key 
oscillator underlying vasomotion is the rhyth-
mical calcium ion (Ca2+) release-refill cycle of 
Ca2+ stores. This occurs through opening of 
inositol 1,4,5-trisphosphate receptor (IP3R)- 
and/or ryanodine receptor (RyR)-operated 
Ca2+ release channels in the sarcoplasmic/
endoplasmic (SR/ER) reticulum and refilling 
by the SR/ER reticulum Ca2+ATPase 
(SERCA). Released Ca2+ from stores near the 
plasma membrane diffuse through the cytosol 
to open Ca2+-activated chloride (Cl−) chan-

nels, this generating inward current through 
an efflux of Cl−. The resultant depolarisation 
leads to the opening of voltage-dependent 
Ca2+ channels and possibly increased produc-
tion of IP3, which through Ca2+-induced Ca2+ 
release (CICR) of IP3Rs and/or RyRs and 
IP3R-mediated Ca2+ release provide a means 
by which store oscillators entrain their activ-
ity. Intercellular entrainment normally 
involves current flow through gap junctions 
that interconnect mural cells and in many 
cases this is aided by additional connectivity 
through the endothelium. Once entrainment 
has occurred the substantial Ca2+ entry that 
results from the near-synchronous depolarisa-
tions leads to rhythmical contractions of the 
mural cells, this often leading to vessel con-
striction. The basis for venous/venular vaso-
motion has yet to be fully delineated but could 
improve both venous drainage and capillary/
venular absorption of blood plasma- associated 
fluids.
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13.1  Introduction

Veins, arteries and arterioles unlike most venules 
and all capillaries have an inner, middle and outer 
layer termed the tunica intima, tunica media and 
tunica adventitia, respectively [1]. The tunica 
intima is primarily composed of endothelial cells 
(ECs). The tunica media is comprised of smooth 
muscle cells (SMCs), which controls vessel diam-
eter, and elastic fibres though there are fewer elas-
tic fibres in veins. The tunica adventitia is primarily 
composed of connective tissue and in veins and 
venules provides the majority of the wall thickness 
[1]. Nerves while generally sparse also course 
through this layer to innervate the SMCs. ECs and 
SMCs form separate syncytia through EC-EC and 
SMC-SMC gap junctions. These intercellular 
channels are comprised of proteins termed con-
nexins (Cxs) of which there are three primary 
types in blood vessels: Cx37, Cx40 and Cx43, 
though the distribution of these is variable within 
the EC and SM layers of vessels and between spe-
cies [2–5]. In some vessels there are myoendothe-
lial gap junctions that bridge between the 
endothelium and smooth muscle (SM) [6]. With 
the exception of peripheral capillaries, blood and 
lymphatic vessels can constrict, arising from the 
contraction of SMCs in the vessel walls. Exceptions 
to this include small vessels (e.g. precapillary arte-
rioles and venules) where constriction can be 
mediated by pericytes [7] and vessels entering the 
heart, where constriction can be mediated by car-
diomyocytes that line the vessel walls [8, 9].

The phenomenon referred to as vasomotion, 
namely spontaneous rhythmical constrictions of 
blood and lymphatic vessels, has long been recog-
nised, first being reported for lymphatic vessels 
by W. Hewson in 1764 (see [10, 11]). Vasomotion 
was subsequently reported for cardiac muscle- 
associated contractions of veins that enter the 
heart (J.J. Allison, 1839—see [8]), this being fol-
lowed by rhythmical SMC-mediated constrictions 
of bat wing veins [12]. Jones described the phe-
nomenon as follows: “I had not observed the cir-
culation under the microscope long, before I was 
struck by something peculiar in the flow of blood 
in the veins; I therefore directed my attention to 
them, and discovered that they contracted and 

dilated rhythmically Following the veins for some 
extent in their course, I further discovered them to 
be provided with valves, some of which completely 
opposed regurgitation of blood, others only par-
tially …. I was able to make out exactly its mode 
of operation. The act of contraction of the vein is 
manifested by progressive constriction of its cali-
bre and increasing thickness of its wall; the relax-
ation of the vessel, by a return to the former width 
of calibre and thickness of wall … the average 
number of contractions in a minute, I have found 
to be ten … The supervening dilatations take 
place rather more quickly than the contractions 
… I have sometimes estimated [relative constric-
tion] at nearly a third, sometimes at not more than 
a sixth” (reproduced with permission [11]).

The physiological role for vasomotion may 
serve very different purposes depending on the 
vessel. The most obvious is in lymphatics where 
vasomotion compresses single or multiple lym-
phatic chambers, each formed by regularly 
 occurring unidirectional valves providing a 
means for the intrinsic propulsion of lymph 
(Fig.  13.1) [13–15]. As many veins also have 

Fig. 13.1 Vein (V), artery (A) and lymphatic (L) vessels 
in the guinea pig mesentery. Diameter of the vein near 
label is ~350 μm
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valves [16] including those of bat wings [11], 
venous vasomotion will improve venous return. 
However, independent of the presence of valves, 
vasomotion should also reduce the possibility of 
blood stasis and resultant coagulation.

13.2  Pacemaking

The existence of vasomotion in a large array of 
vessels depends on a pacemaker mechanism that 
times and triggers contractions by rhythmically 
depolarising the effector cells to cause trans-
membrane entry of Ca2+ through the opening of 
voltage- dependent Ca2+ channels and contrac-
tion. This process has and continues to provide a 
fertile area of research, as mechanisms and the 
effector cells involved differ. Thus, while venous 
vasomotion in the bat wing [12] and many other 
veins including the portal and mesenteric vein of 
various species [8, 17–20] exhibit vasomotion 
caused by contraction of SMCs, veins near the 
region of attachment to the heart have cardiac 
muscle in their walls and can constrict at heart 
rate (see [21]). In contrast venules generally 
exhibit vasomotion through contraction of peri-
cytes [7, 22–24].

It has long been known that vasomotion is not 
neurally generated, as the constrictions persist in 
the presence of nerve blockade and hence are 
considered to be myogenic [20, 25]. While not 
generated by nerve activity, the strength and fre-
quency of contractions in the portal vein are 
enhanced by stimulation of sympathetic nerves 
or by exogenous activation of alpha- adrenoceptors 
[20]. Stretch can also increase the frequency of 
vasomotion [20]. Studies on isolated guinea pig 
mesenteric veins, where SMC membrane poten-
tial rather than contraction force was measured 
demonstrated that sympathetic nerve stimulation 
(20 stimuli at 20 Hz) had the initial effect of gen-
erating a biphasic depolarising response [26]. 
However, in freshly dissected tissues (≲2 h post- 
isolation), such stimulation could at times initiate 
rhythmical depolarisations that gradually 
increase in frequency and size and last up to 
20 min. This activity was myogenic as it persisted 
after nerve blockade with tetrodotoxin or upon 

blockade of alpha-adrenoceptors by phentol-
amine. Application of noradrenaline caused a 
maintained depolarisation with superimposed 
rhythmic depolarisations the author termed “slow 
waves”.

Electrically short segments of guinea pig mes-
enteric vein, where the SM syncytium is effec-
tively isopotential and hence can be voltage 
clamped, allow the investigation of spontaneous 
activity in this muscle. Events termed spontane-
ous transient depolarisations (STDs) and under-
lying spontaneous transient inward currents 
(STICs) were recorded. These were proposed to 
occur through the regenerative opening of Ca2+ 
release channels in intracellular sarcoplasmic/
endoplasmic reticulum (SR/ER) Ca2+ stores [27]. 
The events share parallels with previously 
reported spontaneous transient outward currents 
(STOCs [28]) both being activated by spontane-
ous Ca2+ release from intracellular stores, but dif-
fering in that the Ca2+ release that generates 
STICs acts on excitatory channels (i.e. that cause 
depolarisation) rather than inhibitory channels 
(i.e. K+ channels that cause hyperpolarisation). 
The frequency of these events is markedly 
enhanced by stimulation of alpha-adrenoceptors 
[27]. This increases production of IP3 through 
phospholipase C (PLC) cleaving phosphati-
dylinositol 4,5-bisphosphate (PIP2) into the sec-
ond messengers IP3 and sn-1,2-diacylglycerol 
(DAG), leading to IP3-induced Ca2+ release 
(IICR) from intracellular Ca2+ stores [29, 30]. 
The events are regenerative because released 
Ca2+ causes further activation of IP3 receptors 
(IP3Rs) and ryanodine receptor (RyR)-operated 
Ca2+ release channels by Ca2+-induced Ca2+ 
release (CICR). Dependent on the level of stimu-
lation (i.e. IP3 or Ca2+ levels), multiple stores will 
be activated. Thus, noradrenaline or other agents 
that increase production of IP3 and/or intracellu-
lar Ca2+ concentration ([Ca2+]i) increase the fre-
quency of store Ca2+ release events and resultant 
STICs/STDs. Stretch also has an effect on STD 
activity causing a marked increase in STD ampli-
tude [31].

The primary ionic nature of the current under-
lying STICs/STDs in venous SM has been found 
to be primarily due to an efflux of Cl−. Studies 
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with rapidly applied noradrenaline or brief high-
frequency nerve stimulation that produces large 
irregularly shaped transient depolarisations in the 
SM of guinea pig mesenteric veins indicate this, 
as ionic substitution experiments, where sodium 
chloride in the buffer solution was fully substi-
tuted with Na isethionate, demonstrated the 
activity resulted through opening of Cl− channels 
[32, 33]. Studies on STICs/STDs in guinea pig 
mesenteric vein segments indicated the involve-
ment of both Ca2+-activated Cl− with isethionate 
substitution (see above) and cation- selective con-
ductances with Tris chloride substituted for all 
the sodium chloride [27]. Studies on isolated rab-
bit portal vein myocytes provided evidence that 
STICs were dominantly generated by a Ca2+-
activated Cl− conductance [34]. Figure 13.2 pres-
ents a schematic displaying the generally 
accepted mechanism underlying the generation 
of STICs/STDs. The Ca2+ release channels are 
IP3Rs, which are opened by agonists such as nor-
adrenaline to enhance the production of IP3 and 
Ca2+ release through CICR, and RyRs, where 

present which are opened by CICR. Findings 
from Ca2+ imaging studies on rat and rabbit portal 
vein myocytes indicate that both IP3R and RyR 
Ca2+ release channels are present on SR/ER 
stores [35, 36]. These authors found that large- 
amplitude slow Ca2+ release events were selec-
tively abolished by agents known to inhibit 
IP3R-mediated Ca2+ release channels and that all 
Ca2+ release events were abolished by a relatively 
low concentration of ryanodine (50–100  μM), 
which is thought to lock open the RyR channels 
in a substate causing depletion of Ca2+ from the 
SR/ER [37]. Inhibition of the SR/ER reticulum 
Ca2+ATPase (SERCA), the Ca2+ pump that refills 
the SR/ER Ca2+ stores, also abolished STICs/
STDs. There is considerable variability within 
SMs as to the presence and location of RyRs but 
their presence should boost IP3R-mediated store 
Ca2+ release, which in turn may enhance the like-
lihood that nearby stores are activated, thereby 
increasing the generation of Ca2+ waves [36]. 
STICs/STDs exhibit large variability in their 
amplitude [27, 34] which may relate to factors 
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Fig. 13.2 Schematic of a Ca2+ release event proposed 
to underlie generation of a spontaneous transient inward 
current (STIC) and resultant spontaneous transient 
depolarisation (STD). Endogenous IP3, agonist-induced 
IP3 and/or cytosolic Ca2+ activate IP3Rs and/or RyRs, 
the associated Ca2+ release triggering regenerative 
release of Ca2+ from the sub-plasmalemmal SR/ER store 
through CICR. This generates a local event, which if 
visualised with a Ca2+-sensing fluorophore is termed a 
Ca2+ puff/spark (though for release from stores very 
close to the cell plasmalemma puffs/sparks may not be 

readily visualised due to their small volume). Then, 
according to key factors such as the degree of store 
emptying and cytosolic [Ca2+], Ca2+ release channels 
close and release ceases, the SERCA Ca2+ pump then 
refilling the store. The example STIC and STD were 
recorded from the SM of a small vein. Their large size 
indicates recruitment of multiple stores. STICs/STDs in 
veins and lymphatics tend to be generated by opening of 
Ca2+-activated Cl− channels though there may also be a 
contribution of a cationic current [27] (reproduced with 
permission from [146])
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such as the total number of Ca2+ release channels 
per store, the ratio of IP3Rs to RyRs given their 
different kinetics and conductances, the number 
of stores activated near synchronously and the 
distance of the store release site from the plasma-
lemmal Ca2+ activated channels.

Supportive evidence that STICs/STDs are 
elemental in the generation of vasomotion came 
from parallel studies made on guinea pig mes-
enteric lymphatics [38, 39]. Here STDs in lym-
phatic SM have similar characteristics to 
STICs/STDs in veins, being generated by spon-
taneous Ca2+ release from intracellular Ca2+ 
stores, the localised transient increase in [Ca2+]i 
activating Ca2+-activated Cl− channels which 
generates an inward current and resultant STD. 
Significantly, these studies demonstrated that 
summations of STDs could reach threshold for 
generation of an action potential (AP) through 
regenerative opening of L-type voltage-depen-
dent Ca2+ channels, the resultant Ca2+ entry 
causing contraction. These events were pro-
posed to be the pacemaker for vasomotion in 
non-perfused lymphatic SM.  The venous SM 
recordings demonstrating rhythmic pacemaker-
like depolarisations [26] combined with the 
evidence that summation of STDs generates 
APs and resultant vessel constriction [27] also 
fit this model. Thus STDs, events that are inde-
pendent of voltage-dependent Ca2+ channels, 
can rhythmically summate and when of suffi-
cient amplitude pace contractions in SM and 
induce vasomotion. Vasomotion induced by 
stimulation of α-adrenoceptors in rat portal 
vein also occurs through the cyclical release of 
Ca2+ from SR/ER stores and opening of Ca2+-
activated Cl− channels [40]. However, an excep-
tion to this has been reported for spontaneous 
vasomotion in the mouse portal vein, as this 
vasomotion persists despite blockade of Ca2+ 
stores [41] and hence is likely to be driven by 
pacemaker currents in the plasma membrane. 
Thus, vasomotion can be generated by at least 
two pacemaker mechanisms, one driven by an 
intracellular pacemaker termed the “Ca2+ clock” 
and the other by a plasma membrane pacemaker 
termed the “membrane clock”. This fits with 
the concept that there are two pacemakers as 

first introduced by Griffith in describing arterial 
chaos/vasomotion [42, 43]. These concepts 
were later taken up to describe heart pacemak-
ing which involves both the classical membrane 
clock through pacemaker currents such as Ifunny 
[44] and the Ca2+ clock which in the heart is 
driven by cardiac RyRs, with Ca2+ release gen-
erating an inward current by activating a 
sodium/calcium exchange [45–47].

13.2.1  Coupled Oscillators

The finding that store Ca2+ release when coupled 
to generation of an excitatory current rhythmi-
cally summates is both intriguing and fundamen-
tal to generation of vasomotion. It is fundamental, 
as individually store Ca2+ release events that, if 
observed with a fluorescent Ca2+ indicator and 
referred to as Ca2+ puffs for IP3Rs [48, 49] or Ca2+ 
sparks for RyRs [50], are very small with their 
resultant STDs causing little depolarisation in 
syncytial SM. Therefore, it is essential that there 
is rhythmical summation of these elementary 
events as otherwise there would be a massive 
impedance mismatch and pacemaking could not 
occur. Moreover, independent of the underlying 
pacemaker mechanism, groups of pacemaker 
cells that drive a large cell syncytium need to 
entrain their cycling to be effective as a pace-
maker. The mechanisms by which this occurs can 
be explained by the theory of coupled oscillators, 
a physical process that widely applies, particu-
larly to natural phenomena (e.g. cicadas chirping, 
firefly displays, entrainment of menstrual 
cycling). The process was first described in the 
sixteenth century by a Dutch physicist, Christian 
Huygens, inventor of the pendulum clock, who 
noted the pendulums of two clocks hung side by 
side on the same wall swung in synchrony. The 
clocks maintained synchrony for the several 
hours of observation and resynchronised after 
deliberate desynchronisation. Synchrony was 
lost when the clocks were positioned on different 
walls. Huygens concluded that synchrony must 
be maintained by “tiny air movements or 
 imperceptible vibrations in their common sup-
port”. This “fortuitous observation initiated an 
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entire sub- branch of mathematics: the theory of 
coupled oscillators” (see [51]).

Many cellular systems entrain their oscillatory 
activity, the heart pacemaker being a good exam-
ple. Indeed, the heart was the first application of 
coupled oscillator entrainment to explain its mul-
ticellular rhythmicity [52]. Consequently, appli-
cation of this theory to describe heartbeats was 
generally discarded given that cardiac muscle is 
not self-oscillatory but is driven by a centralised 
pacemaker. This was a significant overreaction 
given that the pacemaker itself depends on cou-
pled oscillator-based synchronisation, as noted in 
1975 by Charles S. Peskin of New York University 
(see [51]). Cardiac pacemaker cells are self- 
oscillating and being coupled electrically by gap 
junctions will synchronise. Indeed, without this 
physical process the heart would not function, as 
individual pacemaker cells would not produce 
sufficient pacemaker current to drive the atrial 
cardiac muscle. Even if they did there would be 
no coordination between pacemaker cells, so the 
heart could not rhythmically contract.

13.2.2  Rhythmicity Through Coupled 
Oscillator-Based Entrainment 
of the Release/Refill Cycle 
of Intracellular Calcium Stores

Modelling of vasomotion by coupled oscillator- 
based entrainment of the activity of Ca2+ stores 
has arisen from several observations. First, store 
Ca2+ release/refill is an oscillatory process. 
Release arises through the rapid opening of Ca2+ 
release channels in the SR/ER membrane of 
intracellular Ca2+ stores. Triggering of store Ca2+ 
release depends on factors such as the store 
lumen [Ca2+], as determined by much slower 
SERCA-mediated refill (Fig. 13.2). The oscilla-
tory nature of store release was initially investi-
gated in non-excitable cells where stimulation of 
receptors such as the α1-adrenoceptor caused 
rhythmical store Ca2+ release with the frequency 
of this activity increasing with higher agonist 
stimulation [53–56]. This behaviour also applies 
to store Ca2+ release/refill underlying STICs/

STDs [27]. The fact that there is a rapid release 
followed by slow refill which rhythmically 
repeats means that these fall into the category of 
relaxation oscillators, which can entrain their 
cycles when the frequency of oscillator activity 
and coupling between oscillators is sufficiently 
strong [52]. Second, studies on arterial vasomo-
tion determined that the process fitted the math-
ematical description of being “chaotic” [42]. 
This conclusion arose from studies of perfused 
isolated rabbit ear arteries pharmacologically 
activated/modulated with the agonist histamine 
and measuring variables such as perfusion 
pressure.

In a subsequent publication by this group [43], 
the authors concluded that there were two oscilla-
tory mechanisms that they termed the “mem-
brane oscillator” (i.e. membrane clock) in which 
membrane Ca2+ and K+ fluxes had a role, and an 
“intracellular oscillator” mediated by store Ca2+ 
release/refill (i.e. Ca2+ clock). The oscillators 
interacted as weakly coupled oscillators entrain-
ing through phase to produce a “global” pace-
maker with a single frequency producing 
vasomotion. In their analysis they determined 
that entrainment derived from the membrane 
clock rather than the Ca2+ clock. In contrast, in 
the relatively simplified circumstance of non- 
perfused vessels, the store oscillator is likely to 
be dominant, as stretch-activated channels in the 
cell membrane which could make the membrane 
clock the dominant pacemaker mechanism would 
not be functional. This is the case for vasomotion 
in non-perfused mesenteric lymphatic vessels 
with pacemaking dominantly driven by the Ca2+ 
clock with pacemaking being mediated by oscil-
latory Ca2+ release from intracellular Ca2+ stores 
and resultant STDs [39]. It also applies to non- 
perfused mesenteric veins, where summation of 
STDs is associated with the triggering of recur-
ring action potentials, as evident upon noradrena-
line application [27]. In contrast, the finding that 
spontaneous vasomotion in mouse portal vein 
occurs independently of SR/ER Ca2+ stores [41] 
suggests that the dominant oscillator in this tissue 
is likely to be the membrane clock though this 
has yet to be fully resolved.
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Coupled oscillator theory has long been pro-
posed to explain slow wave-mediated gastroin-
testinal tract (GIT) motility [57–62]. While such 
interpretation reasonably fits the observations of 
GIT motility, there has been opposition [63, 64]. 
This was based on arguments such as there being 
no direct evidence of the underlying oscillator 
and insufficient account taken of other properties 
of the system. These authors instead propose a 
physical model with intercellular coupling 
through which action potentials propagate (see 
also [60, 65]). The physical model satisfies some 
of the criteria but does not readily explain aspects 
such as the frequency gradient of slow wave- 
driven motility down the stomach whereas the 
coupled oscillator model does [62, 66–68]. There 
is now also evidence of an underlying oscillator, 
this again being the Ca2+ clock. This, as for vaso-
motion, is mediated by SR/ER Ca2+ store release/
refill cycle, store Ca2+ release activating Ca2+-
activated Cl− channels to generate STDs (also 
termed unitary potentials) with slow waves 
dependent on rhythmical entrainment of these 
underlying events [69–73].

Entrainment of cycling Ca2+ stores, which is 
fundamental to the establishment of the Ca2+ 
clock pacemaker, involves specific mechanisms. 
For example, while local diffusion of Ca2+ and 
IP3 provides a potential of coupling, this is too 
weak for intercellular entrainment of oscillatory 
release from Ca2+ stores [74]. However, the exis-
tence of voltage coupling whereby Ca2+ from 
intracellular stores and resultant STDs feed back 
to cause more store Ca2+ release provides a much 
greater coupling, facilitating intercellular entrain-
ment of the Ca2+ release/refill cycle of multiple 
stores. Voltage coupling is effective because 
intercellular current flow has three orders of mag-
nitude more intercellular range than coupling by 
diffusion of IP3 and Ca2+ [74–76].

Pacemaker entrainment underlying vasomo-
tion is also fundamentally dependent on voltage 
feedback. This is mediated by opening of T-type 
and L-type voltage-activated Ca2+ channels, the 
resultant rise in [Ca2+]i increasing recruitment 
and frequency of store Ca2+ release through 
CICR. In addition, as shown in arteries [77] and 

as occurs in GIT pacemaking [70, 72, 78], there 
is likely to be a depolarisation-induced increase 
in the production of IP3, which will also recruit 
and increase the frequency of store Ca2+ release 
(Fig.  13.3). These mechanisms underpin the 
onset and maintenance of vasomotion in various 
blood and lymphatic vessels [74, 79]. Agonist- 
induced vasomotion in mesenteric and portal 
veins indicates that such vasomotion is also 
mediated by the Ca2+ clock [27, 40]. In contrast, 
if membrane clock pacemaking indeed underlies 
vasomotion in mouse portal vein [41], then this 
will occur through entrainment of membrane 
pacemaker/AP firing in the cells with pacemaker 
function within the cellular syncytium.

The physical process whereby cycling intra-
cellular Ca2+ stores interact as coupled oscillators 
to pace vasomotion in various veins, arteries and 
lymphatics is also applicable to other cellular syn-

Ca2+

InsP3

DV+Cav
2+

Fig. 13.3 Feedback interactions between the cell mem-
brane potential and SR/ER store Ca2+ release. 
Depolarisation (ΔV+) across the cell membrane causes 
Ca2+ entry through activation of voltage-dependent Ca2+ 
channels and/or acts at unknown functional site(s) such as 
agonist receptors, G proteins or PLC to activate PLC and 
initiate synthesis of IP3. In turn Ca2+ and/or IP3 activate 
IP3R- and/or RyR-operated Ca2+ release channels in the 
SR/ER, with the Ca2+ activating a Ca2+-activated inward 
current causing further depolarisation (see also Fig. 13.2; 
reproduced with permission in modified form from [72])
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cytia. These include pericyte cells that pace and 
mediate vasomotion in venules and  precapillary 
arterioles; rhythmic contractions in various other 
SMs; and cellular syncytia such as ICC cells that 
pace GIT motility. In case of the latter, it tran-
spires that the pacemaker mechanism underlying 
GIT motility involves both a membrane clock 
pacemaker involving T-type Ca2+ channels [65, 
80–86] and a Ca2+ clock pacemaker (considered 
above). IP3 receptor-operated Ca2+ channels have 
a key role in the GIT slow-wave Ca2+ clock pace-
maker though RyR Ca2+ release channels are also 
involved [72, 87]. As for vasomotion, coupled 
oscillator-based entrainment of cycling Ca2+ 
stores provides an explanation for the observation 
of rhythmical summation of STDs pacing genera-
tion of slow waves in strips of gastric smooth 
muscle [72, 76]. Thus, the Ca2+ clock and the 
membrane clock provide physical oscillators 
underlying the long-held proposal that slow wave-
related GIT motility arises through intercellular 
coupled oscillator-based entrainment, a model 
that fits observations of a frequency gradient 
along the intestine [62, 67, 88]. In the case of the 
Ca2+ clock, voltage coupling again provides feed-
back to recruit or increase oscillatory Ca2+ release 
from Ca2+ stores, due presumably to STDs 
increasing depolarisation- induced production of 
IP3 [70, 72, 78] and/or entry of Ca2+ through 
T-type Ca channels [65]. This strengthens cou-
pling allowing intercellular entrainment of store 
Ca2+ release, the store release/refill cycle in ICCs 
now entrained to cycle at the same frequency, the 
resultant depolarisation transmitting through gap 
junctions to pace slow waves and resultant con-
tractions in the SM [72, 76].

In an overview, vasomotion may arise from 
the Ca2+ clock or membrane clock or through 
pacemaking involving both clocks. Regardless, 
effective pacemaking at the multicellular level 
depends on coupled oscillator-based entrain-
ment. In the case of the Ca2+clock this involves 
entrainment of cycling Ca2+ stores, whereas for 
the membrane clock it involves entrainment of 
membrane pacemaker-driven APs in pacemaker 
cells. In the case where both pacemaker mecha-
nisms are functional, studies on heart pacemak-
ing indicate a symbiotic interaction [89, 90].

13.3  Do Specific Pacemaker Cells 
Underlie Venous 
Vasomotion?

The finding that pacemaking in the GIT is medi-
ated by a separate network of cells termed inter-
stitial cells of Cajal (ICCs) [63, 91–95] opens up 
the possibility that this may be more general phe-
nomena. Indeed, this was found to be the case in 
other SMs including SM in the urethra and pros-
tate where interstitial cells (ICs) are present and 
have been implicated as pacemakers [96, 97]. As 
for the GIT, ICs drive contractions in urethral and 
prostatic SM by inducing depolarisation through 
store Ca2+ release activating Ca2+-activated Cl− 
channels and resultant STDs [98, 99]. Entrainment 
of the underlying activity together with enhance-
ment through resultant increased Ca2+ entry and 
CICR generates pacemaker current that flows 
through gap junctions into the SM opening 
voltage- dependent Ca2+ channels and resultant 
contraction. A defining characteristic of GIT, ure-
thral and prostatic interstitial cells is that most are 
revealed by staining procedures using an anti-
body against tyrosine-protein kinase KIT 
(CD117). However, in organs such as the guinea 
pig prostate there are also ICs that are Kit nega-
tive but vimentin positive [100]. At present, it is 
not known whether Kit-positive, Kit-negative or 
both types of prostatic ICs are the pacemaker 
cells [97].

The case that ICs pace vasomotion in veins 
and more generally in other blood vessels and 
lymphatics has yet to be substantiated. In very 
small vessels such as venules, pericytes both gen-
erate and mediate vasoconstriction [7]. 
Vasomotion in veins that enter the heart near the 
point of entry is driven by atrial-like cardiomyo-
cytes which appear to self-pace to generate vaso-
motion. Thus, at present there is no evidence 
implicating ICs as pacemaker cells in both of 
these instances of vasomotion. The existence of 
ICs in the walls of blood and lymphatic vessels is 
known [101–103] but whether they subserve a 
pacemaker role to drive SM-based vasomotion is 
still inconclusive [104]. This said, there is con-
siderable heterogeneity between the strength of 
pacemaker potentials in different lymphatic 
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chambers so in this tissue there is at least some 
form of specialisation in relation to generation of 
pacemaking [39]. While guinea pig mesenteric 
arteries have ICs, there is no evidence for these 
having a pacemaker role [105]. In contrast, as 
considered further below, it remains possible that 
ICs present in the walls of the rabbit portal vein 
and the frog postcaval vein have a pacemaker role 
[104, 106]. However, a study on mouse portal 
vein found no evidence for IC-driven pacemak-
ing [41]. ICs are also present in human pulmo-
nary veins but their role has yet to be investigated 
[107].

The morphology of rabbit portal veins is 
atypical, while having a normal endothelium 
and surrounding circular SM there is also an 
outer layer of longitudinal SM.  An ultrastruc-
tural study noted that proposed “SM” cells in 
the inner media were irregular in shape and 
made membrane contacts with neighbouring 
cells through a network of cytoplasmic pro-
cesses [108]. The role of ICs in other veins has 
yet to be explored, though proof of the presence 
of ICs in rabbit portal vein has arisen through 
immunohistochemical labelling and enzymatic 
cell isolation of two populations of non-contrac-
tile Kit-positive ICs were found in the media. 
One of the IC populations presented as small 
round cells in the sub-endothelial layer and the 
other were long spindle cells in the intramuscu-
lar layer, located about 30  μm and 70  μm, 
respectively, from the endothelium [109]. 
Electrophysiological recording and Ca2+ imag-
ing indicated that ICs and SM cells (SMCs) 
exhibited STDs, Ca2+ sparks and waves. Proof 
that ICs were pacemaker cells was inconclusive 
as SMCs were at times also observed to be 
spontaneously active, triggered by their own 
STDs. A factor presented in support of ICs hav-
ing a pacemaker role relates to the density of 
rabbit portal vein ICs which is variable [104], a 
finding that could be consistent with observa-
tions of multiple pacemaker sites as reported in 
the rat portal vein [110]. Studies on groups of 
ICs indicate rapid signal transmission between 
rabbit portal vein ICs, the rise in [Ca2+]i occur-
ring within ~0.2  s. However, communication 
between ICs and SMCs occurs with a markedly 

slower delay with the rise in [Ca2+]i occurring up 
to 4 s following IC depolarisation. This suggests 
that SMCs are not tightly coupled via gap junc-
tions to ICs and hence are not electrically inter-
connected, thus communication most likely 
occurring through IC-based release of a para-
crine agent [111]. Whether ICs could pace vaso-
motion in this circumstance would depend on 
factors such as spatial release and spread of the 
paracrine agent, which would need to activate 
sufficient SMCs to drive them to threshold for 
voltage-dependent Ca2+ entry and resultant SM 
contraction/vasomotion. Thus, while it remains 
possible that ICs pace vasomotion in this atypi-
cal rabbit portal vein further proof is required. 
The functional role of ICs in veins has only been 
reported in one other study, the frog postcaval 
vein [106]. A 5-min exposure to laser light 
aimed at inactivating ICs identified by methy-
lene blue slowed pacemaking in methylene 
blue-treated veins but not in the absence of 
methylene blue. This study suggests that ICs  in 
the frog postcaval vein may have either a pace-
maker or a modulatory role. The role of ICs in 
other veins has yet to be explored.

13.4  Modulation of Vasomotion

So far, discussion of modulatory factors has 
been confined to agents that modulate vasomo-
tion by interacting with store Ca2+ release. 
Noradrenaline is a key example which by 
increasing production of IP3 enhances store Ca2+ 
release and hence vasomotion. However, there 
are various other mechanisms by which vaso-
motion is modulated, the endothelium being a 
major modulator.

13.4.1  The Endothelium

Endothelial cells (ECs) exhibit different mor-
phologies and functions dependent on the vessel, 
be they veins or arteries. Venous ECs tend to be 
shorter and wider than arterial ECs [1]. 
Additionally, some veins, like lymphatics, have 
valves which inhibit the backflow of blood.
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In smaller arteries and arterioles, ECs connect 
to the SM by myoendothelial gap junctions but 
this is not so common for larger arteries and 
veins, with the exception of pulmonary veins 
[112]. In lymphatic vessels there is also no evi-
dence for myoendothelial gap junction-based 
connectivity between the endothelium and SM 
[113, 114]. Thus veins, as for lymphatics [115–
117], will modulate vasomotion largely through 
release of modulating factors including vessel-
relaxing factors such as endothelium-derived 
nitric oxide (EDNO) which relaxes SM through 
increasing soluble guanylate cyclase and hence 
increasing cGMP [114, 118–121]. The vascular 
endothelium also releases prostaglandins such as 
PGE2, which causes relaxation through increas-
ing cAMP [120, 122]. One mechanism by which 
cAMP causes relaxation involves activation of 
protein kinase A (PKA) which is proposed to 
both reduce [Ca2+]i and inhibit myosin light-chain 
(MLC-20) phosphorylation and hence contrac-
tion [123]. However, studies on lymphatic SM 
indicate that the cAMP/PKA pathway also causes 
hyperpolarisation by activation of KATP channels, 
the net effect being a decrease in lymphatic vaso-
motion and decrease in the STDs arising from 
store Ca2+ release events [124–126]. EDNO 
increases cGMP to cause relaxation [118] and 
hence will inhibit venous vasomotion [120]. 
PGE2 can cause either relaxation or contraction 
depending on the receptor subtypes activated; in 
veins PGE2 causes relaxation by acting on the 
EP4 receptor which increases cAMP [127, 128] 
and therefore inhibits venous vasomotion.

13.5  Voltage-Dependent Ca2+ 
Entry

Vasomotion depends on Ca2+ entry into the SM to 
trigger contraction. This involves activation of 
voltage-dependent Ca2+ channels which once 
regenerative result in an AP. The AP in veins is 
primarily carried by L-type voltage-dependent 
Ca2+ channels with little if any evidence for a 
substantial role of voltage-dependent Na+ chan-
nels, though they are present in some venous SM 
(e.g. rat portal vein [129]). SM contraction occurs 

through the increased [Ca2+]i resulting from the 
Ca2+ that enters the cell during the AP combined 
with amplification by CICR from Ca2+ stores. 
Following from the initial evidence that action 
potentials in portal venous SM were dependent 
on extracellular [Ca2+] [130], two types of Ca2+ 
channels were demonstrated. One is an L-type 
Ca2+ channel and the other has characteristics 
similar to low-threshold T-type Ca2+ channels 
[131–134]. These channels are fundamental to 
vasomotion as they provide a positive-feedback 
pathway between the depolarisation caused by 
store Ca2+ release and more global store Ca2+ 
release, thus allowing store oscillators to entrain. 
In this regard, it has been found that rabbit portal 
vein ICs also have L-type Ca2+ channels though 
the presence of T-type Ca2+ channels was not 
reported [109].

13.6  K+ Channels

The hyperpolarisation induced by K+ channel 
activation is inhibitory, slowing or stopping vaso-
motion, with the pacemaker taking longer to 
reach threshold or failing to do so. Studies on 
blood vessels indicate that there are four classes 
of K+ channels: ATP-sensitive (KATP); Ca2+-
activated K+ channels including large- 
conductance (BKCa), intermediate-conductance 
(IKCa) and small-conductance (SKCa) channels; 
voltage-gated K+ (KV); and inward rectifier (KIR) 
channels [135]. The relative contribution of these 
varies with vessel. For example, BKCa has a dom-
inant role in pulmonary and saphenous veins but 
KATP channels are also functional [120, 136].

KATP channels provide a means for fine regula-
tion of vascular tone and hence blood pressure; in 
the case of veins, KATP channels may regulate 
vascular volume. KATP channels also have the 
potential to modulate vasomotion. Indeed, just as 
Ca2+-activated Cl− channels or the sodium/cal-
cium exchanger (NCX) couple store Ca2+ release 
to the membrane potential (Vm), KATP channels 
couple intracellular metabolic events (e.g. ATP/
ADP ratio, pH) to Vm activity [137]. KATP channel 
activity and hence venous tone are also modu-
lated by endogenous vasodilators (VIP,  adenosine, 
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CGRP) as well as vasoconstrictors (e.g. angio-
tensin II, noradrenaline, histamine) [137]. The 
family of KATP channels comprises four inwardly 
rectifying K+ channel subunits and four regula-
tory sulphonylurea receptors. The properties of 
KATP channels in venous SM have dominantly 
been studied in the rabbit portal vein [138–141]. 
More recently, studies on mouse portal vein SM 
have determined the molecular nature of the KATP 
channel subunits present, demonstrating the pres-
ence of KIR6.1, an inwardly rectifying K+ chan-
nel that is associated with the sulphonylurea 
receptor subunit SUR2B [142].

13.7  Conclusions

Vasomotion in veins while less well studied than 
that in arteries/arterioles or lymphatics is func-
tional in many vessels. In arteries/arterioles vaso-
motion has been shown to improve vascular 
perfusion and is proposed to improve delivery of 
oxygen to tissues surrounding their capillary 
beds [143, 144]. Many veins have unidirectional 
valves so vasomotion may also improve venous 
return from these vessels. Movement induced by 
vasomotion would also reduce stasis and hence 
the potential for blood clotting. Vasomotion may 
also be a mechanism that increases the reactivity 
of a blood vessel, hence avoiding maintained 
force generation [145], and in pulmonary veins 
vasomotion has been shown to modulate fluid fil-
tration pressures by regulating recruitment and 
distension of upstream alveolar wall capillaries 
“and thus ventilation-perfusion matching in the 
lung” [120].

The mechanism of vasomotion is well 
described by a coupled oscillator model. In most 
cases this occurs through entrainment of the store 
release/refill cycle of SR/ER Ca2+ stores (i.e. the 
Ca2+ clock) which causes membrane depolarisa-
tion by influx of inward current across the cell 
membrane. This normally occurs in veins through 
the activation of Ca2+-activated Cl− channels but 
in other tissues can be activated by different 
channels and/or by sodium/calcium exchange. 
Pacemaking may also occur by pacemaker- 
generated APs in the cell membrane (i.e. mem-

brane clock). In both cases, entrainment of the 
oscillators requires intercellular coupling, which 
in most tissues including veins is mediated by 
electrical pathways. This occurs through gap 
junctions between the SMCs but in cases where 
there are myoendothelial gap junctions is 
enhanced by current flow through the ECs, which 
provide a lower resistance pathway. Another fun-
damental requirement for establishment of vaso-
motion is long-range interaction between cell 
membrane depolarisation and oscillatory activity 
[74, 79]. In the case of the Ca2+ clock pacemaker, 
this functions through the depolarisation- 
associated current caused by local Ca2+ release 
causing depolarisation over wider regions. This 
in turn leads to voltage-dependent Ca2+ entry and 
presumably also through enhanced synthesis of 
IP3, both initiating or enhancing oscillatory Ca2+ 
release from other stores facilitating global 
entrainment of the store Ca2+ release/refill cycle. 
Voltage coupling has a 500–1000-fold longer 
range than achieved by intercellular diffusion of 
Ca2+ or IP3 [76]. The process for the membrane 
clock pacemaker also depends on long-range 
voltage coupling the intercellular current flow 
between oscillatory activity in individual cells 
facilitating global entrainment. Vasomotion is 
readily modulated being enhanced by agents that 
increase [Ca2+]i and/or synthesis of IP3 (e.g. nor-
adrenaline) and inhibited by agents that increase 
cGMP or cAMP (e.g. EDNO or PGE2, respec-
tively). Ca2+ clock-based vasomotion in veins 
shares close parallels with vasomotion in arteries 
and lymphatics and more generally with rhyth-
mic contractions/constrictions in other smooth 
muscles such as the GIT [74, 76, 79].

Rhythmic multicellular activity is a building 
block of life being fundamental to the function 
of many organs including the heart and brain, 
the latter exhibiting an enormous array of 
rhythms. The concept that pacemaking can be 
generated by one or more clocks is nicely dem-
onstrated in the heart with pacemaking medi-
ated by a symbiosis between the Ca2+ and 
membrane clock pacemakers [89]. While most 
studies on vein vasomotion indicate a Ca2+ clock 
pacemaker, the finding that mouse portal vein 
does not operate this way [41] and is likely to 
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operate by a  membrane clock pacemaker opens 
up the concept that both mechanisms are func-
tional in veins depending on species and condi-
tions. As is evident from heart pacemaker 
studies, the combined presence of the Ca2+ and 
membrane clock pacemaker mechanisms allows 
exquisite neural and hormonal modulation of 
pacemaking while maintaining stability [90]. 
The same may well apply to vein vasomotion 
with neurotransmitters/hormones acting through 
the Ca2+ clock pathway to have a “starter motor” 
function to initiate vasomotion and/or to modu-
late the frequency and/or strength of ongoing 
vasomotion.
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Role of Pericytes in the Initiation 
and Propagation of Spontaneous 
Activity in the Microvasculature
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Abstract
The microvasculature is composed of arte-
rioles, capillaries and venules. Spontaneous 
arteriolar constrictions reduce effective vas-
cular resistance to enhance tissue perfusion, 
while spontaneous venular constrictions 
facilitate the drainage of tissue metabolites 
by pumping blood. In the venules of visceral 
organs, mural cells, i.e. smooth muscle cells 
(SMCs) or pericytes, periodically generate 
spontaneous phasic constrictions, Ca2+ tran-
sients and transient depolarisations. These 
events arise from spontaneous Ca2+ release 
from the sarco-endoplasmic reticulum (SR/
ER) and the subsequent opening of Ca2+-
activated chloride channels (CaCCs). CaCC- 
dependent depolarisation further activates 
L-type voltage-dependent Ca2+ channels 
(LVDCCs) that play a critical role in main-
taining the synchrony amongst mural cells. 
Mural cells in arterioles or capillaries are also 

capable of developing spontaneous activity. 
Non- contractile capillary pericytes generate 
spontaneous Ca2+ transients primarily relying 
on SR/ER Ca2+ release. Synchrony amongst 
capillary pericytes depends on gap junction- 
mediated spread of depolarisations resulting 
from the opening of either CaCCs or T-type 
VDCCs (TVDCCs) in a microvascular bed- 
dependent manner. The propagation of cap-
illary Ca2+ transients into arterioles requires 
the opening of either L- or TVDCCs again 
depending on the microvascular bed. Since 
the blockade of gap junctions or CaCCs pre-
vents spontaneous Ca2+ transients in arteri-
oles and venules but not capillaries, capillary 
pericytes appear to play a primary role in 
generating spontaneous activity of the micro-
vasculature unit. Pericytes in capillaries 
where the interchange of substances between 
tissues and the circulation takes place may 
provide the fundamental drive for upstream 
arterioles and downstream venules so that 
the microvasculature network functions as an 
integrated unit.
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14.1  Introduction

The function of circulation is to serve the tissue 
demands to maintain an appropriate environment 
for cellular activity. The rate of blood flow in 
individual tissues can be substantially varied, and 
is precisely regulated corresponding to the activ-
ity of cells within each tissue. The microvascula-
ture of each tissue, consisting of arterioles, 
capillaries and venules, functions as an integrated 
unit to maintain microcirculation. The microcir-
culation serves to regulate regional blood flow 
and capillary perfusion, thereby ensuring the 
delivery of oxygen and nutrients to meet the spa-
tiotemporal dynamics in local metabolic demands 
as well as the removal of cellular metabolites.

Arterioles are considered to play a predomi-
nant role in controlling the vascular resistance 
and hence the distribution and rate of blood flow 
into individual tissues, while substance exchange 
between blood and tissues primarily occurs 
across the wall of capillaries. Thus, there must be 
intrinsic mechanisms for transmitting the meta-
bolic state of the tissue to the upstream arteriolar 
contractility, which determines arteriolar diame-
ter. In arterioles, locally evoked vasomotor 
responses, i.e. both vasoconstriction and vasodi-
latation, conduct bidirectionally over distances 
by the spread of electrical signals via gap junc-
tions, indicating that arteriolar networks function 
as a coordinated syncytium [1, 2]. Physiologically, 
the conducted vasomotor responses originate 
from capillaries, where metabolic demands occur 
and are promptly sensed, and spread to their 
upstream arterioles to adjust blood flow of the 
arterioles to meet the tissue demands [3, 4]. 
Furthermore, capillary perfusion in different 
regions within each tissue is precisely regulated 
to meet the energetic demands of neighbouring 
metabolically active cells, and thus there is a con-
siderable heterogeneity of capillary perfusions 
even within the same tissue [5–7].

There is growing evidence indicating that cap-
illaries play a more active role in regulating 
regional blood flow than previously thought. 
Thus, capillary pericytes in several vascular beds 
of the central nervous system (CNS) are contrac-
tile and play an active role in regulating capillary 

diameter and their blood flow [8–11]. In addition, 
the dilatory signals generated in capillary peri-
cytes spread to upstream arterioles to facilitate 
capillary perfusion [9, 12]. Thus, capillary peri-
cytes may well sense neighbouring neuronal 
activity or metabolic conditions and regulate the 
contractility of capillaries as well as the upstream 
arterioles resulting in functional hyperaemia. 
Similarly, the propagated vasodilatation originat-
ing from capillaries is the mechanism underlying 
active hyperaemia matching blood supply to 
meet metabolic demands of skeletal muscle dur-
ing exercise [3, 4, 13].

In the microvasculature of visceral organs, the 
mechanisms in regulating vascular contractility 
have been investigated mostly in the arterioles, 
particularly focusing on their neuronal or endo-
thelial regulation [14–16], while those in capil-
laries or venules are less understood. Since 
capillary filtration and reabsorption are functions 
of hydrostatic pressure that is determined by the 
gradient of arteriolar and venular pressures, the 
determinant of the capillary exchange is changes 
in the contractile properties of not only arterioles 
but also venules [17–19]. As the microcirculation 
in visceral organs is substantially affected by 
extravascular factors, e.g. rises in the intralumi-
nal pressure of the organs, compression by lumi-
nal contents or organ wall distension, it may have 
intrinsic contractile properties to resist such 
extravascular influences. Indeed, in visceral 
organs that undergo considerable wall disten-
sions or rises in the luminal pressure upon filling, 
e.g. urinary bladder [20–23], stomach [24–26], 
colon [27] or rectum [28], the microvasculature 
displays spontaneous, periodic Ca2+ transients, 
transient depolarisations and corresponding pha-
sic constrictions. Thus, it is envisaged that spon-
taneous activity of the microvasculature network 
in visceral organs plays a fundamental role in 
maintaining the microcirculation.

14.2  Spontaneous Vasomotion

In many vascular beds, periodical oscillations in 
vascular diameter and/or tone, known as sponta-
neous vasomotion, arise from cycles of 
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 spontaneous phasic contraction and relaxation in 
vascular smooth muscles both in vivo and in vitro 
[29–32]. Since the early study of Jones [33], 
properties of spontaneous vasomotion in veins or 
venules of the bat wing in vivo have been exten-
sively studied [34, 35]. Spontaneous vasomotion 
in vivo has also been investigated in a variety of 
other arteriolar or arterial vascular beds, includ-
ing arterioles in hamster skin fold window prepa-
rations [36], arterioles in rabbit skeletal muscle 
[37], cerebral arterioles of rabbit [38], rat basilar 
arteries [39] and hamster cheek pouch arterioles 
[40]. More recently, oscillatory vasomotion and 
associated Ca2+ signals in SMCs of ear arterioles 
are simultaneously recorded using transgenic 
mice which express the fluorescence resonance 
energy transfer (FRET)-based Ca2+/myosin light-
chain kinase (MLCK) biosensor [41].

In both intact and isolated vessels of the bat 
wing, similar patterns of rhythmic venous vaso-
motion are observed [34], indicating that vaso-
motion is generated within the vascular wall as 
an intrinsic property. In the cerebral microvas-
culature of rabbit, variations in vessel diameter 
occur simultaneously in adjacent arterioles and 
venules [38], suggesting that vasomotion in dif-
ferent microvascular segments is driven by 
local factors that may include a common pace-
maker site. In this microvasculature unit, 
smaller vessels are much more resistant to the 
effects of anaesthesia that abolishes spontane-
ous vasomotion in larger vessels (>50 μm). In 
rabbit skeletal muscle, after the release of an 
occlusion, vasomotion reappears much earlier 
in the first-order side branches than in their 
feeding transverse arterioles [37]. Thus, spon-
taneous vasomotion may originate from periph-
eral microvascular segments and then spread to 
central segments.

Isolated arterial or arteriolar segments are also 
capable of developing spontaneous phasic con-
tractions, supporting the notion that spontaneous 
vasomotion seen in vivo is generated within the 
vascular wall. Spontaneous phasic contractions 
are preferentially demonstrated in arterioles or 
smaller arteries such as rat ideal arterioles [42, 
43], several arterioles of hamster [44] and rat 
basilar arteries [45]. A unique study using a rab-

bit head-mounted preparation in which the neural 
control of ocular blood flow is eliminated, per-
fused choroidal arterioles in situ develop sponta-
neous vasomotion [46]. Oscillatory phasic 
contractions can be induced in arteries from vari-
ous vascular beds by vasoconstrictor agonists, 
such as rat mesenteric arteries (noradrenaline 
[47], phenylephrine [48]), rabbit mesenteric 
arteries (phenylephrine) [49] or rabbit ear resis-
tance arteries (histamine) [50], suggesting that 
even quiescent arterial segments have the poten-
tial to develop oscillatory activity but require an 
external stimulus.

When changes in the membrane potential or 
intracellular Ca2+ concentrations are recorded 
simultaneously with vascular contractions, spon-
taneous phasic contractions are associated or pre-
ceded by oscillatory electrical or Ca2+ activity 
[42, 45, 51–54]. Nifedipine-sensitive spontane-
ous slow waves or action potentials are generated 
in vivo in hamster cheek pouch arterioles [51]. In 
the same preparation, cycling of intracellular 
Ca2+ concentration precedes their corresponding 
diameter reductions [55]. In isolated rat basilar 
arteries, nifedipine abolishes spontaneous rhyth-
mical depolarisations and contractions [45]. In 
contrast, spontaneous slow waves, Ca2+ transients 
and corresponding contractions in rat iridial arte-
rioles are not inhibited by nifedipine [42]. 
Vasomotion and intracellular Ca2+ oscillations in 
these arterioles are voltage independent and 
appear to result from the cyclical release of Ca2+ 
from inositol 1,4,5-trisphosphate (InsP3)-
sensitive stores. Thus, the Ca2+ source and mem-
brane ion channels underlying spontaneous 
vasomotion vary considerably amongst different 
vascular beds.

There appears to be a gradation in the occur-
rence of spontaneous vasomotion in different 
microvascular segments, in which spontaneous 
vasomotion is more prevalent in smaller vascular 
segments. In human pial arteries, 75% of the ves-
sels with a diameter of less than 200 μm generate 
spontaneous electrical activity, while only 35% 
of the vessels with a diameter >200 μm are spon-
taneously active [52]. Thus, spontaneous depo-
larisations and associated Ca2+ transients are also 
more prevalent in smaller vascular segments. 
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Taken together, the propagation of spontaneous 
transient depolarisations from the peripheral to 
central vascular segments appears to be the 
mechanism underlying spontaneous vasomotion 
[1, 2, 54]. Of particular interest is whether capil-
laries that have a close communication with 
neighbouring metabolically active cells may 
drive the spontaneous activity in other microvas-
cular segments.

14.2.1  Spontaneous Activity 
in Different Microvascular 
Segments

The microvasculature network can be divided 
into five segments, i.e. arterioles, precapillary 
arterioles (PCA), capillaries, postcapillary 
venules (PCV) and venules, and there are hetero-
geneity and transition in mural cells of different 
microvascular segments [56, 57]. Arterioles are 
surrounded by densely packed, circumferentially 
arranged vascular SMCs, while venules are cov-
ered by stellate-shaped pericytes or spindle- 
shaped SMCs. PCAs, capillaries and PCVs are 
covered by morphologically distinct pericytes 
that have a typical ‘bump-on-a-log’ appearance 
with processes extending from their soma. These 
morphological characteristics of the mural cells 
in different microvascular units are ubiquitously 
demonstrated in ureteric microvascular networks 
[58] or the CNS [59, 60] by the fluorescence 
labelling of specific marker proteins of the mural 
cells or genetically engineering mural cell- 
specific expression of fluorescent marker pro-
teins. Widely used markers for pericytes include 
platelet-derived growth factor receptor β 
(PDGFRβ), a transmembrane protein; neuron- 
glial antigen 2 (NG2), also known as chondroitin 
sulphate proteoglycan 4 (CSPG4); desmin, an 
intracellular intermediate filament; or α-smooth 
muscle actin (α-SMA) [56]. Morphological prop-
erties of mural cells in different microvascular 
segments, including pericytes, have also been 
revealed by scanning electron microscopy in sev-
eral vascular beds [61–63]. Thus, different seg-
ments of the microvasculature network can be 
identified by the morphology of the mural cells 
present. 

NG2-DsRed mice express a red fluorescent 
protein variant (DsRed.T1) under the control of 
NG2 chondroitin sulphate proteoglycan 4 
(Cspg4) promoter [64]. In the bladder suburothe-
lium of NG2-DsRed mice, the NG2-DsRed fluo-
rescence localises in mural cells of arterioles and 
branched capillaries forming an extensive tree-
like network [20]. Staining of endothelium with 
endothelial markers, e.g. CD31, endothelial nitric 
oxide synthase (eNOS) or von Willebrand factor 
(vWF), allows the visualization of the whole 
microvasculature network including NG2 (−) 
segments. The extensive network of NG2 (+) 
pericyte-wrapped capillaries is located just 
beneath the urothelium, while the arteriole- 
capillary tree covered by NG2 (+) pericytes or 
SMCs is distributed in the lamina propria facing 
the detrusor smooth muscle layer. 
Circumferentially arranged arteriolar SMCs 
express strong NG2-DsRed fluorescence, while 
no NG2-DsRed fluorescence is detected in the 
pericytes of venules running in parallel. NG2 (+) 
pericytes in PCAs have a typical ‘bump-on-a- 
log’ appearance with an oval-shaped soma 
extending circumferentially arranged processes. 
In capillaries, NG2 (+) pericytes also have a 
bump-on-a-log appearance with an oval-shaped 
soma but extend bipolar longitudinal processes 
running along the capillaries. Inter-pericyte dis-
tance is larger in capillaries than PCAs, and thus 
the density of pericytes in capillaries is less com-
pared with PCAs as in the case of the rat retina 
[65]. Pericytes in PCVs have a short oval-shaped 
soma with extending processes and expressing a 
faint NG2-DsRed fluorescence. Similar NG2 
expression patterns in different microvascular 
segments have been demonstrated by immuno-
histochemical studies of fixed bladder suburothe-
lium using NG2 antibodies where arteriolar 
SMCs and capillary pericytes but not venular 
pericytes express NG2 [21, 66]. Desmin staining 
reveals the morphology of not only NG2 (+) 
mural cells, but also stellate-shaped NG2 (−) 
pericytes in venules (Fig. 14.1).

NG2 (+) pericytes in PCAs develop highly 
synchronous spontaneous Ca2+ transients, while 
NG2 (+) pericytes in capillaries that have a larger 
soma length exhibit nearly synchronous or 
 propagated spontaneous Ca2+ transients at a simi-
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lar frequency [20]. Within a capillary network, 
spontaneous Ca2+ transients in NG2 (+) capillary 
pericytes propagate from one to another over an 
inter-pericyte distance of up to 50 μm. In a PCA 

tree containing several capillaries, Ca2+ transients 
in the capillary pericytes spread into the ‘trunk’ 
PCA triggering Ca2+ transients in PCA pericytes 
as well as pericytes in other capillary branches. 
Despite the generation of temporally correlated 
spontaneous Ca2+ transients in pericytes of the 
connected capillaries and PCAs, SMCs in con-
nected arterioles remain quiescent. Both NG2 (+) 
pericytes in PCVs and NG2 (−) pericytes in 
venules also exhibit propagated spontaneous Ca2+ 
transients at a similar frequency. At the junction 
of PCVs and venules, Ca2+ transients in PCV 
pericytes spread into venules to trigger Ca2+ tran-
sients in venular pericytes and vice versa, and 
thus pericytes in connected PCVs and venules 
generate temporally correlated Ca2+ tran-
sients (Fig. 14.2).

In several vascular beds where capillary peri-
cytes are not spontaneously active, oscillatory 
Ca2+ transients and/or membrane depolarisations 
in pericytes can be evoked upon stimulation with 
neurotransmitters or humoral substances, e.g. 
acetylcholine (ACh) [67], angiotensin II [68] or 
arginine vasopressin [58], suggesting that even 
quiescent capillary pericytes have a potential 
oscillator that could be activated by physiological 
factors, e.g. neurohumoral substances, metabolic 
conditions or mechanical stimuli.

In the regions of the gastrointestinal (GI) tract 
that undergo wall stretch and/or compression 
during accommodation of their luminal content, 
mural cells in different microvascular segments 
develop spontaneous activity. In the submucosa 
of rat stomach, circumferentially arranged SMCs 
in venules [25] and pericytes in PCVs [26] gener-
ate spontaneous nearly synchronous Ca2+ tran-
sients, while arteriolar SMCs remain quiescent. 
In the myenteric layer of the guinea pig stomach, 
pericytes in capillaries and/or PCAs develop 
spontaneous nearly synchronous Ca2+ transients 
that spread into their connected arterioles to trig-
ger synchronous Ca2+ transients in arteriolar 
SMCs [24]. In the submucosa of the rat rectum, 
both pericytes in PCAs and SMCs in the venules 
exhibit spontaneous Ca2+ transients [28]. Thus, 
the identification of the mural cells developing 
spontaneous Ca2+ transients in different micro-
vascular segments varies amongst different 
microvascular beds.

A
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Fig. 14.1 Morphology of mural cells in different micro-
vascular segments. (A) NG2 (+) mural cells in the micro-
vascular network of NG2-DsRed mouse bladder mucosa. 
Extracted single-plane images of the same area show an 
extensive network of pericyte-covered capillaries distrib-
uted just beneath the urothelium (B), while arteriolar tree 
branching capillaries located in the outermost part of the 
suburothelium (C). (D, E) In a suburothelial microvascular 
network, endothelium is visualised by endothelium marker 
CD31 (green). Arteriolar SMCs express a strong NG2-
DsRed signal (red, a), while no fluorescence is detected in 
venular pericytes (v). Capillary pericytes (c) also express a 
strong NG2-DsRed signal, while pericytes in PCV (pcv) 
show a faint NG2-DsRed signal. (F) NG2 (+) pericytes in 
a PCA (pca) have an oval cell body with extending circum-
ferentially arranged processes. (G) Stellate-shaped peri-
cytes in a venule (v) and a PCV (pcv) are revealed by 
desmin immunohistochemistry, while an arteriole (a) is 
covered by circumferentially arranged SMCs. A pericyte is 
visualised by its immunoreactivity for desmin (green) on a 
capillary where endothelium is stained by nitric oxide syn-
thase immunoreactivity (eNOS, red). Nuclear staining 
with Hoechst (blue) indicates the pericyte cell body 
(arrow) with extending longitudinally oriented bipolar 
long processes. The scale bar in (A) also refers to (B, C), 
and the scale bar in (D) also refers to (E)
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14.2.2  Contractility of Different 
Microvascular Segments

Arterioles or venules are surrounded by contrac-
tile SMCs, while PCAs, capillaries and PCVs are 
covered by morphologically distinct pericytes. 
Pericytes in PCAs and PCVs express α-SMA and 
are contractile, while capillary pericytes are often 
not stained by α-SMA immunohistochemistry or 
actin staining using fluorescently labelled phal-
loidin [58, 59, 69, 70], thus displaying a hierar-
chy of α-SMA expression in mural cells of 
microvascular trees [71]. Nevertheless, capillary 
pericytes in several vascular beds of the CNS, 
e.g. brain and retina [8, 9, 11] or heart [72], are 
contractile and play an active role in regulating 
capillary diameter and their blood flow. A recent 
study employing a technique to prevent filamen-
tous actin depolymerisation demonstrated 

α-SMA expression in capillary pericytes of the 
retina [73]. Thus, actin polymerisation and depo-
lymerisation in capillary pericytes may be 
dynamic, and a lack of α-SMA detection in fixed 
preparations does not necessarily mean non- 
contractile cells. 

In different microvascular segments of blad-
der suburothelium of NG2-DsRed mice, α-SMA 
is strongly expressed in NG2 (+) arteriolar 
SMCs and pericytes in PCAs, as well as NG2 
(−) venular pericytes where spontaneous Ca2+ 
transients are associated with vasoconstrictions 
[20]. The morphological characteristics of ven-
ular pericytes are consistent with those of other 
vascular beds, having a stellate-shaped appear-
ance due to their extensive processes [58, 74] 
and a NG2 (−), α-SMA (+) phenotype [69]. In 
contrast, no α-SMA expression is evident in 
NG2 (+) pericytes in capillaries that are not con-

PCA NG2-DsRed Cal520

PCV

Venule

10 s

Capillary

Fig. 14.2 Spontaneous Ca2+ transients in different micro-
vascular segments. NG2 (+) pericytes in PCAs of the 
NG2-DsRed mouse bladder develop synchronous sponta-
neous Ca2+ transients lasting about 20  s. NG2 (+) peri-
cytes in capillaries develop nearly synchronous 
spontaneous Ca2+ transients. PCV pericytes expressing a 
faint DsRed fluorescence generate propagated spontane-
ous Ca2+ transients lasting about 10 s. NG2 (−) venular 
pericytes generate propagated spontaneous Ca2+ tran-

sients. The timescale bar refers to all traces. Images of 
NG2 DsRed fluorescence (left row) and Cal520 flores-
cence (middle row, resting; right row, Ca2+ transients) in 
pericytes of PCA, capillary, PCV and venule. Note that 
NG2 (−) venular pericytes but not NG2 (+) arteriolar 
SMCs generate spontaneous Ca2+ transients. In each trace, 
spontaneous Ca2+ transients shown in different colours 
were recorded from four pericytes shown in the corre-
sponding Cal 520 image
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tractile. NG2 (+) contractile pericytes in distal 
PCVs express α-SMA, but their α-SMA expres-
sion and contractility gradually diminish in 
PCVs as their diameters decrease. Similar het-
erogeneity in the α-SMA expression and con-
tractility is reported in the microvascular units 
of the CNS [59, 70]. Thus, ‘non-contractile’ 
capillary pericytes in the bladder suburothelium 
may function as a driver of other contractile seg-
ments to regulate capillary blood flow rather 
than having their own contractile machinery to 
alter capillary diameter (Fig. 14.3).

In the rat bladder suburothelium, spontaneous 
venular constrictions predominately arise through 
synchronous Ca2+ transients and associated con-
tractions of spindle-shaped SMCs, while stellate- 
shaped pericytes also exhibit spontaneous Ca2+ 
transients resulting in constrictions. In the venu-
lar segments where these SMCs and pericytes are 
co-localised, they display synchronous Ca2+ tran-
sients suggesting that they are coupled with each 
other. Pericytes have been considered to be mul-
tipotent precursors for several different cell types, 
including SMCs [56, 75], and thus there seems to 
be a transition from pericyte-enveloped to SMC- 
enveloped venules, presumably to meet func-
tional demands.

Submucosal venules of rat proximal stomach 
[25], distal colon [27] and rectum [28] develop 
spontaneous phasic constrictions. Unlike the sub-
urothelial venules of the mouse bladder [20, 21], 
the contractile mural cells in the submucosal 
venules of these microvascular beds are circum-
ferentially arranged SMCs, not stellate-shaped 
pericytes. Stellate-shaped pericytes in PCVs of 
the proximal stomach exhibit spontaneous Ca2+ 
transients that are associated with spontaneous 
vasomotion [26], while PCAs in the rectum 
exhibit spontaneous Ca2+ transients that are sel-
dom associated with vasoconstrictions [28]. In the 
myenteric layer of the guinea pig stomach, spon-
taneous synchronous Ca2+ transients in pericytes 
of capillaries and/or PCAs are not associated with 
constrictions, while synchronous Ca2+ transients 
in arteriolar SMCs result in spontaneous constric-
tions upon the blockade of endogenous NO pro-
duction [24]. Thus, there seems to be heterogeneity 
of mural cells that develop spontaneous Ca2+ tran-
sients with or without contractility in different 
microvascular beds of visceral organs.

14.2.3  Origin of Spontaneous 
Activity

In the bladder suburothelium of NG2-DsRed 
mice, NG2 (+) pericytes in the connected PCA 
and capillaries generate synchronous spontane-
ous Ca2+ transients at the same frequency [20]. 

A
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Fig. 14.3 α-SMA expression in mural cells of different 
microvascular segments. (A–C) NG2 (+) pericytes (red) 
in a PCA (pca) of the NG2-DsRed mouse bladder express 
α-smooth muscle actin (α-SMA) immunoreactivity 
(green), while NG2 (+) pericytes in a capillary (c) branch-
ing from the PCA are α-SMA (−). NG2 (+) pericytes in a 
PCV (pcv) express faint α-SMA immunoreactivity. (D–F) 
NG2 (+) pericytes in a PCV (pcv) but not those in a con-
necting capillary (c) exhibit α-SMA immunoreactivity. 
(G–I) NG2 (−) pericytes in a venule (v) show strong 
α-SMA-immunoreactivity, while NG2 (+) pericytes in a 
connecting PCV (pcv) exhibit weaker α-SMA- 
immunoreactivity. NG2 (+) SMCs in an arteriole (a) show 
strong α-SMA immunoreactivity. The scale bar in 
(A) = 20 μm also refers to (B–I)

14 Role of Pericytes in the Initiation and Propagation of Spontaneous Activity in the Microvasculature



336

Since the blockade of gap junctions prevents Ca2+ 
transients in the PCA but not capillaries, peri-
cytes in capillaries appear to drive PCA pericytes 
to generate their Ca2+ transients. However, in a 
PCA tree with several branching capillaries, the 
‘driver’ capillary switches randomly from one 
capillary to another with time, suggesting that 
active capillaries that initiate spontaneous Ca2+ 
transients do not generally maintain their domi-
nance in  vitro. In vivo, it is envisaged that the 
dominance of a particular ‘driver’ capillary is 
determined by its local metabolic activity, adjust-
ing the capillary blood flow to meet energetic 
demands in the area it supplies. In the myenteric 
microvasculature network of the guinea pig 
stomach, synchronous spontaneous Ca2+ tran-
sients are also initiated in the pericyte-covered 
capillaries and spread into connected SMC- 
wrapped arterioles [24]. Imaging the cerebral 
microvasculature in  vivo shows that capillary 
dilatation in response to the excitation of vasodi-
latory neurons precedes arteriolar dilatation, sug-
gesting that hyperpolarising signals initiated in 
capillary pericytes may spread to arteriolar SMCs 
to facilitate capillary perfusion [9]. This notion is 
supported by electrophysiological experiments in 
the retina demonstrating the upstream spread of 
KATP current generated in capillaries [12]. 
Depolarisations induced by current injection into 
capillary pericytes in the retina are also effec-
tively transmitted to not only pericytes within the 
capillary network but also arterioles via gap junc-
tions [76]. Capillary pericytes in visceral organs 
may well sense local metabolic conditions to 
generate spontaneous Ca2+ transients and associ-
ated depolarisations that are transmitted to PCA 
pericytes and arteriolar SMCs in which the acti-
vation of LVDCCs results in oscillatory constric-
tions of the mural cells.

Spontaneous Ca2+ transients in capillary peri-
cytes do not consistently spread into connected 
PCA pericytes, suggesting that there may be gat-
ing functions at the junctions between capillaries 
and PCAs [20]. Studies on the retinal microvas-
culature indicate that the axial electrotonic volt-
age transmission is highly efficient, particularly 
in capillaries, but significant voltage dissipation 
occurs at branching points [76]. Although spe-

cialised units of SMCs located at arterial bifurca-
tions may serve as originators of rhythmic 
vasomotion in the microvasculature of kidney 
and skin [77, 78], this is not the case in the 
capillary- arteriolar network of the mouse bladder 
suburothelium [20] or the guinea pig stomach 
myenteric layer [24]. Thus, capillary pericytes 
appear to act as driver cells generating spontane-
ous Ca2+ transients and associated depolarising 
signals that entrain PCA pericytes as well as arte-
riolar SMCs to develop nearly synchronous Ca2+ 
transients in mural cells of these microvascula-
ture units. Since pericytes in capillaries are often 
non-contractile, measurements of vascular diam-
eter changes without their Ca2+ or electrical sig-
nals may conclude that spontaneous vasomotion 
originates from bifurcations where mural cells 
switch from non-contractile pericytes to contrac-
tile pericytes or SMCs. Interestingly, a higher 
density of LVDCCs is expressed in the bifurca-
tions compared with non-branching segments 
[78], and thus the bifurcations may function as 
converters of driving electrical signals originat-
ing from capillary pericytes into contractile sig-
nals in PCAs and arterioles.

The termination of spontaneous Ca2+ tran-
sients at the PCA-arteriolar junction of the blad-
der suburothelium is likely to be due to the more 
hyperpolarised membrane potential of arteriolar 
SMCs (around −70 mV) [20], and thus there may 
be a relatively abrupt drop in the membrane 
potentials at the junction between the PCA and 
the arterioles. Blockade of inward rectifier K+ 
channels (Kir) with Ba2+ depolarises the mem-
brane by about 30  mV, suggesting that inward 
rectifier K+ channels play a fundamental role in 
stabilising SMC excitability. In the pericyte- 
containing retinal microvasculature, hyperpolari-
sations generated by the opening of weakly 
rectifying Kir channels in pericytes located in the 
proximal segments spread to distal segments 
[65]. A recent study in mouse bladder feed arteri-
oles demonstrated that the arteriolar SMC mem-
brane potential remains about −70  mV 
irrespective of intraluminal pressure [79]. In the 
feed arterioles, blockade of these Kir channels 
restores pressure-induced constriction and mem-
brane depolarisation. Voltage dissipation at the 
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branch point between a capillary and its tertiary 
arteriole is also evident in the retinal microvascu-
lature [76]. In the myenteric microvasculature 
network of the guinea pig stomach, low- threshold 
TVDCCs appear to be functionally expressed 
[24]. Either Ca2+ entry or depolarisations upon 
the opening of TVDCCs would amplify sponta-
neous Ca2+ transients and in turn Ca2+-dependent 
depolarisation, and thus permit the spread of Ca2+ 
transients in PCA pericytes into arteriolar SMCs.

Spontaneous Ca2+ transients in the microvas-
culature of visceral organs are not affected by 
tetrodotoxin, guanethidine or phentolamine, indi-
cating that they occur independently of nerves, 
more specifically sympathetic nerve activity [21, 
22, 24, 25, 27, 28]. In the myenteric microvascu-
lature, comparison of spontaneous Ca2+ transients 
in myenteric interstitial cells of Cajal (ICC-MY) 
with those in neighbouring microvessels indi-
cates that there are no temporal correlation [24]. 
Thus, Ca2+ transients in capillary pericytes or 
arteriolar SMCs occur independently of ICC, 
well-established pacemaker cells electrically 
driving SMCs in the GI tract [80]. Furthermore, 
pericytes or SMCs of the myenteric microvascu-
lature and perivascular interstitial cells are not 
immunoreactive for Kit receptor, the universal 
marker for ICC [80]. Therefore, neither ICC nor 
Kit-positive interstitial cells found in other vis-
ceral organs act as pacemakers driving the spon-
taneous Ca2+ transients in the visceral 
microvasculature. Perivascular Ca2+-activated K+ 
channel SK3 (+) fibroblast-like cells [80] also 
fire asynchronous spontaneous Ca2+ transients 
but have no temporal correlation with microvas-
cular Ca2+ transients. Therefore, spontaneous 
activity in microvasculature originates within the 
mural cells themselves, more specifically capil-
lary pericytes.

14.3  Cytosolic Calcium Oscillators

Cytosolic Ca2+ oscillators arising from the cyclic 
release and uptake of Ca2+ by the sarco- 
endoplasmic reticulum (SR/ER) function as a 
ubiquitous mechanism underlying smooth mus-
cle pacemaking. While the uptake of Ca2+ into 

SR/ER is exclusively mediated by sarco- 
endoplasmic reticulum Ca2+-ATPase (SERCA), 
two distinct Ca2+ release channels, i.e. InsP3 
receptors and ryanodine receptors (RYRs), are 
involved in the Ca2+ release from SR/ER. Thus, 
InsP3 receptors, Ca2+ release channels in SR/ER 
membranes, play a predominant role in the spon-
taneous Ca2+ release in ICC of the GI tract [80–
82] and lymphatic SMCs [83, 84]. In comparison, 
interstitial cells of the urethra, atypical SMCs in 
renal pelvis and some arteriolar SMCs have Ca2+ 
stores that function to a varying extent through 
both ryanodine and InsP3 receptors to develop 
spontaneous activity [31, 85, 86].

Spontaneous Ca2+ transients in pericytes or 
SMCs in the microvascular of visceral organ seg-
ments are abolished by cyclopiazonic acid (CPA), 
an inhibitor for SERCA, indicating that Ca2+ han-
dling by SR/ER plays a primary role in the initia-
tion of the spontaneous Ca2+ transients [87]. 
Thus, uptake and release from SR/ER Ca2+ stores 
are well established as a ubiquitous mechanism 
underlying spontaneous vasomotion in arterioles 
or arteries [29, 31].

In the suburothelial venules of rat and mouse 
bladders, spontaneous Ca2+ transients in both 
pericytes and SMCs are abolished by caffeine 
[88] or 2-aminoethoxydiphenylborane (2-APB) 
that is known to block InsP3-induced Ca2+ release, 
or U73122, a phospholipase C (PLC) inhibitor, 
but not ryanodine, suggesting that InsP3 receptors 
rather than RYRs play a predominant role in gen-
erating the spontaneous Ca2+ release from SR/ER 
[21, 22]. 2-APB but not tetracaine, a blocker for 
Ca2+-induced Ca2+ release (CICR) via RYRs [89], 
prevents spontaneous Ca2+ transients and associ-
ated constrictions in submucosal venules of the 
rat stomach [25], indicating that mechanisms 
underlying spontaneous activity of the intestinal 
venules are basically similar to those of suburo-
thelial venules of the bladder (Fig. 14.4).

In contrast, both caffeine and tetracaine inhibit 
spontaneous Ca2+ transients in PCAs and capil-
laries of the bladder suburothelium [20] and the 
myenteric microvasculature of stomach [24], 
suggesting that not only InsP3-induced Ca2+ 
release but also CICR via RYRs are involved in 
the spontaneous Ca2+ release from SR/ER.  In 
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submucosal PCAs of the rat rectum, caffeine at 
20 mM but not 1 mM abolishes spontaneous Ca2+ 
transients [28]. In guinea pig urethra, caffeine 
1 mM abolishes slow waves but not spontaneous 

transient depolarisations (STDs), while caffeine 
10  mM blocks both slow waves and STDs, 
 suggesting that 10  mM caffeine is required to 
deplete ryanodine-sensitive stores [90]. Besides 
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Fig. 14.4 Cytosolic Ca2+ oscillator in mural cells. (A) 
Simultaneous recording of spontaneous action potentials 
and vasoconstrictions (shown as reductions in vascular 
diameter) in venules of the rat bladder suburothelium. The 
temporal relationship between electrical and mechanical 
activities indicates that cytosolic Ca2+ oscillator generates 
rhythms but requires LVDCC activation to contract mural 
cells. (B) Mural cells, i.e. pericytes or SMCs, operate a 
‘cytosolic Ca2+ oscillator’ primarily arising from Ca2+ 
release from SR/ER via inositol trisphosphate receptors 
(InsP3Rs). Ryanodine receptor (RYRs) may also contribute 
to Ca2+-induced Ca2+ release (CICR) from SR/
ER.  Increased cytosolic Ca2+ causes openings of Ca2+-
activated Cl− channels (CaCCs) resulting in Cl− efflux to 
depolarise the membrane (ΔV). Na+–K+–2Cl− co- 
transporter (NKCC) may contribute to the maintenance of 

relatively high cytosolic Cl− concentration. The depolari-
sation (ΔV) triggers the opening of voltage-dependent Ca2+ 
channels (VDCCs) to induce Ca2+ influx that would be 
amplified by CICR via InsP3Rs and RYRs. The depolarisa-
tion (ΔV) may also stimulate InsP3 production to facilitate 
‘cytosolic Ca2+ oscillator’. Reduction in sarco- endoplasmic 
reticulum (SR/ER) Ca2+ content triggers Ca2+ influx via 
store-operated Ca2+ channels (SOCs) that will be taken up 
via SR/ER Ca2+-ATPase (SERCA) to refill SR/ER.  Ca2+ 
shuttling between SR/ER and mitochondria (Mito) may 
also be involved in maintaining ‘cytosolic Ca2+ oscillator’. 
Arrows in red indicate flows of Ca2+. Arrows in blue indi-
cate flows of Cl−. Arrows in black indicate stimulating 
action. Note that this schema is a montage of various mural 
cells, and thus does not mean ubiquitous mechanisms 
amongst spontaneously active mural cells
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caffeine and 2-APB that are known to exert mul-
tiple cellular targets in Ca2+ signalling pathway, 
tetracaine also inhibits InsP3-mediated Ca2+ 
release that does not activate subsequent CICR 
via RYRs in isolated colonic myocytes [91]. 
Therefore, caution must be paid to discriminate 
between InsP3-induced and RYR-mediated Ca2+ 
release using these pharmacological blockers.

Besides the periodical cycle of SR/ER Ca2+ 
handling, Ca2+ influx via SKF96365-sensitive pre-
sumably store-operated Ca2+ entry channels 
(SOCs) but not sodium calcium exchangers (NCX) 
is required in maintaining spontaneous activity of 
the suburothelial venules of the bladder [21] and 
submucosal venules of the colon [27]. In pericytes 
of the rat descending vasa recta, angiotensin II 
induces oscillatory depolarisations and associated 
Ca2+ transients that appear to be maintained by 
Ca2+ release from ryanodine-sensitive stores and 
SKF96365- sensitive SR/ER refilling, i.e. SOCs 
[92]. Extracellular Ca2+ influx via a pathway other 
than LVDCCs and TVDCCs is also required to 
maintain the cytosolic Ca2+ oscillator in pericytes 
distributed in the myenteric layer of the stomach, 
as both synchronous and asynchronous Ca2+ tran-
sients are abolished by nominally Ca2+-free solu-
tion [24]. This is in contrast to the pacemaking 
mechanism of interstitial cells of the urethra that 
relies on Ca2+ influx via NCX and not SOCs [93, 
94]. In addition, Ca2+ handling by mitochondria 
may also be involved in the operation of cytosolic 
Ca2+ oscillators underlying spontaneous venular 
constrictions in the mouse bladder suburothelium 
[21] as has been demonstrated in ICC in the GI 
tract [95], interstitial cells in the urethra [96] or 
atypical SMCs in the renal pelvis [97].

14.4  Synchrony Amongst Mural 
Cells

A common mechanism underlying pericyte syn-
chronisation is coupled oscillators arising from the 
reciprocal interaction between Ca2+ release from 
SR/ER and membrane depolarisations. Ca2+ 
released from SR/ER triggers the opening of Ca2+-
activated chloride (CaCCs) or cation channels to 
generate depolarisations. The depolarisations facil-

itate voltage-dependent InsP3 production that 
induces regenerative Ca2+ release resulting in larger 
depolarisations. The Ca2+-activated depolarisations 
also activate VDCCs to cause larger depolarisa-
tions as well as Ca2+ influx that trigger CICR. This 
has been proposed in lymphatics [83], arteries and 
arterioles [31, 98] and gastric antrum [99].

Coupled oscillator mechanisms require mem-
brane depolarisation linked with SR/ER Ca2+ 
release. In pericytes of suburothelial venules of 
the bladder [21, 22] or venular SMCs in the stom-
ach submucosa [26], this appears to be mediated 
by depolarisation associated with the opening of 
LVDCCs that cause Ca2+ influx to activate SR/ER 
Ca2+ release through CICR. Spontaneous SR/ER 
Ca2+ release opens CaCCs, the resultant depolari-
sation triggering the opening of LVDCCs and 
associated Ca2+ influx to cause venular constric-
tions. Such a primary role of CaCCs in electro-
mechanical coupling in pericytes has been 
demonstrated in other vascular beds [67, 100].

In contrast, TVDCCs undertake a similar role 
in maintaining the synchrony amongst myenteric 
capillary pericytes or their spread into arteriolar 
SMCs [24]. Functional coupling between 
TVDCCs and SR/ER Ca2+ release to drive pace-
maker mechanisms has been reported in ICC of 
the GI tract [101, 102]. Interestingly, in intersti-
tial cells of the guinea pig prostate, Ca2+ influx 
through TVDCCs but not LVDCCs stimulates 
CaCCs, suggesting a tight coupling of TVDCCs 
with SR/ER Ca2+ release [103].

In microvascular units of the bladder suburo-
thelium, capillary pericytes and a population of 
PCV pericytes appear to function as ‘driver cells’ 
that are capable of operating spontaneous cyto-
solic Ca2+ oscillator linked with membrane 
CaCCs. Pericytes in the descending vasa recta 
and retina have CaCCs associated with cyclic 
oscillations in [Ca2+]i [68, 100]. In contrast, 
‘driven’ pericytes in PCAs and venules also have 
their own cytosolic Ca2+ oscillator but require the 
input of depolarisation from ‘driver cells’. This 
notion is supported by the fact that SMCs or 
 pericytes in a variety of vascular beds are not 
spontaneously active, but are capable of generat-
ing oscillatory activity upon agonist stimulation 
or LVDCC activation [29, 31, 58].
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14.4.1  Role of L-Type Voltage- 
Dependent Ca2+ Channels 
(LVDCCs)

Blockers of LVDCCs largely suppress spontaneous 
Ca2+ transients in venular mural cells and also dis-
rupt their synchrony amongst the mural cells of the 

bladder suburothelium, indicating that LVDCCs 
play a critical role in maintaining intercellular cou-
pling [21, 22]. Because of the regenerative nature 
of LVDCC activation, spontaneous action poten-
tials generated in any mural cells within their net-
work readily spread to ‘electrically coupled’ mural 
cells irrespective of their length constant (Fig. 14.5).
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Fig. 14.5 LVDCC-dependent coupled oscillators. (A) In 
suburothelial venules of mouse bladder where synchro-
nous spontaneous Ca2+ transients are periodically gener-
ated (control), nicardipine (1  μM), an LVDCC blocker, 
suppresses spontaneous Ca2+ transients and disrupts their 
synchrony. (B) In suburothelial venules where pericytes 
periodically generate slow waves (control), nicardipine 
(1 μM) depolarises the membrane and prevents the slow- 
wave generation leaving spontaneous transient depolarisa-

tions (STDs). (C) Spontaneous SR/ER Ca2+ release in a 
mural cell triggers the opening of CaCCs resulting in 
membrane depolarisation (ΔV in yellow). This depolarisa-
tion triggers the opening of LVDCCs to cause the firing of 
‘regenerative’ action potentials (ΔV in red) spreading into 
adjacent mural cells via gap junctions. The Ca2+ influx via 
LVDCCs triggers nearly synchronous Ca2+-induced Ca2+ 
release in electrically coupled mural cells to synchronise 
cytosolic Ca2+ oscillators amongst mural cells

H. Hashitani and R. Mitsui



341

Spontaneous action potentials are recorded 
from mural cells of the rat bladder suburothelial 
venules and invariably precede their associated 
phasic constrictions [22]. Blockers for LVDCCs 
largely suppress the action potentials leaving 
small fluctuations of the membrane potential, and 
prevent the associated constrictions. The Ca2+ 
influx during action potentials would be ampli-
fied by CICR to trigger the constrictions, and 
thus electromechanical coupling upon the open-
ing of LVDCCs plays a fundamental role in spon-
taneous venular constriction. In the venules of 
mouse bladder suburothelium, slow waves are 
recorded from venular pericytes [20]. LVDCC 
blockade prevents periodical slow-wave genera-
tion revealing the presence of STDs (Fig. 14.5).

Blockade of LVDCCs suppresses spontaneous 
Ca2+ transients and also disrupts synchrony 
amongst the venular SMCs [25] or PCV pericytes 
[26] of the rat stomach submucosa, indicating 
that LVDCCs play a critical role in promoting 
intercellular coupling of mural cells. In PCA or 
PCV pericytes of the mouse bladder suburothe-
lium, LVDCC blockade disrupts the synchrony of 
spontaneous Ca2+ transients in a manner reversed 
by Bay K8644, an LVDCC activator, confirming 
the fundamental role of LVDCCs in maintaining 
the synchrony amongst mural cells [20].

In the rat retinal microvasculature, LVDCC 
currents are recorded from capillary pericytes 
that express α1C subunit of LVDCCs, although 
their current density is much smaller compared 
with that of arteriolar SMCs [104]. Consistently, 
capillary pericytes are capable of developing 
nifedipine-sensitive Ca2+ transients in response to 
an increase in extracellular K+ concentration. In 
pericytes of descending vasa recta, diltiazem, an 
LVDCC blocker, suppresses the plateau phase of 
angiotensin II-induced Ca2+ transients, while Bay 
K8644 itself constricts the microvessels [105].

In marked contrast to spontaneous Ca2+ tran-
sients in contractile mural cells of the venules in the 
bladder suburothelium [20–22] or the submucosa 
of stomach [25, 26], blockade of LVDCCs does not 
disrupt either the generation or the synchrony of 
Ca2+ transients in capillary pericytes in myenteric 
layer of the guinea pig stomach [24]. LVDCC 
blockade also fails to disrupt the synchrony 
amongst PCA pericytes in the rat rectum [28] and 

capillary pericytes in the mouse bladder suburothe-
lium [20]. In the retinal microvasculature, arteriolar 
SMCs but not capillary pericytes relax during 
hyperpolarisations, suggesting that LVDCCs play a 
minimal role in establishing the basal Ca2+ concen-
tration of capillary pericytes [12]. Thus, the relative 
contribution of LVDCCs to Ca2+ transients in the 
microvasculature appears to vary amongst vascular 
beds and also exhibit regional differences even 
within a microvascular network [69].

14.4.2  Role of T-Type Voltage- 
Dependent Ca2+ Channels 
(TVDCCs)

In the myenteric microvasculature of the guinea 
pig stomach, blockers of TVDCCs abolish syn-
chronous spontaneous Ca2+ transients in arterio-
lar SMCs, and also disrupt the synchrony amongst 
pericytes in capillaries/PCAs [24]. Thus, 
TVDCCs appear to play a fundamental role in 
maintaining the intercellular coupling between 
pericytes as well as the spread of pericyte Ca2+ 
transients into arteriolar SMCs.

TVDCCs are low-threshold channels that open 
at membrane potentials as negative as −70  mV 
[106]. The window current for TVDCCs usually 
occurs over membrane potentials, which are more 
hyperpolarised than those for LVDCCs (e.g. 
TVDCCs, −65 to −45 mV c.f. LVDCCs, −30 to 
0 mV) [107]. Since the reported values of the rest-
ing membrane potential of retinal or renal peri-
cytes range between −60 and −50 mV [68, 100], 
window currents for TVDCCs in pericytes may 
well contribute to these cells establishing voltage-
dependent coupling. Pericytes in myenteric capil-
laries are capable of generating spontaneous, 
asynchronous Ca2+ transients that do not rely on 
either LVDCCs or TVDCCs, and thus the asyn-
chronous Ca2+ transients arising from spontaneous 
SR/ER Ca2+ release appear to be primary events. 
Nevertheless, resultant STDs by the opening Ca2+-
activated chloride or cation channels may not be 
large enough to electrically couple the pericytes 
with each other, and thus require the subsequent 
activation of TVDCCs. In the PCA pericytes of the 
rat rectum, TVDCC blockade slows spontaneous 
Ca2+ transients without disrupting their synchrony 
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[28], while TVDCC blockade has no obvious 
effect on spontaneous Ca2+ transients in capillary 
pericytes of the mouse bladder suburothelium 
[20]. In both microvasculature, the synchrony of 
spontaneous Ca2+ transients appears to exclusively 
rely on the spread of CaCC-dependent depolarisa-
tions. Thus, differences in the contribution of 
TVDCCs to spontaneous activity are evident in 
various vascular beds or different vascular seg-
ments within a microvasculature tree.

TVDCCs are functionally expressed in arterial 
and arteriolar SMCs and their relative contribu-
tion, cf. LVDCCs, to the whole-cell Ca2+ current 
and/or vascular contractility appears to increase 
as the vessel size decreases [108]. In rat cerebral 
arteries, nifedipine-resistant, mibefradil- sensitive 
currents comprise about 20% of Ca2+ current in 
SMCs of main arteries and some 45% of the Ca2+ 
current in SMCs of their branches [109]. 
Consistently, nifedipine-resistant, mibefradil- 
sensitive components of pressure- induced vascu-
lar tone increase with decreasing vessel size 
[109]. In rat mesentery, conducted vasoconstric-
tion of the arterioles (luminal diameter <40 μm) 
in vivo relies exclusively on TVDCCs in accor-
dance with the expression of TVDCC α1G and α1H, 
but not LVDCC α1C subunits [110]. Depolarisation-
induced Ca2+ transients in isolated mesenteric 
arterioles (luminal diameter 10–25 μm) also pre-
dominantly depend on TVDCCs [111]. The rela-
tive presence of TVDCC channels (cf. LVDCCs) 
in freshly isolated vascular SMCs increases dra-
matically along the lower branches of the guinea 
pig mesenteric artery, rising to almost 100% in 
submucosal arterioles [112]. To date, functional 
expression of TVDCCs in pericytes has not been 
observed, although expression of CaV3.1 (α1G) or 
CaV3.2 (α1H) subunits in pericyte-covered rat outer 
medullary vasa recta has been reported [113].

14.4.3  Role of Ca2+-Activated 
Chloride Channels (CaCCs)

In capillaries of the mouse bladder suburothe-
lium, the synchrony of LVDCC/TVDCC-resistant 
Ca2+ transients is disrupted by DIDS, a known 
blocker of CaCCs, suggesting that CaCCs play a 
critical role in maintaining their synchrony [20]. 

A similar role of CaCCs has been reported in 
PCA pericytes of the rat rectal submucosa, where 
the synchrony of LVDCC/TVDCC-resistant Ca2+ 
transients is disrupted by lowering extracellular 
chloride ion concentration [28]. In pericytes of 
the rat descending vasa recta, AT II induces oscil-
latory depolarisations resulting from the opening 
of CaCCs [68, 92]. In the rat retina, spontaneous 
transient inward currents resulting from the open-
ing of CaCCs are recorded from about 70% of 
freshly isolated pericytes [100]. The fundamental 
role of CaCCs but not LVDCCs is also proposed 
in the irideal arterioles [43] where voltage- 
independent coupled oscillators may be operat-
ing to generate vasomotion [31].

In other microvascular beds where LVDCCs 
play a predominant role in maintaining synchrony 
amongst mural cells, blockers for CaCCs sup-
press phasic constrictions associated with a dilata-
tion, suggesting that depolarisations resulting 
from the opening of CaCCs trigger the subsequent 
opening of LVDCCs [21, 25–28]. Consistently, in 
suburothelial venules of the rat bladders, LVDCC-
dependent spontaneous action potentials are 
blocked by CaCC blockers [22]. In the venules of 
mouse bladder suburothelium, blockade of CaCCs 
with niflumic acid, another blocker of CaCCs, 
largely suppresses STDs associated with a mem-
brane hyperpolarisation, suggesting that CaCCs 
contribute to not only the generation of STDs but 
also the relatively  depolarised membrane poten-
tials [20]. Since levcromakalim, a KATP channel 
opener, hyperpolarises the venular membrane and 
also prevents the generation of slow waves with-
out leaving STDs, the relatively depolarised 
membrane due to the opening of CaCCs appears 
to be fundamental in generating spontaneous Ca2+ 
transients presumably by constitutive, voltage-
dependent InsP3 production [83, 98].

Interestingly, the blockade of either CaCCs or 
gap junctions invariably prevents the generation 
of spontaneous Ca2+ transients in PCAs or 
venules, but not capillaries or PCVs of the mouse 
bladder suburothelium [20]. Thus, the capillary 
pericytes appear to be located upstream of PCA 
pericytes in terms of the generation of spontane-
ous Ca2+ transients, while PCV pericytes may 
also be capable of driving downstream venular 
pericytes (Fig. 14.6).
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Fig. 14.6 Role of CaCC and gap junction in the syn-
chrony of mural cells. (A) In a capillary-PCA network of 
the mouse bladder suburothelium, simultaneous recording 
demonstrates nearly synchronous spontaneous Ca2+ tran-
sients in pericytes of capillaries and connected PCA. Note 
that some Ca2+ transients generated in capillary fail to trig-
ger PCA Ca2+ transients. Carbenoxolone (10 μM), a gap 
junction blocker, prevents the generation of PCA Ca2+ 
transients while disrupting the synchrony of capillary Ca2+ 
transients. (B) Similarly, DIDS (100  μM), a CaCC 
blocker, also prevents spontaneous Ca2+ transients in PCA 
while disrupting the synchrony of Ca2+ transients amongst 

capillary pericytes. (C) Capillary pericytes acting as 
‘driver cells’ operate ‘cytosolic Ca2+ oscillator’ relying on 
spontaneous SR/ER Ca2+ handling to generate CaCC- 
dependent depolarisations (ΔV in yellow) that are suffi-
ciently effective to electrically couple capillary pericytes 
with each other. PCA pericytes are driven by a spread of 
the depolarisation (ΔV in yellow) originated from capil-
lary pericytes via gap junctions that activate (LVDCCs). 
The spread of ‘regenerative’ depolarisations (ΔV in red) is 
required for electrical coupling of PCA pericytes with 
each other
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ICC in the GI tract expresses transmembrane 
member 16A (TMEM16A)/anoctamin-1 (Ano1) 
CaCCs [114, 115]. In the myenteric microvascu-
lature of the stomach, TMEM16A/Ano1 immu-
nofluorescence is detected in ICC-MY but not in 
the mural cells of microvasculature [24]. In the 
mouse small intestine, pericytes associated with 
the microvasculature near the myenteric plexus 
express cation-permeable, maxi-anion channels 
and are not immunoreactive for Ano1 [116]. 
Thus, the Ca2+-activated inward currents that trig-
ger the opening of TVDCCs in myenteric peri-
cytes remain to be established. Interestingly, in 
the rat stomach submucosa, T16Ainh-A01 that 
blocks TMEM16A channels expressed in 
HEK293 cells prevents spontaneous phasic con-
strictions in the venules or PCVs, despite the lack 
of TMEM16A expression in the mural cells [25]. 
Thus, CaCCs expressed in venular or PCV mural 
cells may be TMEM16B, not TMEM16A. In rat 
mesenteric small arteries both in vivo and in vitro, 
siRNA-induced TMEM16A knockdown prefer-
entially suppresses the amplitude but not fre-
quency of noradrenaline-induced vasomotion 
[117].

Cl− accumulation in mural cells of gastric 
PCV is fundamental for the Cl− efflux upon 
CaCC opening resulting in membrane depolari-
sations. In the rabbit small intestine where 
ICC-MY expresses Na+–K+–2Cl− co-transporter 
(NKCC), bumetanide or furosemide, NKCC 
inhibitors, shortens and supresses the plateau 
phase of pacemaker potentials attributed to the 
opening of CaCCs [118]. In the PCV of rat stom-
ach submucosa, bumetanide or furosemide 
reduces the amplitude of pericyte Ca2+ transients 
without affecting their synchrony or frequency 
[26]. Thus, other Cl− accumulation mechanisms 
such as anion exchangers may also maintain a 
relatively high intracellular Cl− concentration in 
the microcirculation.

14.4.4  Coupling Pathways

In capillaries of the mouse bladder suburothe-
lium, gap junction blockade disrupts or dimin-
ishes the synchrony of Ca2+ transients in capillary 

pericytes, indicating that capillary pericytes com-
municate with each other via gap junctions [20]. 
Blockade of gap junctions also effectively dis-
rupts the synchrony of Ca2+ transients in pericytes 
of PCVs in the rat stomach [26] or PCAs in the 
rat rectum [28]. In venules of the mouse bladder 
suburothelium, electron microscopy demon-
strates that pericytes and endothelial cells are fre-
quently in close proximity, although no 
specialised gap junctions or other junctional 
structures are evident [21]. Nevertheless, close 
appositions of pericyte and endothelium mem-
branes are abundant, especially in their processes. 
Pericyte-endothelial gap junctions have been 
demonstrated by electron microscopy in human 
cerebral capillaries [119].

The fundamental role of the endothelium in 
maintaining intercellular coupling amongst peri-
cytes has been reported in the microvasculature 
of rat retina [76]. The measured voltage decays 
between distant mural cells cannot be predicted 
by a ‘homocellular’ model in which electrical sig-
nals generated in a mural cell spread axially via 
mural cell-to-mural cell transmissions. Instead 
a ‘heterocellular’ model is required. Thus, elec-
trical signals generated in a mural cell spread 
into the adjacent endothelium via mural cell-to-
endothelium transmission and then axially to dis-
tant mural cells via  endothelium-to- endothelium 
transmissions. In descending vasa recta of the 
rat, the endothelial layer also acts as an effi-
cient pathway for an axial transmission between 
pericytes [120], despite the high- resistance peri-
cyte-endothelial coupling [121]. Lucifer yellow 
injected into an endothelial cell spreads along 
the endothelial layer, while the same dye injected 
into pericytes is restricted to these cells [120]. 
In vasa recta where pericytes are closely packed 
along the microvasculature, pericytes themselves 
are also electrically coupled with each other and 
capable of maintaining highly coordinated mem-
brane potentials without the endothelium [122]. 
Nevertheless, in capillaries where the pericytes 
are more sparsely located, the tip of the elongated 
process of two adjacent pericytes comes within 
close proximity, but does not contact or overlap 
[123]. Thus, electrical coupling between capil-
lary pericytes is predominantly mediated via the 
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underlying endothelium as each pericyte process 
contacts and communicates with multiple endo-
thelial cells.

Endothelial cells in the microvasculature 
appear to be well coupled to each other and act as 
a low-resistance pathway of electrical transmis-
sion as in the case of SMC-covered arterioles 
[124]. Thus, spontaneous depolarisation gener-
ated in capillary pericytes may be effectively 
transmitted to electrically remote pericytes via 
the endothelium, resulting in nearly synchronous 
or propagated spontaneous activity within the 
microvascular unit.

14.5  Neurohumoral Modulation

14.5.1  Sympathetic Nerves

In the suburothelium of rat bladder, noradrena-
line released from sympathetic nerves activates 
α-adrenoceptors on venular mural cells to accel-
erate spontaneous phasic constrictions of the 
suburothelial venules [23]. After the blockade of 
α-adrenoceptors, sympathetic nerve stimulation 
abolishes spontaneous constrictions or reduces 
their frequency upon the activation of 
β-adrenoceptors. This inhibition of spontaneous 
constrictions is largely diminished upon block-
ade of nitric oxide (NO) production, suggesting 
that β-adrenoceptors presumably located on the 
endothelium stimulate NO production. 
Fluorescence Ca2+ imaging reveals that suburo-
thelial venules are covered by a meshwork of 
spindle-shaped SMCs or stellate-shaped peri-
cytes [22]. In the suburothelium of mouse blad-
der, scanning electron microscopy reveals that 
the venules are covered by interconnecting 
stellate- shaped pericytes [21], while transmission 
electron microscopy demonstrates that the venu-
lar wall consists of a layer of endothelium and 
adjacent monolayer of pericytes. Thus, neurally 
released noradrenaline may readily have access 
to endothelial receptors through inter-process 
spaces of the pericyte meshwork. α-Adrenoceptors 
are coupled to Gq/11 proteins which activate 
PLC to produce InsP3, while cGMP, a second 
messenger of NO, is known to inhibit InsP3R- 

induced Ca2+ release [125]. Therefore, the sym-
pathetic nerve-mediated changes in the frequency 
of spontaneous venular constrictions may result 
from the modulation of InsP3R-induced Ca2+ 
release in venular pericytes. In pericytes of sev-
eral vascular beds, the binding of neurohumoral 
substances to G protein-coupled receptors, 
including α-adrenoceptors, is reported to induce 
InsP3-induced Ca2+ release from the SR/ER [58, 
67] (Fig. 14.7).

In the suburothelium of mouse bladder, sym-
pathetic nerve fibres immunoreactive for tyrosine 
hydroxylase (TH) containing many varicosities, 
the sites of neurotransmission, are distributed 
around the arterioles, while their distribution 
around the venules is less extensive [20, 66]. 
Sympathetic never excitation evokes rapid Ca2+ 
transients in the arterioles, while slow-onset, 
long-lasting Ca2+ transients are induced in the 
venules [20]. In nifedipine-treated venules where 
the synchrony of spontaneous Ca2+ transients has 
been disrupted, sympathetic nerve stimulation 
evokes synchronous Ca2+ transients, suggesting 
that venular pericytes receive an effective inner-
vation (unpublished observation). Unlike these 
larger microvascular segments that constrict upon 
sympathetic nerve excitation, suburothelial PCA-
capillary-PCV that are covered by NG2- positive 
pericytes do not respond to nerve  stimulation 
[20]. Their lack of TH-immunoreactive perivas-
cular sympathetic nerves is consistent with their 
lack of nerve-evoked Ca2+ transients or contrac-
tions. Similar innervation patterns in differ-
ent microvascular segments are reported in the 
microvascular network of the bat wing that devel-
ops spontaneous vasomotion in  vivo [126]. An 
in vivo study in the mesenteric vasculature also 
demonstrates that arteries, terminal arterioles or 
veins, but not PCAs, capillaries or venules less 
than 30 μm in internal diameter, respond to peri-
vascular nerve stimulation [127].

In the myenteric microvasculature of guinea 
pig stomach, spontaneous Ca2+ transients in the 
SMC-covered arterioles are not affected by nerve 
stimulation [24]. Consistently, PGP9.5 immuno-
histochemistry revealed that perivascular nerve 
fibres are not found along the myenteric micro-
vasculature, whereas perivascular nerve fibres 
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containing many varicosities are adjacent to the 
intramuscular microvasculature. This is in con-
trast to the microvasculature in the submucosal 
layer of the stomach and colon where both arteri-
oles and venules are functionally innervated by 
sympathetic nerves [25, 27]. A 3-D imaging of 
the ‘transparent’ mouse small intestine combined 
with a technique termed ‘vessel painting’ 
revealed that TH-positive sympathetic nerve 
fibres encircle the submucosal arterioles, while 
TH-positive fibres are intraganglionic, not peri-
vascular in the myenteric layer [128].

Dense bundles of TH-positive sympathetic 
fibres run along the arterioles, while single vari-
cose sympathetic nerve fibres project to the 
venules in the submucosal microvasculature of 
the rat stomach [25] or colon [27]. In the submu-
cosal venules of rat stomach, noradrenaline 

released from sympathetic nerves induces slow- 
onset, long-lasting vasoconstriction that is exclu-
sively mediated upon the activation of 
α-adrenoceptors [25]. Unlike nerve-evoked con-
strictions of the submucosal arterioles, purinergic 
transmission is not involved in nerve-mediated 
venular constrictions [25]. Consistent with this, 
immunoreactivity of P2X1 purinoceptors is 
detected in the arterioles, but not in venules run-
ning in parallel. In the suburothelial venules of 
rat bladder, bath-applied ATP or ADP inhibits 
spontaneous phasic constrictions by stimulating 
NO release, while α,β-methylene ATP causes 
vasoconstrictions [23]. Thus, the activation of 
P2Y receptors, presumably located on the endo-
thelium, appears to result in NO release, while 
venular mural cells functionally express P2X 
receptors.

Sympathetic N.
Mural Cell

(+)

(+)

(+) (+)

(-)

(-)

(-)

(+)

(+)

CaCC

Ca2+

InsP3
R

RYR

Ca2+

eNOSNO

Ca2+

SR/ER
cGMP

PDE5

NAd

Ca2+

Ca2+

Cl-

VDCC

CGRP

SP

Gap
junction

EC

β-AR

α-AR

∆v

∆v

∆v

Sensory N.(+)

Fig. 14.7 Modulation of mural cell activity. 
Noradrenaline (NAd) released from sympathetic nerves 
acting on α-adrenoceptors (αARs) stimulates the produc-
tion of InsP3 to facilitate SR/ER Ca2+ release via 
InsP3R.  Increased cytosolic Ca2+ concentration causes 
CaCC-dependent depolarisation (ΔV) triggering the acti-
vation of VDCCs. NAd binding to β-adrenoceptors 
(βARs) on endothelial cells (ECs) stimulates the produc-
tion of nitric oxide (NO), presumably by increasing endo-
thelial cytosolic Ca2+ concentration. NO increases cGMP 
in mural cells to inhibit SR/ER Ca2+ release via 
InsP3R.  Phosphodiesterase type5 (PDE5) in mural cells 

breaks down cGMP. CGRP released from sensory nerves 
has inhibitory actions on mural cells, while substance P 
exerts excitatory actions. Membrane depolarisations (ΔV) 
in mural cells readily spread into EC via gap junctions and 
travel to adjacent ECs. In contrast, increased Ca2+ in the 
cytosol of mural cells may not spread into EC. Arrows and 
dashed arrows in red indicate flows of Ca2+. Arrows in 
blue indicate flows of ΔV. Dashed arrows indicate pro-
posed or unidentified signalling pathways. eNOS endothe-
lial NO synthase; Note that this schema is a montage of 
various mural cells, and thus does not mean ubiquitous 
mechanisms amongst mural cells
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14.5.2  Cholinergic Nerves

In the mouse bladder suburothelium, cholinergic 
nerve varicosities expressing choline acetyltrans-
ferase (ChAT) immunoreactivity run along the 
arterioles [66]. ChAT-positive fibres are also 
associated with the suburothelial venules, 
although the fibre density is sparse compared 
with the arterioles. Nevertheless, single ChAT- 
positive varicose nerve fibres are in close proxim-
ity with α-SMA-positive mural cells in the 
venules. In the guinea pig small intestine, ChAT- 
immunoreactive cholinergic neurons innervating 
submucosal microvasculature have their cell bod-
ies in the submucosal ganglia [129], and the acti-
vation of these neurons evokes dilation of 
submucosal arterioles [130]. Such cholinergic 
vasodilatations in the microvasculature of the 
bladder suburothelium are not evident. 
Interestingly, in the rat bladder suburothelium, 
exogenous ACh increases spontaneous phasic 
constrictions associated with a reduction in venu-
lar diameter, but causes NO-dependent dilatation 
of pre-constricted arterioles [23]. Thus, ACh may 
not be able to stimulate endothelial NO produc-
tion in this particular venule.

14.5.3  Sensory Nerves

In submucosal venules of the rat colon that have 
been pretreated with phentolamine, electrical 
nerve stimulation induces a suppression of sponta-
neous venular constrictions associated with a sus-
tained dilatation [27]. Capsaicin also induces 
similar inhibitory responses, suggesting that 
transmitter(s) released from primary afferent 
nerves attenuate the contractility of venular SMCs. 
Since a calcitonin gene-related peptide (CGRP) 
receptor antagonist prevents the afferent nerve-
induced inhibitory responses, and unmasks capsa-
icin-induced constrictions, the inhibitory responses 
are predominantly mediated by CGRP.  CGRP-
immunoreactive varicose afferent nerves run along 
the submucosal venules as well as arterioles. 
CGRP and substance P (SP) are co- localised in 
varicose nerve fibres projecting to the venules. In 

the submucosal venules of the rat stomach, capsa-
icin also induces a suppression of spontaneous 
phasic constrictions and a dilatation that is blocked 
by a CGRP antagonist [25] (Fig. 14.7).

In the rat bladder suburothelium, immunohis-
tochemical studies demonstrated that SP- and 
CGRP-positive nerves ran along the suburothe-
lial arterioles and venules [23]. Despite the lack 
of afferent nerve-induced modulation of sponta-
neous venular constrictions, SP predominantly 
causes venular constriction, while CGRP induces 
a NO-independent sustained venular relaxation, 
presumably by stimulating adenylate cyclase in 
mural cells. SP and CGRP could be released 
from afferent nerves during inflammation or tis-
sue acidification. In the suburothelium of the 
mouse bladder, dense SP-immunoreactive nerve 
fibres run along the mucosal arterioles. At higher 
magnification, SP-positive nerve varicosities are 
observed close to arteriolar and venular α-SMA- 
positive mural cells [66]. 

14.5.4  Endothelium

In submucosal venules of rat stomach, whose 
endothelium is nitric oxide synthase (NOS) 
immunoreactive, spontaneous venular constric-
tions are accelerated upon blockade of NO 
 production, while ACh suppresses constrictions 
in a NO-dependent manner [25]. Thus, 
endothelium- derived NO may increase cGMP in 
venular SMCs to inhibit InsP3-induced Ca2+ 
release and in turn cytosolic Ca2+ oscillations. In 
submucosal PCVs that also express endothelial 
NOS immunoreactivity, tadalafil, a phosphodies-
terase type 5 (PDE5) inhibitor, supresses sponta-
neous Ca2+ transients in pericytes and disrupts 
their synchrony, suggesting that endogenous 
PDE5 activity plays an important role in main-
taining spontaneous venular constrictions by 
counteracting the NO-cGMP pathway [26]. 
Consistently, tadalafil induces a cessation of 
spontaneous venular constrictions associated 
with a dilatation in a manner partially blocked by 
NOS inhibitors. Pericytes in other vascular beds 
express soluble guanylate cyclase (sGC) and 
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protein kinase G (PKG), and NO donor-induced 
dilatation is prevented upon sGC inhibition [131].

Blockade of NO production increases the fre-
quency of spontaneous phasic constrictions in 
suburothelial venules of the rat and mouse blad-
ders [21, 22], suggesting that endogenous NO 
tonically reduces spontaneous constrictions of 
venular pericytes. Since electron microscopy 
reveals numerous close appositions of pericyte 
and endothelial membranes, especially in their 
processes [21], spontaneous Ca2+ transients in 
pericytes may well spread to the endothelium to 
increase [Ca2+]i resulting in the production and 
release of NO. Indeed, the increased Ca2+ and/or 
InsP3 in arteriolar SMCs may even diffuse into 
the endothelium to stimulate Ca2+-dependent NO 
production or the opening of Ca2+-activated K+ 
channels resulting in the endothelium-mediated 
feedback vasodilation [132–134]. In the descend-
ing vasa recta of the rat, AT II induces similar 
depolarisations in pericytes and the endothelium, 
suggesting electrical coupling via myoendothe-
lial gap junctions [121]. However, AT II increases 
[Ca2+]i in pericytes but reduces endothelial [Ca2+]i 
[92] suggesting that the increased Ca2+ and/or 
InsP3 in pericytes does not spread into endothe-
lium at least during AT II receptor stimulation. 
Thus, the Ca2+-mediated interaction between 
pericytes and endothelium in the microvascula-
ture may not function as a self-limiting mecha-
nism to prevent excessive vasoconstrictions. 
Nevertheless, it may be possible that spontaneous 
depolarisation in pericytes transmits to the endo-
thelium to activate TVDCCs to cause Ca2+-
dependent NO production as suggested in other 
vascular preparations  [108, 134, 135]. In the 
myenteric layer of the guinea pig stomach, spon-
taneous Ca2+ transients in arteriolar SMCs are not 
associated with vasoconstrictions [24]. After 
blockade of NO production, the spontaneous 
Ca2+ transients result in arteriolar constrictions, 
suggesting that NO may diminish contractility of 
arteriolar SMCs via Ca2+-independent 
mechanisms.

Capillary endothelial cells of the cerebral vas-
culature express Kir channels [136] while not 
expressing small- and intermediate-conductance 
Ca2+-activated K+ channels that play a predomi-

nant role in endothelium-dependent vasodilata-
tion in small arteries or arterioles in other vascular 
beds [137]. Such unique properties of capillary 
endothelial cells may well explain the lack of 
inhibition of spontaneous Ca2+ transients in peri-
cytes upon a robust increase in endothelial Ca2+ 
with bath-applied SP in PCVs of mouse bladder 
suburothelium (unpublished observation). The 
opening of the endothelial Kir channels upon a 
rise in local [K+]o results in membrane hyperpo-
larisations that retrogradely spread to cause 
upstream arteriolar dilatation [136]. Similarly, 
electrical coupling between pericytes and endo-
thelial cells in visceral microvasculature may 
allow the spread of the endothelial hyperpolarisa-
tions to the adjacent pericytes to suppress sponta-
neous vasomotion.

14.6  Relevance in Health 
and Disease

14.6.1  Physiological Aspects

Arteriolar vasomotion is considered to reduce 
effective vascular resistance and thus enhances 
tissue perfusion, resulting in the facilitation of 
capillary-tissue exchanges [19]. Active venular 
vasomotion produces an increase in the blood 
flow and exhibits temporal vessel diameter-blood 
velocity and pressure relationships characteristic 
of a peristaltic pump [17]. Since capillary filtra-
tion and reabsorption are functions of hydrostatic 
pressure that is determined by the ratio of post- to 
precapillary resistance, regulation of contractility 
of ‘upstream’ arterioles and ‘downstream’ 
venules by capillary pericytes seems to be an 
ideal mechanism to adjust microcirculation to 
meet tissue demands.

The urinary bladder is capable of accommo-
dating large volumes of urine with remarkably 
little increase in intravesical pressure. Since 
intravesical pressure during bladder filling does 
not exceed capillary pressure, normal bladders 
maintain their circulation, so that the blood sup-
ply only transiently drops during voiding [138]. 
Blood vessels in the bladder wall are character-
ised by their winding arrangement, which pre-
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vents them from being stretched in their 
longitudinal direction during the filling phase 
[139]. Thus, they are capable of maintaining their 
diameter so that the resistance against blood flow 
is not increased. Besides such structural charac-
teristics, the suburothelial microvasculature in 
the bladder of rat [22, 23] and mouse [20, 21] 
develops spontaneous phasic constrictions sug-
gesting that it actively contributes to the regula-
tion of the suburothelial microcirculation. Since 
the bladder suburothelial layer is rich in micro-
vasculature as well as sensory nerves that convey 
bladder sensation, and is directly exposed to 
urothelium- derived bioactive substances [140], 
maintenance of the suburothelial microcircula-
tion is fundamental to ensure normal bladder 
functions.

In the GI tract, the distribution of blood flow 
within the GI tract layers is not uniform, and 
appears to correspond to the metabolic demands 
of the individual layers [141]. Thus, the mucosal 
layer receives 70–80% of total blood flow provid-
ing nutrients and oxygen to the metabolically 
active cells, particularly epithelial cells, that 
maintain the barrier function, absorption as well 
as secretion. Contractility of large arteries and 
arterioles (>50 μm in diameter) is primarily under 
the influence of neural regulation predominantly 
from sympathetic nerves, while metabolic and 
paracrine mediators contribute proportionally 
more to the smaller microvessels [141]. During 
postprandial hyperaemia, blood flow is substan-
tially shifted to the mucosal layer by capillary 
recruitment where existing but closed capillaries 
open. Therefore, contractility of capillary peri-
cytes, if any, and their ability to drive spontane-
ous vasomotion of the submucosal microvessels 
may be involved in regulating the mucosal 
microcirculation.

In the bladder suburothelium, capillary peri-
cytes express NG2 but not α-SMA, and their 
spontaneous Ca2+ transients are not associated 
with a reduction in capillary diameter, suggest-
ing that ‘non-contractile’ capillary pericytes 
drive spontaneous rhythmic vasoconstrictions in 
‘upstream’ arterioles and ‘downstream’ venules 
[20]. Capillary pericytes in myenteric microcir-
culation of the guinea pig stomach also appear 

to act as ‘non-contractile’ pacemaker cells to 
drive ‘upstream’ arterioles [24]. This is in con-
trast to pericytes in retinal and cerebral capillar-
ies, which contract upon electrical stimulation 
or application of excitatory neurotransmitters 
[8, 9, 11]. Moreover, capillary pericytes in the 
CNS appear to play a predominant role in vaso-
dilatation to increase capillary perfusion to meet 
local metabolic demands of active neurons. Such 
differences in the role of pericytes may reflect 
fundamental characteristics of different micro-
circulatory beds. Since both the retinal and 
cerebral microvasculature are located within 
organs which are relatively inflexible in terms 
of their architecture and limited volumes, fine 
regulation and/or distribution of blood supply 
may be required. In contrast, in visceral organs 
that undergo progressive wall distension or wall 
compression by their luminal contents, simple 
vasodilatation as seen in the retina and cerebral 
microcirculation would result in compression 
or collapse of the microvasculature, particularly 
in venules where the intraluminal pressure is 
the lowest. Thus, periodical vasomotions may 
be more required to maintain microcirculation 
blood flow. Distension of visceral organs may 
facilitate pericyte-driven vasomotion by open-
ing transient receptor potential (TRP) channels 
that could stimulate a cytosolic Ca2+ oscillator by 
Ca2+ influx or membrane depolarisation [137], 
although their roles have not yet been proven in 
visceral microvasculature. Therefore, pericytes 
may play different roles in different microcircu-
latory beds to meet the characteristics of indi-
vidual organs.

14.6.2  Clinical Implications

Lower urinary tract symptom (LUTS), including 
a storage symptom, overactive bladder syndrome 
(OAB), has been recognised as a consequence of 
ischaemic and reperfusion damage to the cells in 
the bladder wall, although the precise pathologi-
cal mechanisms underlying LUTS/OAB remain 
to be elucidated [142–144]. Since the prevalence 
of LUTS/OAB increases with ageing or comor-
bidity on metabolic syndrome that is inevitably 
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associated with vascular dysfunction, these 
symptoms are likely to be a manifest of systemic 
vascular disease as predicted by animal experi-
ments [145, 146]. The beneficial effects of 
α-adrenoceptor antagonists, β3-adrenoceptor 
agonists or PDE5 inhibitors on bladder storage 
symptoms may be attributed to an improvement 
of the bladder circulation [142, 143]. In fact, 
these pharmacological agents improve bladder 
storage function without improving the narrowed 
luminal diameters of the feeding arteries [142], 
suggesting that the microcirculation within the 
bladder wall is the site of initiation of LUTS/
OAB. Thus, it is envisaged that the suburothelial 
microvascular unit maintaining metabolic 
demands of the urothelium-suburothelium com-
plex plays a critical role in developing LUTS/
OAB and provides a potential therapeutic target.

Despite the fact that complaints of dysphagia, 
dyspepsia, anorexia, constipation or faecal incon-
tinence increase with ageing, the age-related 
changes in the GI neuromuscular function are 
relatively mild, and thus the disorder in GI tract 
motility is not clinically significant in the elderly 
person unless suffering from comorbidity [147, 
148]. Since the mucosal layer of the GI tract 
receives 70–80% of total blood that preferen-
tially supplies metabolically active epithelial 
cells, the mucosal functions may more readily 
manifest the ageing-related vascular dysfunc-
tion. In mesenteric arteries of mice in vivo, age-
ing is associated with a reduction in the basal 
vascular diameter and a loss of sensory nerve-
mediated limitation of sympathetic constrictions, 
while α1-adrenocetor-mediated constrictions are 
diminished, demonstrating an ageing-related vis-
ceral vascular dysfunction [148]. It remains to be 
elucidated if the functions of capillary pericytes, 
particularly their ability to drive spontaneous 
vasomotion, may also be changed with ageing.

In the normal bladder, intravesical pressure 
rises during the storage phase are minimal [138], 
so that it is likely that blood flow in highly pres-
sured segments of the microcirculation, i.e. arter-
ies or arterioles, is well maintained. However, 
even small rises in the intravesical pressure may 
readily attenuate low-pressure segments of the 
microcirculation, i.e. capillaries or venules, 

resulting in the disturbance of capillary perfusion 
and venular drainage. Diminished spontaneous 
phasic constrictions in contractile segments of 
the microvascular units would also decrease 
capillary- tissue exchange.

Spontaneous phasic constrictions in arterioles 
are considered to reduce the blood flow resis-
tance [149]. In retinal arterioles in patients with 
diabetic retinopathy, diminished vasomotion is 
associated with the impaired retinal microcircu-
lation [150]. In a mouse model of diabetic reti-
nopathy, diminished connexion43-containing 
gap junction-mediated pericyte-to-pericyte inter-
actions as well as reduced pericyte coverage 
resulting in impaired propagated vasomotor 
responses are reported [151]. A recent study 
using loss-of-function pericyte-deficient platelet- 
derived growth factor receptor-β (Pdgfrβ+/−) 
mice demonstrated that pericyte degeneration 
diminishes cerebral capillary blood flow 
responses to nerve stimulation resulting in neuro-
vascular uncoupling, limiting oxygen supply to 
brain and metabolic stress [152].

Spontaneous venular constrictions are con-
sidered to facilitate venular drainage [17]. In 
skeletal muscle of rats with metabolic syn-
drome, an increased tone in PCVs and venules 
is suggested to contribute to the alterations in 
upstream capillary pressure profiles and in turn 
the transcapillary exchange [153]. Thus, dys-
function of ‘driving’ mechanisms of capillary 
pericytes  and/or transmission of ‘driving’ depo-
larisations would be a common cause of insuf-
ficient tissue oxygenation and/or stagnation of 
tissue excreta.

In addition, the multipotency of pericytes [56] 
may contribute to the remodelling of the bladder 
suburothelium that is commonly seen in an over-
active bladder. Increased pericyte coverage asso-
ciated with their smooth muscle phenotype 
transformation may contribute to pulmonary vas-
cular remodelling in patients of pulmonary arte-
rial hypertension and a murine retinal 
angiogenesis model [154]. Thus, increased peri-
cyte number and their phenotype changes may 
reduce substance exchange across capillary wall 
by altering contractility of microvasculature and/
or reducing capillary endothelial surface area.
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There is growing evidence that capillaries or 
capillary pericytes play a critical role not only 
in regulating physiological microcirculation but 
also in the pathology of brain ischemia [9, 152, 
155], diabetic retinopathy [151, 156, 157] or car-
diac ischemia [72]. No-flow phenomenon after 
catheterisation treatments of various cerebral or 
cardiac ischemic diseases appears to be attribut-
able to the rigor mortis in dead capillary pericytes 
[9, 72, 155]. In the retina, the hyperpolarisations 
resulting from the opening of ATP-sensitive K+ 
(KATP) channels that are predominantly expressed 
in capillary pericytes [12] appear to transmit to 
the upstream arterioles. The hyperpolarisations 
suppress the activity of LVDCCs that are pre-
dominantly expressed in arterioles to increase 
regional blood flow [104], and thus KATP chan-
nels have a protective role against hypoxic con-
ditions. However, this opening of KATP channels 
increases the driving force for Ca2+ influx into 
the pericytes through non-selective cation chan-
nels which eventually causes their death in rigor 
[156]. In the bladder microvasculature, the rigor 
mortis in dead capillary pericytes may also result 
in capillary constrictions, although normal peri-
cytes in the capillary appear to be intrinsically 
non- contractile. Since capillary pericytes express 
CaCCs, their Ca2+ overload would cause sustained 
depolarisations resulting in constrictions of the 
electrically connected PCAs or arterioles by acti-
vating LVDCCs.
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Lymphatic Vessel Pumping

Pierre-Yves von der Weid

Abstract
The lymphatic system extends its network of 
vessels throughout most of the body. 
Lymphatic vessels carry a fluid rich in pro-
teins, immune cells, and long-chain fatty acids 
known as lymph. It results from an excess of 
interstitial tissue fluid collected from the 
periphery and transported centrally against 
hydrostatic pressure and protein concentration 
gradients. Thus, this one-way transport system 
is a key component in the maintenance of nor-
mal interstitial tissue fluid volume, protein 
concentration and fat metabolism, as well as 
the mounting of adequate immune responses 
as lymph passes through lymph nodes. In most 
cases, lymph is actively propelled via rhyth-
mical phasic contractions through a succes-
sion of valve-bordered chambers constituting 
the lymphatic vessels. This contraction/relax-
ation cycle, or lymphatic pumping, is initiated 
in the smooth muscle cells present in the ves-
sel wall by a pacemaker mechanism generat-
ing voltage-gated Ca2+ channel-induced action 
potentials. The action potentials provide the 
depolarization and Ca2+ influx essential for the 

engagement of the contractile machinery lead-
ing to the phasic constrictions of the lymphatic 
chambers and forward movement of lymph. 
The spontaneous lymphatic constrictions can 
be observed in isolated vessels in the absence 
of any external stimulation, while they are 
critically regulated by physical means, such as 
lymph-induced transmural pressure and flow 
rate, as well as diffusible molecules released 
from the lymphatic endothelium, perivascular 
nerve varicosities, blood and surrounding tis-
sues/cells. In this chapter, we describe the lat-
est findings which are improving our 
understanding of the mechanisms underlying 
spontaneous lymphatic pumping and discuss 
current theories about their physiological 
initiation.

Keywords
Lymphatic system · Lymphatic vessel · 
Lymphatic pumping · Lymphatic muscle cell · 
Lymphatic pacemaker · Spontaneous transient 
depolarization · Ca2+-activated Cl− channel · 
Intracellular Ca2+ store

15.1  Introduction

The network of lymphatic vessels, or lymphatics, 
is widely distributed throughout the body and 
connects interstitial tissue space to lymphoid 

P.-Y. von der Weid (*) 
Department of Physiology and Pharmacology, 
Inflammation Research Network and Smooth Muscle 
Research Group, Snyder Institute for Chronic 
Diseases, Cumming School of Medicine, University 
of Calgary, Calgary, AB, Canada
e-mail: vonderwe@ucalgary.ca

15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-5895-1_15&domain=pdf
mailto:vonderwe@ucalgary.ca


358

organs and to the blood circulation. It is through 
these vessels that the pool of fluid and proteins, 
which physiologically accumulates in the inter-
stitium, is drained away in order to maintain tis-
sue fluid balance. Once it enters the lymphatic 
vessels, the interstitial fluid is known as lymph. 
Unlike the cardiovascular system, which is a 
close circuit relying on a central pump to move 
blood, lymphatic vessels form a one-way system 
that collects lymph from the periphery and pro-
pels it, most of the time against hydrostatic pres-
sure and protein concentration gradients [1], via 
the pumping action of successive individual lym-
phatic vessel chambers back into the venous cir-
culation. In the process, lymph passes through 
several lymph nodes where particulate matter, 
antigens and immune cells interact with lympho-
cytes and participate in the immune surveillance.

This chapter first reviews the anatomy and 
functions of the lymphatic vessels, and then dis-
cusses our current knowledge of the specific 
aspects of lymphatic pumping and the mecha-
nisms regulating the initiation of this spontane-
ous electrical and contractile activity.

15.2  Structural and Functional 
Organization 
of the Lymphatic Vessels

15.2.1  Initial Lymphatics

Interstitial fluid, along with various cellular com-
ponents and proteins, enters the vessels through 
blind-ended structures known as initial lymphat-
ics. The initial lymphatic vessels, also called ter-
minal or peripheral lymphatics, or lymphatic 
capillaries, have walls devoid of muscle cells or 
pericytes. They are composed of a single layer of 
flattened, non-fenestrated endothelial cells laid 
on an incomplete basement membrane [2, 3], 
which overlap in an oak leaf-shaped manner.

Neighbouring endothelial cells are connected 
by button-like junctions made of vascular endo-
thelial (VE)-cadherin and tight-junction proteins 
such as occluding, claudin-5, zonula occludens 
(ZO)-1, endothelial cell-selective adhesion mol-

ecule (ESAM) and junctional adhesion molecule-
 A (JAM-A). These junctions tightly join adjacent 
cells only at discrete locations [4]. The non-con-
nected flaps of the endothelial cells form a primi-
tive primary valve system, which when open 
creates 2–3 μm diameter pores allowing intersti-
tial fluid to enter into the vessel lumen, and pre-
venting leakage of lymph in the opposite direction 
[5–8]. Performance of these small valves is sup-
ported by anchoring filaments, collagenous fibrils 
linking the surface of the endothelial flaps to 
elastin fibers in the surrounding interstitial matrix 
[9]. These filaments prevent the thin-walled ves-
sels from collapsing under high interstitial pres-
sure, keeping them expanded to favor the entry of 
fluid, particulate matter, immune cells, proteins, 
chylomicrons [10, 11], as well as infectious 
pathogens such as bacteria and virus particles.

15.2.2  Collecting Lymphatics

Initial lymphatics empty their contents into col-
lecting lymphatics, which connect with lymph 
nodes along their path and coalesce to form larger 
and larger vessels. Ultimately, lymph is returned 
to the venous circulation via the thoracic and the 
right lymphatic ducts which are connected to the 
left and right subclavian veins at the root of the 
neck.

The collecting vessels contain an intimal 
monolayer of endothelial cells, which unlike the 
initial vessels are tightly connected by zipper-like 
junctions that contain VE-cadherin, occluding, 
claudin-5, ZO-1, ESAM, and more evenly dis-
tributed JAM-A when compared with the initials 
[4]. The endothelial cells are surrounded by a 
basement membrane. Collecting lymphatics are 
distinguished from initials by the presence of a 
media comprised of one to three layers of smooth 
muscle cells intermixed with collagen and elastic 
fibers and an adventitia containing fibroblasts, 
connective tissue elements, and axons that inner-
vate the vessel [12]. Tissue and species differ-
ences exist and, in smaller vessels, the three 
layers may not be easily distinguishable. 
However, as vessels progress centrally, the 

P.-Y. von der Weid



359

amount of smooth muscle increases, with fibers 
lying in a more circular orientation [13]. Another 
critical functional structure of the collecting lym-
phatics is the presence of unidirectional valves 
distributed along the length of the vessel. These 
valves consist of a matrix core sandwiched 
between endothelial cells and defined functional 
units termed lymphatic chambers or lymphan-
gions [14] (see Fig. 15.1a).

Although extrinsic compression caused by 
skeletal muscle contraction, respiratory activity, 
and bodily movement also contributes, the main 
mechanism of lymphatic contraction is provided 
by the intrinsic contractile activity of the lym-
phatic smooth muscle which transiently and 
independently constricts each lymphangion. This 
phasic cycle of contractions and relaxations 
allows the lymph to be propelled into the next 
chamber through the downstream valve, while 
the generated fluid pressure closes the upstream 
valve limiting lymph backflow (see Fig. 15.1b). 
The ability of the lymphatic vessels to exhibit 
such rhythmic phasic constrictions is known as 
lymphatic pumping and is the mechanism 
whereby this vessel system performs its essential 
functions.

15.3  Roles and Functions 
of the Lymphatic Vasculature

15.3.1  Tissue Fluid Balance

In spite of daily variations in water and salt con-
tent, extracellular fluid volume is maintained 
remarkably constant. This consistency relies 
heavily on the control of transport of salts and 
fluid across the capillary wall, and the return of 
fluid to the plasma. About 90% of the fluid that 
leaks out of the blood circulation is reabsorbed 
into the venous system, and the remaining 10%, 
or about 5–6 L/day, enters the initial lymphatics 
and circulates as lymph through the human lym-
phatic vessels [15]. Lymphatics are also respon-
sible for the daily clearance of about 60% of 
vascular proteins, as well as lipids and liposolu-
ble vitamins incorporated into chylomicrons 
[10].

The largest determinants of fluid flux are the 
Starling forces across the capillary wall, namely 
hydrostatic and colloid osmotic pressures. Plasma 
and interstitial colloid osmotic pressure is deter-
mined by the concentration of solute molecules 
in these fluids. A higher plasma colloid osmotic 
pressure will favor osmotic absorption of fluid 
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Fig. 15.1 Collecting lymphatic vessels in the guinea 
pig mesentery. (a) Mesentery containing ileum, artery 
(A), vein (V), and collecting lymphatic vessels (L), 
which are comprised of a succession of lymphan-
gions, delineated by unidirectional valves (arrow-

heads). (b) Successive images of a lymphatic vessel 
under luminal perfusion. Four chambers (#1–4) are 
displayed, which underwent sequential contractions. 
A unidirectional valve (arrowhead) is visible between 
chambers #2 and 3
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into the capillary, because water will tend to 
move into an area of higher solute concentration. 
On the other hand, a high interstitial colloid 
osmotic pressure will favor an outward fluid flux 
in order to balance colloid concentrations across 
the wall. In most tissues, net colloid osmotic 
pressure drives fluid into the capillary, and the 
overall hydrostatic pressure forces fluid out into 
the tissue. The resulting net balance of forces 
tends to direct fluid out of capillaries and into the 
interstitium. Since lymphatic loading is directly 
proportional to interstitial fluid volume, the 
amount of lymph that is propelled in the vessels 
is also determined by the plasma volume filtrated 
into the interstitium; the greater this volume, the 
larger the amount of fluid that is transported via 
the lymphatics back into the bloodstream.

Protein transport out of capillaries must also 
be balanced with the same amount of proteins 
leaving the interstitium via the lymphatics. An 
inability to transport filtered proteins out of the 
interstitium results in edema. Proteins move 
across the capillary membrane by means of both 
diffusion and convection. There are several deter-
minants of transvascular protein transfer, some 
which relate to characteristics of the capillary 
membrane itself, and others which relate to the 
relative concentrations of protein across the 
membrane. The flux of proteins across the capil-
lary wall is regulated by a complex set of physi-
ological mechanisms. This is important because 
fluid flux depends largely on osmotic pressure, 
and protein concentration can have a large impact 
on fluid volumes. As in fluid loading in lymphat-
ics, the amount of protein loaded into the initial 
lymphatics is determined by interstitial protein 
concentrations. Lymph formation must match the 
net transcapillary flux of fluid and solutes in 
order to prevent excessive tissue swelling and 
edema [15].

15.3.2  Lymph Formation 
and Transport

Fluid, electrolytes, proteins, and cellular ele-
ments, such as immune cells, do not just pas-
sively drift into the lumen. The current theory 

proposes that the phasic expansion/relaxation 
phases generated by the lymphatic pump in the 
initial or downstream collecting lymphatics (see 
below) allow the transient development of hydro-
static pressure differences between the intersti-
tium and the lumen of the initials that favor fluid 
entry [16–21]. The efficiency of lymph entry into 
the initial vessels and its central movement 
strongly rely on the competency of the initial and 
collecting valve systems [5, 22, 23]. Fluid move-
ment through the tissue towards the lymphatic 
vessel lumen is vital to maintain vessel filling, 
and can only be preserved if the downstream 
lymphatic vessels continue to drain fluid away.

15.3.3  Lymphatic Vessels 
and Immunity

The lymphatic system is strongly implicated in 
the adaptive immune response. As part of this 
system, lymphatic vessels are responsible for 
transporting antigens to lymphoid tissues, where 
they are sequestered to bring about immune 
responses during disease and in response to 
infection. Antigens present in fluid entering the 
lymph node can effectively elicit an immune 
response upon activation of resident naïve T- and 
B-cells, which enter lymph nodes from tissues 
via afferent lymphatic vessels or from the cardio-
vascular network via high endothelial venules. 
Immune cells exit the lymphatic system and 
eventually return to the bloodstream to be trans-
ported throughout the body looking out for for-
eign antigens.

The lymphatic system provides an exclusive 
environment in which immune cells can respond 
to foreign antigens, as well as proliferate and cir-
culate lymphocytes and return them to the blood-
stream. Importantly, lymphatic vessels also serve 
as preferred routes for the spreading of meta-
static cancer cells from the primary to different 
organs. Indeed, lymph nodes are regarded as a 
favorable environment for metastatic tumor 
development [24].

The lymphatic system also functions as a one- 
way communication system for molecular mes-
sages, such as cytokines and chemokines, which 
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can be transmitted to cellular constituents in 
lymph nodes. These messengers are also poten-
tial candidates for controlling lymph flow by 
modulating lymphatic pumping [25–27]. A major 
role for the lymphatic vessels has also been dem-
onstrated in the transport of venom after snake-
bite, due to the usually large size of the toxic 
molecules [28, 29].

15.3.4  Digestive Functions

Following initial observations by Asselli of the 
key role lymphatics of the mesentery played in 
digestion and absorption (reviewed in [30]), it 
is now well recognized that intestinal lymphat-
ics are crucial to the absorption of dietary lipids 
[31–34]. Fat absorption involves emulsification 
of bile salts, hydrolysis of long-chain triglycer-
ide species by lipase, passive and/or transporter- 
mediated diffusion into enterocytes, and 
resynthesis and repackaging of large triacylg-
lycerol-rich lipoproteins into chylomicrons. 
Chylomicrons are exocytosed by the entero-
cytes and enter the lymphatic system through 
lacteals, initial lymphatics in the villi of the 
small intestine, which empty into submucosal 
lymphatics and then into mesenteric collecting 
lymphatics. It is well accepted that intestinal 
lymph flow is enhanced following fat feeding 
[35, 36], but the precise mechanisms by which 
this occurs and the impact of lipid metabolism 
on lymphatic function still require further 
investigation.

15.4  Lymphatic Pumping 
and Spontaneous 
Contractions

Lymphatic pumping is the main driving force for 
lymph transport against adverse pressure gradi-
ents [37]. This active propulsive process is gener-
ated by the robust constriction/relaxation cycle of 
the lymphangions in the collectors, each 
lymphangion behaving like little ventricles in 
series. The centripetal and upstream movement 
of lymph is also facilitated by the system of one- 

way valves within the lymphatic network, which 
minimizes backflow [38].

15.4.1  Lymphatic Muscle Contraction

The lymphatic muscle cells invested in the walls 
of collectors generate and control the movement 
of lymph along the lymphatic network. As they 
bear similarities with vascular smooth muscle 
cells, lymphatic muscle cells are usually classi-
fied as smooth muscle cells. However, they dis-
play important differences in both their 
contractile function and contractile machinery 
that make them unique. Lymphatic contraction 
is mainly regulated by the rate of myosin light-
chain phosphorylation/dephosphorylation, con-
trolled by the balanced activity of myosin 
light-chain kinase (MLCK) and myosin light-
chain phosphatase (MLCP), a mechanism well 
studied in blood vessels (reviewed in [39]). As 
intracellular Ca2+ ([Ca2+]i) increases, it binds to 
calmodulin, and the Ca2+-calmodulin complex 
activates MLCK.  MLCK phosphorylates the 
regulatory myosin light chain 20 (MLC20) [40], 
causing activation of the myosin ATPase by 
actin and thus contraction. When [Ca2+]i 
decreases, MLCK is deactivated leading to the 
dephosphorylation of MLC20 by MLCP, the 
myosin ATPase is deactivated, and the muscle 
relaxes. MLCK and MLCP activities and con-
tractile status can also be regulated by mecha-
nisms independent of [Ca2+]i [40, 41]. Although 
these mechanisms explain well how tonic con-
traction is regulated, studies by Muthuchamy 
et al. [42] characterizing the contractile proteins 
expressed by lymphatic muscle cells shed some 
light on the mechanisms that could explain the 
ventricular-like pumping function of the 
lymphangions. They demonstrated that rat mes-
enteric and thoracic lymphatic muscle cells con-
tain striated contractile elements and share 
biochemical and functional characteristics with 
cardiac muscle cells [42]. Specifically, lym-
phatic muscle cells express the SMB-MHC iso-
forms, as well as fetal cardiac/skeletal 
slow-twitch β-MHC, a faster non-smooth mus-
cle MHC isoform, conferring them relatively 
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fast contractile properties. Furthermore, lym-
phatic tissues express messages and proteins for 
both vascular smooth muscle actin and sarco-
meric actin (reviewed in [43]). Whether the stri-
ated muscle and smooth muscle isoforms are 
expressed in the same lymphatic muscle cells 
has not been determined yet.

15.5  Electrophysiological 
Properties of the Lymphatic 
Muscle

As mentioned earlier, rhythmical constrictions 
can be observed in isolated collectors maintained 
in physiological conditions in the absence of 
innervation or a functional endothelial layer [44, 
45]. They are driven by action potentials gener-
ated by the cells constituting the muscular part of 
the vessel [46–48]. The regularity of these events 
suggests a pacemaking mechanism. While sev-
eral molecular and electrical entities have been 
proposed to underlie the lymphatic pacemaker, 
the precise/complete characterization of its 
mechanisms is still under study. We discuss in the 
following sections studies that have forged our 
current understanding of the pacemaker activity 
driving lymphatic pumping.

15.5.1  Historical Perspective

Lymphatic muscle membrane potential and 
action potentials have been investigated with 
recording methods of increased complexity over 
the years. The first successful attempts were 
obtained by Mislin [49, 50] using extracellular 
electrodes. He was able to record a series of 
peaks of short duration followed by a slower 
“after-potential” that he referred to as electro-
lymphangiograms (ELG) and that he interpreted 
as action potentials preceding the lymphangion 
constriction. Measurements of lymphatic intra-
cellular voltage changes were initially made with 
the sucrose gap technique. Although providing an 
approximate and dynamic description of intracel-
lular voltage changes rather than absolute mem-

brane potentials, this technique originally used 
by Orlov et  al. [51] in bovine mesenteric lym-
phatics allowed the recording of the action poten-
tial time course as a single spike followed by a 
gradually declining plateau, further confirming 
the correlation between action potential and con-
strictions [46–48]. Sharp intracellular microelec-
trodes have subsequently been used, providing a 
more reliable measurement of the action poten-
tial and the first accurate measurement of the 
lymphatic muscle membrane potential.

15.5.2  Lymphatic Muscle Membrane 
Potential

Using intracellular microelectrodes, mean resting 
membrane potential values ranging from −66 to 
−48  mV were obtained from mesenteric lym-
phatic vessel preparations of the guinea pig [52–
54], rat [55, 56], and bovine [57–59]. The small 
variation between values could be due to species 
or methodological differences or more plausibly 
relate to the consistently more active (and more 
depolarized) bovine and rat vessels compared to 
the generally more quiescent (and hyperpolar-
ized) guinea pig lymphatics. The polarized val-
ues of these recorded membrane potentials 
probably reflect the fact that these measurements 
were obtained in mesenteric vessels in the 
absence of applied transmural pressure. More 
recent recordings have been successfully obtained 
from pressurized or stretched lymphatic vessels. 
Because of the higher action potential frequency 
induced by the vessel pressure/stretch, the mea-
sured membrane potential is more correctly 
defined as mean diastolic membrane potential, 
with reported values being more depolarized. 
Indeed, isolated rat mesenteric lymphatics 
mounted on a wire myograph displayed a mean 
diastolic membrane potential of −39 mV that did 
not significantly change with increase in vessel 
stretch [55]. Using the same wire myograph tech-
nique, Telinius et al. reported membrane poten-
tials of ~−45 mV in human thoracic ducts [60]. A 
limitation of the wire myograph procedure is 
that, due to the small size of the vessels, the lym-
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phatic endothelial layer may well be damaged by 
the wires inserted through the vessel lumen, com-
promising the release of nitric oxide (NO) and 
prostaglandins known to hyperpolarize the mus-
cle. Furthermore, the horizontal and lateral 
stretch stimulus applied by the myograph might 
lead to different electrical response than the 
radial pressure normally  experienced by the ves-
sel. Thus, whether stretch truly depolarizes the 
lymphatic muscle cannot be unequivocally con-
firmed with this method. More recently, Davis 
et  al. successfully obtained membrane potential 
recordings from pressurized mouse, rats, and 
human lymphatic vessels, where sharp, intracel-
lular microelectrode impalements could be main-
tained when contractions were blunted with low 
millimolar concentration of the MLCK inhibitor 
wortmannin [61]. With this technique, the authors 
reported diastolic membrane potentials of 
−40 mV for rat mesenteric vessels, and −35 and 
−40 mV for mouse inguinal and mesenteric col-
lectors pressurized to 3 cm H2O [61, 62]. In addi-
tion to these values being more depolarized 
compared to unstretched vessels and not notice-
ably different from those obtained with a wire 
myograph, they were little altered (~3 mV) with 
increases in pressure (M.J.  Davis, personal 
communication).

Based on pharmacological experiments per-
formed on sheep and guinea pig mesenteric lym-
phatics, large-conductance Ca2+-activated K+ 
channels, inward-rectified K+ channels, delayed 
rectifier K+ channels, ATP-sensitive K+ channels, 
and Ca2+-activated Cl− channels (ClCa) have been 
suggested to be expressed and involved in the 
establishment of the lymphatic muscle mem-
brane potential [63–67]. The functional contri-
bution of all these classes of K+ channels was 
also more recently demonstrated in human tho-
racic ducts and their expression confirmed at the 
mRNA level [68]. The difficulty to acutely iso-
late lymphatic muscle cells has limited the use of 
the patch clamp technique to characterize the 
currents involved in lymphatic muscle mem-
brane potential, so that only a very few studies 
using this technique have been published. Thus 
far, a large-conductance Ca2+-activated K+ cur-
rent (blocked by penitrem A) and several compo-

nents of voltage-dependent K+ currents are 
characterized by their partial blockade by TEA 
or 4-AP, thereby resembling “delayed rectifier” 
currents identified in acutely dissociated sheep 
mesenteric lymphatic muscle cells [64]. 
Furthermore, a nifedipine- and Bay K8644-
sensitive L-type Ca2+ current and a 9-anthracene 
carboxylic acid (9-AC)-sensitive ClCa current 
activated by Ca2+ release from intracellular 
stores were recorded from a significant number 
(~70%) of the same isolated sheep mesenteric 
lymphatic muscle cells [66].

Several electrogenic ion pumps and exchang-
ers have also been suggested to be involved in the 
establishment of the lymphatic muscle resting 
membrane potential. Inhibition of the sodium- 
potassium- ATPase with ouabain causes a 
6–10 mV depolarization in bovine and guinea pig 
mesenteric lymphatics [57] (von der Weid, 
unpublished data). Similarly, a hyperpolarization 
of ~6 mV is observed in rat mesenteric lymphat-
ics during inhibition of the Na+–K+–2CI− co- 
transporter with bumetanide [56], which 
correlates with a significant decrease in contrac-
tion frequency (Fig.  15.2). Together with the 
reported sensitivity of the resting membrane 
potential to ion substitution and ion channel inhi-
bition [56, 69], these data demonstrated the 
strong lymphatic muscle membrane potential 
dependency to K+ and Cl− conductances.
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Fig. 15.2 Effect of the Na+–K+–2Cl− co-transporter 
(NKCC) blocker bumetanide (10 μM) on the perfusion- 
induced increase in contraction frequency of guinea pig 
mesenteric lymphatic vessels (n = 7; ***p < 0.001, two- 
way ANOVA with Bonferroni posttest)
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15.5.3  Action Potential

Due to their frequent occurrence and their impor-
tance in lymphatic contractions, characterization 
of the electrophysiological mechanisms involved 
in the action potential and the initiation of this 
event has been the subject of much attention. In 
bovine mesenteric vessel, intracellular microelec-
trode recordings showed a diastolic slow depolar-
ization and followed by a spike complex 
superimposed to a plateau phase [70]. Similar 
spike complexes were reported in sheep and 
human mesenteric collectors [71, 72]. While 
action potentials in guinea pig mesenteric lym-
phatics displayed the initial transient depolariza-
tion and plateau phases, a slow depolarization and 
superimposed burst of spikes were not evident in 
this species [73]. Spontaneous action potentials 
were more recently recorded from mouse main 
collectors [61]. In this study, the authors reported 
differences in action potential properties between 
lymphatic vessels in the leg and vessels from the 
visceral cavity. While inguinal/axillary action 
potential was characterized by a diastolic depolar-
ization, spike, plateau, and repolarization phases 
without a noticeable after- hyperpolarization, mes-
enteric action potentials lacked spike and plateau 
phases. This difference, partially explained by 
L-type Ca2+ channel activity, is likely correlated 
with the notorious lack of contractile activity of 
mouse mesenteric collectors [61].

Like most smooth muscles, action potentials 
and constrictions in lymphatics depend heavily 
on extracellular Ca2+ ions and are inhibited by 
L-type Ca2+ channel blockers [47, 74, 75]. 
Electrophysiological evidence for L-type Ca2+ 
current was confirmed in freshly isolated sheep 
mesenteric smooth muscle cells with the whole- 
cell patch clamp method [66, 76]. Involvement of 
L-type Ca2+ channels in rat, mouse and human 
mesenteric vessel action potentials was assessed 
pharmacologically [60, 61, 77] and expression of 
the main L-type Ca2+ channel isoform, Cav1.2, 
confirmed by PCR and immunofluorescence [60, 
61, 77], although expression of Cav1.1 and 
Cav1.3 was also revealed.

A fast voltage-activated Na+ current, inhibited 
by TTX and which contributes to the rising phase 

of the action potential, was also identified in the 
sheep mesenteric smooth muscle cells [78]. TTX 
also significantly depressed spontaneous contrac-
tions of isolated sheep mesenteric lymphatic ves-
sel rings suggesting the involvement of Na+ 
channels in spontaneous constrictions [78]. 
However, TTX did not affect action potentials in 
bovine mesenteric lymphatics [47] or constric-
tions induced by luminal perfusion in guinea pig 
mesenteric lymphatics [52]. Telinius and col-
leagues, using pharmacological characterization 
and mRNA expression profiling, reported expres-
sion of multiple voltage-activated Na+ channels 
(Nav1 family) in samples of human thoracic duct 
and mesenteric lymphatic muscle with Nav1.3, 
the most prevalent, facilitating the action poten-
tial generation [72].

15.5.4  Lymphatic Pacemaker

The strict voltage dependence of L-type Ca2+ 
channels and the regularity of the action poten-
tials during lymphatic pumping suggest the 
involvement of an electrical event that transiently 
depolarizes the muscle membrane potential 
(pacemaker potential). Two main mechanisms 
have been proposed for the generation of pace-
maker activity in lymphatic vessels.

Studies on large lymphatic vessels (bovine 
mesenteric lymphatics) have demonstrated that 
the pacemaker mechanisms underlying lym-
phatic constrictions relate to a slow depolariza-
tion leading to the generation of regularly 
occurring action potentials [48, 70]. Such activ-
ity bears time- and voltage-dependent similari-
ties with that observed in the heart. Indeed, 
investigations in sheep mesenteric lymphatics 
have demonstrated the existence of a hyperpolar-
ization-activated inward current with properties 
similar to hyperpolarization-activated cyclic 
nucleotide-gated (HCN or “funny” current If) 
current in the sinoatrial node [79]. This current 
could however be only recorded in a low number 
of cells. HCN blockers, cesium and ZD7288, 
partially inhibited the frequency of spontaneous 
constrictions of isolated lymphatic segments. A 
more profound effect of the selective HCN 
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blocker ivabradine, as well as to a lesser extent 
cesium and ZD7288 (at rather high concentra-
tions), to inhibit lymphatic pumping was more 
recently reported in rat diaphragmatic lymphat-
ics, which express all four HCN channel iso-
forms [80]. However, ZD7288 exhibited no 
significant effects on the membrane potential of 
guinea pig mesenteric lymphatic muscle, nor did 
it alter the frequency of action potentials and 
constrictions in rat and guinea pig mesenteric 
vessels (Fig. 15.3 and von der Weid, unpublished 
data), or the activity of spontaneous transient 
depolarizations (STDs) [69], the events pro-
posed to mediate pacemaking in these vessels 
(see below). Altogether, these findings suggest 
that while a HCN conductance may be important 
for lymphatic pacemaking in several vessels or 
species, it plays a lesser role in others, where 
additional conductances predominate.

An issue associated with pacemaker potentials 
that has hampered their characterization is the 
electrical characteristics of the muscle syncytium 
present within the lymphatic chamber. In large 
vessels, pacemaker activity is difficult to study 
because of uncertainties in the electrical distance 
of the pacemaker cells from the site at which 
recordings are made in the smooth muscle. Thus, 
the pacemaker potential that generates each 
action potential cannot readily be distinguished 
from the potential change, underlying the propa-
gated action potential. By studying smaller, more 
segmented vessels in the guinea pig mesentery, 
van Helden circumvented this problem and pro-
posed a second model for lymphatic pacemaking. 
In these small, presumably isopotential short ves-
sel segments, lymphatic muscle membrane 
potentials recorded with a intracellular micro-
electrode consistently displayed small STDs that 
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Fig. 15.3 Lack of effects of the HCN channel blocker 
ZD7288 on membrane potential and contractile activity of 
guinea pig mesenteric lymphatic vessels. Original intracel-
lular microelectrode recording of membrane potential in con-
trol condition and 10 min after the start of a 1 μM ZD7288 

superfusion (a: note small and large upward deflections 
denoting STDs), and summary graph data (b: n  =  4). (c) 
Contractile responses of guinea pig mesenteric lymphatic 
vessels luminally perfused at increasing flow rates in control 
condition and in the presence of 1 μM ZD7288 (n = 2)
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were proposed to be the lymphatic pacemaker, 
because either individually or through summa-
tion they underlie the action potentials and 
 muscle contractions [53]. This hypothesis is sup-
ported by a number of observations reported in 
this original paper and subsequent studies [69, 
81–84]. First, the initial phase of the spontane-
ously generated action potentials has the same 
time course as the rising phase of STDs. Second, 
agonists, such as noradrenaline, histamine, endo-
thelin-1, or thromboxane A2 mimetic U46619, 
which all increase lymphatic pumping rate, 
enhance STD activity. Third, STDs occur inde-
pendently of both the innervation and the endo-
thelium, making them likely to be generated by 
the lymphatic muscle cells. STDs reflect the 
opening of Ca2+-activated inward current carried 
by Cl− ions upon the “packeted” release of Ca2+ 
from IP3-sensitive stores within the muscle cells 
[69]. In support of these findings, Toland et  al. 
identified a ClCa current in isolated sheep mesen-
teric lymphatic smooth muscle cells, using the 
perforated patch technique [66]. The authors 
demonstrated that while in current clamp mode 
inhibition of this current with 9-AC reduced 
STDs and action potentials, the same treatment 
also caused abolition of pumping in a pressurized 
vessel. This hypothesis that ClCa channels under-
lie STDs and participate in the lymphatic pace-
making is also in agreement with the growing 
body of evidence showing that ClCa channels are 
involved in agonist-induced rat vascular smooth 
muscle contraction [85, 86].

Elusive for a long time, the identity of the 
gene underlying these ClCa channels has now 
been determined as anoctamin-1 (Ano1), also 
known as TMEM16a. ANO1 channels have 
been recently shown to be expressed in human, 
mouse, and rat lymphatics [87] (S.D. Zawieja 
and M.J. Davis, personal communication; von 
der Weid, unpublished data) and ClCa currents 
have been recorded from lymphatic muscle 
cells acutely dissociated from mouse inguinal-
axillary collectors (S.D.  Zawieja and 
M.J.  Davis, personal communication). The 
important role of ANO1 channels in lymphatic 

pumping was further demonstrated by the 
strong reduction of lymphatic contraction fre-
quency and a lack of response to increase in 
transmural pressure after selective deletion of 
the Ano1 gene in mouse lymphatic muscle 
cells (S.D.  Zawieja and M.J.  Davis, personal 
communication). In these transgenic mice, the 
lymphatic muscle cells were hyperpolarized, 
lacked the characteristic diastolic depolariza-
tion, and had a blunted action potential pla-
teau, a time course similar to that reported in 
sheep lymphatic muscle cells treated with 
9-AC [66]. Despite the strong evidences that 
STDs underlie lymphatic pacemaking and that 
STD inhibition correlates strictly with aboli-
tion of action potentials, several observations 
challenge the STD hypothesis for lymphatic 
pacemaker. Although it is likely that other 
conductances such as HCN currents also con-
tribute, it is troubling that while ClCa channel 
blockers, niflumic acid or 9-AC, are very 
potent at inhibiting STDs [66, 69], they only 
slightly decrease the frequency of contractions 
[55] (see Fig.  15.4). The argument that the 
notoriously nonspecific actions of these ClCa 
channel blockers may also target other chan-
nels, such as L-type Ca2+ channels, is refuted 
by the fact that if the contraction frequency is 
not affected, neither should the action poten-
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Fig. 15.4 Lack of effect of the Ca2+-activated Cl− chan-
nel blocker niflumic acid (NFA; 50 μM) on the perfusion- 
induced increase in contraction frequency of guinea pig 
mesenteric lymphatic vessels (n = 7)
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tials. Moreover, although lymphatic pumping 
is markedly impaired in the pressurized 
ANO1−/− transgenic vessels, it is not totally 
abolished, thus aligning well with the finding 
that niflumic acid did not alter action potential 
frequency in wire myograph-mounted rat mes-
enteric lymphatics [55]. A careful examination 
of the possible reasons for the differences in 
the effects of the ClCa channel blockers points 
to the different experimental conditions used 
for the different studies. In order to allow elec-
trical recordings with sharp microelectrodes, 
inhibition of STDs was mostly assessed in 
quiescent, unstimulated vessel segments, dis-
playing what we can consider to be true “spon-
taneous contractile activity.” On the other 
hand, assessment of the effects of these block-
ers on lymphatic pumping was typically per-
formed on isolated vessels under pressure/
stretch conditions. It is legitimate to suggest 
that the strong mechanical stimulation acti-
vates another rhythmical mechanism, and to 
hypothesize that pressure-induced pacemak-
ing requires activation of a set of ion channels 
different than those underlying spontaneous 
pacemaking.

It is well known that the degree of disten-
sion or stretch of the lymphatic vessel wall is 
an important factor in determining the intrinsic 
contractile ability of these vessels and hence 
the propulsion of lymph. Raising transmural 
pressure in doubly cannulated mesenteric lym-
phatic vessels causes an increase in both con-
striction frequency and amplitude and thus an 
increase in the amount of fluid propelled [88]. 
Benoit et al. [89] reported an increase in vol-
ume and constriction frequency of intact mes-
enteric lymphatics of the rat during edemagenic 
stress created by plasma dilution and con-
cluded that a stretch-dependent mechanism 
was involved. Although STD frequency was 
shown to increase with stretch in rat mesen-
teric lymphatics mounted on a wire myograph 
[55] and with intraluminal flow [82, 90] other 
ion channels may underlie the response to 
stretch or pressure.

15.5.5  Roles of Intracellular Calcium 
in the Lymphatic Pacemaker

In addition to being the ion permeating through 
L-type channels to generate action potential and 
excitation-contraction (E–C) coupling [91], Ca2+ 
released from intracellular store is also involved 
with lymphatic pacemaking [65, 66, 82, 92–94].

Atchison et al. [93] first reported that intra-
cellular Ca2+ store modulators, caffeine, ryano-
dine, and cyclopiazonic acid (CPA), all inhibited 
lymphatic pumping in actively-contracting iso-
lated bovine mesenteric lymphatic vessels, 
implicating intracellular Ca2+ stores (including a 
ryanodine sensitive store) in the phasic contrac-
tile activity. When transmural pressure was 
increased the inhibition evoked by caffeine and 
CPA was greater than that produced by ryano-
dine. This observation led to their suggestion 
that stores other than the ryanodine-sensitive 
stores were also involved. This work is concor-
dant with studies on guinea pig mesenteric ves-
sels, which shows that STDs are not blocked in 
Ca2+-free solution, but inhibited by either 
BAPTA-AM to chelate [Ca2+]i and or CPA to 
inhibit Ca2+ reuptake by the sacro-endoplasmic 
Ca2+ ATPase (SERCA). In this preparation, 
STDs were untouched by treatment with ryano-
dine or tetracaine [69], pointing to the specific 
contribution of IP3-sensitive stores in their gen-
eration [53, 92]. This conclusion is further con-
firmed by the observations that IP3 receptor 
(IP3R) blockers, 2-aminoethoxydiphenyl borate 
(2-APB) and xestospongin C, reduced STD 
amplitude. Thimerosal, known to sensitize IP3R 
for IP3, and Bt3(1,3,5)IP3/AM, a membrane-
permeant analog of IP3, increase STD ampli-
tudes, further confirming the specific 
involvement of IP3-sensitive Ca2+ stores [69]. 
Importantly, 2-APB has no significant effect on 
contraction and action potential frequency of 
myograph-mounted rat mesenteric lymphatics 
(Fig. 15.5), again suggesting that different/addi-
tional molecular elements might be involved in 
pacemaking when vessels are activated by wall 
stretch.
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15.5.6  Spontaneous and Stretch- 
Induced Pacemaker

A model for lymphatic pacemaking proposed by 
Imtiaz and colleagues can be used as a starting 
point to reconcile differences in pacemaker char-
acteristics observed in unstretched and stretched 
vessels. In their model, the authors propose that 
the interactions of two coupled oscillators 
account for the rhythmic lymphatic pacemaker 
[84, 94]. The first oscillator is composed of the 
interaction of IP3 with IP3R and the subsequent 
sensitization of IP3R by Ca2+ that is released 
internally. The second oscillator is represented by 
the electrical membrane potential changes lead-
ing to action potential firing in one cell that 
spreads and triggers depolarization and action 
potentials in adjacent cells coupled through gap 
junctions. Nonselective gap junction inhibitors 

have established a critical role for gap junctions 
in maintaining coordinated intra- and inter- 
lymphangion contractions in pressurized lym-
phatic vessel studies [95–97], but the identity of 
the various connexins mediating coupling 
between lymphatic smooth muscle cells is 
unknown at this time.

The limited ability of 2-APB, as well as ryano-
dine, to disrupt the contractile rhythmicity of 
lymphatic vessels under stretch [93] (see 
Fig. 15.5) suggests that the contribution of Ca2+ 
released from intracellular Ca2+ stores to pace-
making lessens as pressure/stretch of the vessel 
wall increases. However, as contractility strongly 
increases with pressure, the second, membrane- 
based, oscillator becomes more important. The 
ability of the cell membrane to sense and respond 
to increases in intraluminal pressure is critical 
and certainly involves the activation of a mecha-
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Fig. 15.5 Minimal involvement of intracellular Ca2+ 
stores in pacemaking of stretched lymphatics. (a) Original 
simultaneous recordings of membrane potential (top 
traces) and force (bottom traces) under control conditions 
(left) and 10 min after addition of 50 μM 2-APB to the 
solution bathing rat mesenteric lymphatic vessels mounted 

on a wire myograph under a preload of 0.3 mN. Traces are 
representative of five experiments. (b, c) Contractile 
responses of guinea pig mesenteric lymphatic vessels 
luminally perfused at increasing flow rates in control con-
dition and in the presence of 50 μM 2-APB (n = 13; b) and 
30 μM ryanodine (n = 5) or 50 μM tetracaine (n = 5; c)
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nosensor. While the molecular identity of this 
structure is still unknown, it presumably involves 
the opening of ion channels to provide the depo-
larization and/or Ca2+ entry necessary for the 
direct or indirect initiation of action potentials 
and contraction. We thus hypothesize that under 
stretch, activation of the mechanosensor and the 
ensuing depolarization and/or Ca2+ entry take 
over the mechanism of initiation of spontaneous 
action potential/contraction, exemplified by 
STDs, to increase lymphatic pumping.

A study by Lee et al. investigating the role of 
voltage-dependent Ca2+ channels in stretch- 
induced lymphatic pumping showed a critical 
contribution of T-type voltage-dependent Ca2+ 
channels in pacing contractions generated by 
stretch [77]. Specifically, the authors revealed a 
significant inhibition of the increase in frequency 
of action potentials and contractions generated 
by stretch or transmural pressure in rat mesen-
teric lymphatics when vessels were treated with 
T-type voltage-dependent Ca2+ channel blockers, 
Ni2+ or mibefradil. These findings strongly con-
trasted with the effects of L-type voltage- 
dependent Ca2+ channel blockers, nifedipine and 
diltiazem, which significantly decreased only the 
force of contractions [77]. In addition to demon-
strating the important role of T-type Ca2+ chan-
nels in lymphatic pacemaking, the study also 
revealed that Ni2+ and mibefradil differentially 
modulated lymphatic muscle membrane poten-
tial in wire myograph-mounted lymphatic vessels 
and unstretched vessels. Administration of the 
T-type Ca2+ channel blockers on unstretched ves-
sels where lymphatic muscle membrane poten-
tials ranged from −55 to −65  mV revealed a 
significant hyperpolarization, suggesting a con-
tribution of these T-type Ca2+ channels to the rest-
ing membrane potential. Indeed, these channels 
are classified as low-voltage activation channels, 
which open at polarized membrane potentials 
[98]. On the other hand, when applied to lym-
phatic segments mounted on the wire myograph 
where muscle cells are more depolarized (−35 to 
−45 mV) [55], these blockers caused no signifi-
cant changes in membrane potential, while induc-
ing a decrease in contraction frequency. The 

involvement of T-type Ca2+ channels in the regu-
lation of membrane potential in unstretched ves-
sels and in the frequency of lymphatic contractions 
strongly suggests their participation in the pace-
making mechanism of lymphatic pumping [69, 
71]. Indeed, T-type Ca2+ channels have also been 
reported to modulate electrical activity in other 
smooth muscles, such as rabbit urethra and 
guinea pig detrusor muscle of the urinary blad-
der, where their inhibition leads to a decrease in 
action potential frequency [99, 100]. Moreover, a 
role for T-type Ca2+ channels in the pacemaking 
mechanism of the heart has been demonstrated, 
as blocking T-type Ca2+ channels in the sinoatrial 
node slows the cardiac diastolic depolarization, 
also referred to as the “pacemaker potential” 
[101, 102]. Indeed it has been observed that 
increases in action potential/contraction fre-
quency evoked by step increases in stretch in rat 
mesenteric collectors can occur without changes 
in membrane potential [55]. Thus, it is likely that 
stretch activates a collection of depolarizing ion 
conductances, including a T-type Ca2+ conduc-
tance, that modulate the frequency of action 
potentials/contractions in lymphatic muscle. 
Inhibition of one of these conductances, such as 
T-type Ca2+ channels, would lead to slower fre-
quencies, but not necessarily affect the mem-
brane potential. Further investigations are 
required to determine the specific role of T-type 
Ca2+channels in the generation of APs leading to 
lymphatic contractions.

Other ion channels, which could, individually 
or in combination, play a role in the mechanosen-
sor mechanism are members of the transient 
receptor potential family (TRP), such as TRPC6, 
TRPM4, and TRPM7 [103–107]. They have been 
shown to participate in cardiac automaticity 
[108] or pacemaking in intestinal interstitial cells 
of Cajal (ICC), sometimes in concert with ANO1 
ClCa channels [106, 107]. Importantly, like ClCa 
channels, many TRP channels are permeable to 
Ca2+ and/or have their activity modulated by this 
ion [105, 109–111]. Although most are expressed 
in lymphatic vessels [112] (von der Weid, unpub-
lished data), TRP channels have not been investi-
gated in the context of lymphatic pacemaking.
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15.6  Pathologies of the Lymphatic 
Vessels

15.6.1  Lymphedema

The importance of the lymphatic vessels in fluid 
and macromolecule balance is obvious in a case 
of lymphatic failure. One of the most common 
clinical consequences of inadequate lymphatic 
functioning is lymphedema. This affliction is a 
swelling of the tissues caused by an accumula-
tion of fluid and proteins [113], usually conse-
quent to abnormalities in the regional lymphatic 
drainage of the extremities, although visceral 
lymphatic abnormalities can also occur [114]. In 
contrast to venous edema in which enhanced cap-
illary pressure indirectly stimulates lymph pro-
duction, lymphedema is caused by a reduction in 
lymphatic transport. Lymphedema is typically 
categorized as primary (congenital) if the abnor-
mality preventing lymph flow exists in the lymph 
vessels or lymph nodes, or as secondary 
(acquired) if the disease obstructing or obliterat-
ing the lymph conducting pathways began else-
where [115].

The development of lymphedema can be the 
result of anatomic problems, including lymphatic 
hypoplasia and functional insufficiency or 
absence of lymphatic valves [116, 117]. Indeed, 
if lymphatic endothelial dysfunction is present, 
lymphatic muscle dysfunction is likely to follow. 
Impaired lymphatic drainage fosters the accumu-
lation of protein and cellular metabolites, fol-
lowed by an increase in tissue colloid osmotic 
pressure, which leads to water accumulation and 
increased interstitial hydraulic pressure. Once a 
chronic state is reached, an increase in the num-
ber of fibroblasts, adipocytes, and keratinocytes 
in the edematous tissues is observed. Macrophages 
often denote the chronic inflammatory response 
[118]. Increased collagen deposition, with adi-
pose and connective tissue overgrowth in and 
around the edematous tissue (usually skin), also 
occurs, leading to progressive fibrosis [114].

Recent advance in the genetic investigation of 
primary lymphedemas has permitted the identifi-
cation of forkhead transcription factor FOXC2 as 
a candidate gene for lymphedema-distichiasis 

[119]. FOXC2 is involved in abnormal interac-
tions between lymphatic endothelial cells and 
pericytes as well as valve defects, which are char-
acteristic of the pathology of lymphedema- 
distichiasis [120]. Hereditary primary 
lymphedema (also referred to as Milroy’s dis-
ease) is attributed to a mutation that inactivates 
VEGFR-3 tyrosine kinase signaling important 
mainly in lymphatic vessels [121, 122].

Secondary lymphedema is much more com-
mon than the primary form. It develops after dis-
ruption or obstruction of lymphatic pathways by 
surgical, traumatic, inflammatory, and neoplastic 
disease processes. Edema of the arm after exci-
sion of axillary lymph nodes and subsequent irra-
diation, classical procedures to alleviate breast 
cancer, is probably the most common cause of 
lymphedema in developed countries [123]. 
Although multiple contributing mechanisms can 
be suggested, lymphoscintigraphy experiments 
have demonstrated that lymphatic pump failure 
participates in the lymphatic dysfunction 
observed in these patients [124].

However, the most common cause of second-
ary lymphedema is lymphatic filariasis, a major 
public health problem throughout many regions 
of the tropics, which affects an estimated 120 
million persons worldwide [125]. The disease is 
caused by several species of filarial nematode, 
the most common being Wuchereria bancrofti. 
Parasites are transmitted by mosquitos and infec-
tive larvae develop into adult worms in afferent 
lymphatic vessels, causing severe distortion of 
the lymphatic system. In their life span of several 
years, adult Wuchereria can release millions of 
larvae into the blood, which often lodge in the 
lymphatics of the spermatic cord, causing scrotal 
damage and swelling.

Elephantiasis—a painful, disfiguring swelling 
of the limbs—is a classic sign of late-stage dis-
ease. In addition to these chronic pathologies, 
infected people experience several episodes of 
acute inflammatory disease each year, associated 
with the death of adult worms and infection with 
opportunistic organisms invading damaged and 
dysfunctional lymphatics and surrounding tissues. 
Until recently, understanding of filarial disease 
was considered to be due to complex interactions 
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between the parasite, host immune responses, and 
opportunistic infections. Studies aiming at charac-
terizing the molecular nature of the inflammatory 
stimuli derived from filarial nematodes have 
revealed the critical role played by the worms’ 
symbiont Wolbachia [126, 127]. Indeed, lipopoly-
saccharide (LPS)-like molecules released from 
these intracellular bacteria are responsible for 
potent pro-inflammatory responses by macro-
phages in animal models of filarial disease [128]. 
Wolbachia has also been associated with severe 
inflammatory reactions to filarial chemotherapy, 
being released into the blood following death of 
the parasites. Recent studies in animal models 
even implicate Wolbachia in the onset of lymph-
edema. Taken together, these studies imply a major 
role for Wolbachia in the pathogenesis of filarial 
disease. It may be possible, through the use of anti-
biotic therapy, to clear worms of their symbiotic 
bacteria, with the intent that this approach will pre-
vent the development of filarial pathology [129].

While the precise pathological mechanisms 
that produce lymphedema during filariasis are 
not completely understood, symptoms including 
lymphangitis, dilated lymphatics, and decreased 
lymphatic contractile function both in situ and ex 
vivo point to an inhibition of lymphatic muscle 
function leading to a loss of lymphatic contractile 
activity and ultimately the development of 
lymphedema [130, 131].

15.6.2  Inflammation-Induced 
Lymphatic Contractile 
Dysfunction

As eluded above, the low-grade inflammation 
underlying the lymphedema condition might be a 
contributing factor in the lymphatic dysfunction. 
Indeed, collecting lymphatic vessels usually 
change their contractile behavior upon inflamma-
tory stimulation. These inflammation-induced 
alterations are characterized first by dilation of 
the vessel and decrease in contraction frequency. 
Many studies have been performed to dissect out 
the role of individual components of the inflam-
matory soup in lymphatic pumping modulation. 
Classical inflammatory mediators, such as pros-

tanoids, histamine, or NO, have all been shown to 
modulate lymphatic pumping and lymph drain-
age (see reviews [43, 132]). In addition, neuro-
mediators important in immune and inflammatory 
responses, such as substance P, calcitonin gene-
related peptide (CGRP), neuropeptide Y, or vaso-
active intestinal polypeptide (VIP), have also 
been reported to strongly modulate lymphatic 
vessel contractility [133–136].

In a physiological and homeostatic context, it 
has been widely demonstrated that endothelium- 
derived mediators such as NO, prostacyclin, or 
prostaglandin E2 inhibit lymphatic contractility 
[54, 137–145], while on the other hand thrombox-
ane A2 increases it [140, 143–146]. As these mol-
ecules are strongly associated with and upregulated 
during the inflammatory process, they are very 
credible candidates to influence lymphatic pump-
ing during inflammation. Indeed, studies demon-
strated that the inhibition of mesenteric lymphatic 
pumping during 2,4,6- trinitrobenzenesulfonic 
acid (TNBS)-induced ileitis was due to an increase 
in the production of both NO and prostaglandins 
[147, 148]. NO was also heavily involved in dila-
tion and suppression of contractions in popliteal 
lymphatic vessels of mice after oxazolone-
induced acute skin inflammation that decreased 
the lymphatic transport capacity. In this situation, 
NO was produced by infiltrated CD11b+Gr-1+ 
cells expressing inducible NO synthase (iNOS) 
[149]. However, dilation and slow pumping of 
the vessel may be caused by high lymph pressure 
driven by the upstream edema. In some circum-
stances, this would favor faster material trans-
port, as demonstrated in isolated vessels from 
control/healthy animals where increased intralu-
minal pressure causes dilation and reduced 
pumping to allow material to quickly travel 
through the vessel network [150]. The role of 
pro-inflammatory cytokines has also been experi-
mentally addressed. A study by Hanley et  al. 
[151] reported that in isolated pressurized bovine 
mesenteric lymphatics interleukin (IL)-1α and 1β 
caused a significant inhibition of the pressure- 
dependent increase in lymphatic pumping. 
Interestingly, this effect occurred within minutes 
of IL-1 application, precluding a transcription- 
mediated action. Another study using noninva-
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sive near-infrared fluorescence imaging described 
cessation of murine lymphatic propulsion as 
early as 4 h following intradermal administration 
of LPS, IL-1β, TNFα, or IL-6 [26]. Importantly, 
these effects were noted to be systemic and driven 
by NO production. In our own hands, we were 
not able to observe such rapid effects but did 
observe significant inhibition of pumping in iso-
lated vessels or tonic contraction in cultured lym-
phatic muscle cells incubated for 24 h with the 
cytokines IL-1β or TNFα (unpublished observa-
tions; [25, 27]). The TNFα-induced decrease in 
lymphatic pumping requires activation of the 
NF-κB signaling  pathway, upregulation of NOS, 
and production of NO, which drives lymphatic 
muscle hyperpolarization via the opening of 
ATP- sensitive K+ channels [27].

Metabolic syndrome, which is characterized 
by chronic subclinical inflammation, also dis-
plays impaired intrinsic lymphatic contractil-
ity. Prenodal mesenteric collectors in a rat 
model of metabolic syndrome were signifi-
cantly smaller in diameter than their control 
counterparts and had markedly reduced con-
traction frequency, effectively reducing the 
intrinsic flow-generating capacity of these ves-
sels by almost 50%. These vessels also exhib-
ited a twofold reduction in their total force 
production and their myofilaments were sig-
nificantly less sensitive to Ca2+ compared with 
control myofilament [152].

Collectively, these studies directly indicate 
that inflammatory changes in the surrounding 
microenvironment significantly affect the lym-
phatic contractile behavior and subsequent 
flow of lymph and highlight the pivotal contri-
bution of the collecting lymphatic vessels in 
the perpetuation of inflammatory and immune 
responses.

15.7  Conclusion

Lymphatic pumping is the main driving force 
behind lymph drainage, which when inappropri-
ate contributes to the development of conditions 
such as lymphedema and chronic inflammatory 
diseases. It is initiated in the lymphatic muscle 

cells comprising the wall of lymphatic collectors 
by a pacemaker mechanism yet to be fully eluci-
dated. Over the last decades, studies have impli-
cated several different membrane ion channels 
and a strong dependence on intracellular Ca2+ 
transients in this intrinsic contractile activity. 
The precise interaction between these elements 
appears to vary between lymphatic beds and/or 
animal species. It is likely that given the ability 
of the lymphatic vessels to respond to changes in 
lymph pressure, the varying conclusions reached 
to date are due to differences in experimental 
design and whether or not stretch was applied to 
the vessel. Taking these methodological differ-
ences into consideration, most of the findings 
can be reconciled under the premise that several 
mechanisms are involved in lymphatic pacemak-
ing and that their individual contribution changes 
depending on the strength or the origin of the 
mechanical stimulation. Based on current litera-
ture, we can suggest that spontaneous contrac-
tions occurring in unstimulated vessels heavily 
rely on the random release of Ca2+ from IP3- 
sensitive intracellular stores activating ANO1 
ClCa channels and the generation of STDs, which 
if large enough allows the triggering of action 
potentials upon the opening of L-type Ca2+ chan-
nels. While the involvement of other channels, 
such as T-type Ca2+ channels, in this process can 
be suggested, there is good consensus as to a pri-
mary role for IP3-sensitive Ca2+ stores and ClCa 
channels. When a lymphatic collector is pressur-
ized, the importance of these elements decreases 
as the increase in wall tension activates a differ-
ent set of molecular entities that constitute the 
stretch-induced pacemaker. The molecular ele-
ments involved in this stretch-induced activity 
then provide the depolarization (directly or via 
intracellular Ca2+ changes) necessary for the 
action potential-induced contraction. Current 
investigations, testing the role of mechanosensi-
tive TRP channels, should shed some light on 
this fascinating research area and may lead to the 
development of therapeutic tools useful to cor-
rect lymphatic contractile dysfunction and regu-
late edema and inflammation as it occurs in 
lymphedema and chronic inflammatory 
diseases.
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Abstract
Airway smooth muscle (ASM) extends from 
the trachea throughout the bronchial tree to 
the terminal bronchioles. In utero, spontane-
ous phasic contraction of fetal ASM is critical 
for normal lung development by regulating 
intraluminal fluid movement, ASM differenti-
ation, and release of key growth factors. In 
contrast, phasic contraction appears to be 
absent in the adult lung, and regulation of 
tonic contraction and airflow is under neuro-
nal and humoral control. Accumulating evi-
dence suggests that changes in ASM 
responsiveness contribute to the pathophysiol-
ogy of lung diseases with lifelong health 
impacts.

Functional assessments of fetal and adult 
ASM and airways have defined pharmacologi-
cal responses and signaling pathways that 
drive airway contraction and relaxation. 
Studies using precision-cut lung slices, in 
which contraction of intrapulmonary airways 
and ASM calcium signaling can be assessed 

simultaneously in situ, have been particularly 
informative. These combined approaches have 
defined the relative importance of calcium 
entry into ASM and calcium release from 
intracellular stores as drivers of spontaneous 
phasic contraction in utero and excitation- 
contraction coupling.

Increased contractility of ASM in asthma 
contributes to airway hyperresponsiveness. 
Studies using animal models and human ASM 
and airways have characterized inflammatory 
and other mechanisms underlying increased 
reactivity to contractile agonists and reduced 
bronchodilator efficacy of β2-adrenoceptor 
agonists in severe diseases. Novel bronchodi-
lators and the application of bronchial thermo-
plasty to ablate increased ASM within 
asthmatic airways have the potential to over-
come limitations of current therapies. These 
approaches may directly limit excessive air-
way contraction to improve outcomes for 
difficult- to-control asthma and other chronic 
lung diseases.
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16.1  Introduction/Background

Airway smooth muscle (ASM) plays major func-
tional and structural roles within the lung 
throughout life. ASM is present as muscle bands 
in the posterior portion of large cartilaginous cen-
tral airways and arranged circumferentially 
around the smaller peripheral airways located in 
the distal lung. Spontaneous phasic contractions 
of ASM are evident in utero only, and are impli-
cated in airway development. Tonic contractions 
of ASM and responses to physiological and 
pathophysiological stimuli throughout life deter-
mine airway caliber, regulating airflow to opti-
mize ventilation, and may be required for 
protective reflexes such as cough. In both large 
and small airways, ASM has intrinsic tone, and 
further contraction can be induced in response to 
acetylcholine (ACh) released from parasympa-
thetic nerves or to mediators released from other 
cells, such as mast cells and basophils. Airway 
relaxation is predominantly mediated by circulat-
ing adrenaline, although epithelial-derived fac-
tors may also play a role. Both phasic and tonic 
airway contractions are controlled and regulated 
by Ca2+ signaling, with differential contributions 
from Ca2+ influx, mobilization from intracellular 
stores, and sensitivity of the ASM contractile 
apparatus to Ca2+.

Chronic lung diseases such as asthma are 
associated with dysregulation of ASM function 
and may be initiated in early life or have later 
onset. Increased reactivity of ASM to contractile 
agonists, termed airway hyperresponsiveness 
(AHR), leads to exaggerated airway contraction 
and obstruction. Evidence that the recurrence of 
spontaneous phasic contraction may also contrib-
ute is limited. In addition to its contractile func-
tion, ASM may also be a source of inflammatory 
mediators and cytokines and matrix proteins, and 
the increased proliferation of ASM in disease is 
thought to contribute to airway inflammation, 
remodeling, and associated AHR in asthma. 
These changes in ASM contractile and synthetic 
function are drivers of acute and chronic narrow-
ing of the airways in asthma. While bronchodila-
tors and anti-inflammatory agents can oppose 
some of these changes in ASM function, their 

efficacy is limited in severe disease and they do 
not provide a cure.

This chapter describes the development of 
ASM and its role in utero, before outlining its 
broader contractile and synthetic functions. The 
major focus is on the regulation of ASM function 
in health and disease, and the assessment of ASM 
contraction and relaxation and associated cellular 
signaling ex vivo at both the cellular level and in 
large and small airways. These mechanistic and 
functional studies in human samples and disease- 
relevant animal models have characterized signal-
ing pathways that differentiate ASM from other 
types of smooth muscle, and have implicated 
numerous factors underlying airway dysfunction. 
This in turn has led to increased understanding of 
the mechanisms of action of existing therapies 
and the identification of novel therapeutic 
approaches targeting ASM that offer promise for 
asthma and other chronic lung diseases.

16.2  Airway Development

16.2.1  Lung Development

Human lung development begins during early 
embryogenesis and extends into childhood, 
with most postnatal growth occurring within 
the first 2 years of life. The process is arbitrarily 
divided into embryonic, pseudo-glandular, 
canalicular, saccular, alveolar, and vascular 
maturation stages.

During the embryonic stage, the lung begins 
to form as a diverticulum from the primitive fore-
gut as early as 4 weeks gestation, and divides into 
two buds that will become the left and right lungs 
[1]. Further division of the airway buds occurs 
during the subsequent pseudoglandular stage of 
fetal development from 5 to 17 weeks, with cells 
within the airway wall undergoing differentiation 
to ASM, epithelial cells, and cartilage. By 
17  weeks gestation when the pseudoglandular 
stage is ending, both the pre-acinar pulmonary 
vasculature and airways are formed [1]. Division 
continues up to 27  weeks gestation during the 
canalicular stage of fetal development, with sub-
sequent dichotomous branching leading to the 
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formation of almost all the airways that will be 
present at birth [1]. Alveolar development in the 
final stage until term is evidenced by the appear-
ance of dents in the saccule wall from 27 to 
29  weeks gestation, progressing to cup-shaped 
structure by 34 weeks gestation. Alveoli continue 
to divide distally until 2–3 years of age, distal to 
the final total of 23 generations of airways pres-
ent within the left and right lobes of the postnatal 
human lung.

Comparisons between species have shown 
that the timing of each developmental stage and 
the degree of lung development at birth vary con-
siderably (Table 16.1).

16.2.2  Branching Structure 
and Functional Zones Within 
the Lungs

In the mature human lung, the airways form a 
branching structure, segmentally dividing in an 
irregular dichotomous manner from the trachea 
(generation 1) into two daughter branches at each 
subsequent generation through to the estimated 
480 million alveoli (generation 23, [4]). This pat-
tern varies between species, with the small air-
ways of sheep also  showing dichotomous 
branching, while mouse lungs have only 13 air-
way generations and exhibit a monopodial 
branching pattern.

The conducting zone of the lungs (human air-
way generations 1–16) is responsible for the 
transport of inhaled air. Subsequent generations 
act as a transition zone until the terminal bronchi-
oles lead to the respiratory acinar zone where gas 
exchange occurs (generations 17–23). In consid-
ering the contribution of airways of different 
sizes to resistance to airflow, most resistance is 

determined by changes in the caliber of the rela-
tively few large bronchioles (generations 1–7). 
The numerous smaller airways (defined as 
<2 mm in diameter, generations 8–23) contribute 
<10% to total airway resistance in healthy lungs 
[5], but have been implicated in the pathogenesis 
of chronic lung diseases such as asthma and 
chronic obstructive pulmonary disease (COPD) 
[6]. As such, it is important to define the func-
tional responses of large and small airways, in 
both health and disease.

16.2.3  Differentiation of Airway 
Smooth Muscle

The formation of new airspaces during branch-
ing morphogenesis early in gestation is closely 
followed by the differentiation of mesenchy-
mal cells into ASM cells. Evidenced by cellu-
lar expression of the contractile protein 
alpha- smooth muscle actin (αSMA) as an early 
differentiation marker [3], ASM progenitor 
cells have been identified in both the proximal 
and distal lung mesenchyme [7, 8]. This dif-
ferentiation of ASM is characterized by the 
simultaneous production of smooth muscle 
myosin heavy-chain (MHC) filaments in fetal 
human lungs [9]. ASM development occurs in 
response to stretch and autocrine and epithelial 
derived paracrine factors including RhoA, 
serum response factor and transforming growth 
factor-β (TGF-β). This leads to the expression 
of additional smooth muscle markers such as 
calponin, smooth muscle protein 22α (sm22α, 
also known as transgelin), and desmin in fetal 
ASM [10].

ASM has been identified by 6 weeks gesta-
tion in human fetal trachea and primary and 

Table 16.1 Stages of lung development (in gestation days) in different species [2]

Species Glandular Canalicular Saccular Alveolar
Mouse 14–16 16.5–17.4 17.4 PD 5
Rat 13–18 19–20 21–PD PD 7–21
Rabbit 19–24 24–27 27
Sheep 95 95–120 120
Human 42–112 112–196 196–252 252–childhood

ASM has been identified as early as 6 weeks gestation in human airways [3]. PD postnatal day
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lobar bronchi [3], and similarly between the 
end of the embryonic and the beginning of the 
pseudoglandular stage of fetal development 
across multiple species [11]. By 8 weeks gesta-
tion, ASM completely surrounds the trachea 
and is present on the branching epithelial 
tubules that will later become the bronchial 
tree [12]. Although there are few studies 
directly addressing the phenomenon of ASM 
cell migration in vivo during lung develop-
ment, it is likely that the addition of ASM cells 
to the developing airway wall is a result of both 
proliferation and cell migration, occurring 
under the influence of many of the same 
stimuli.

ASM eventually runs continuously from the 
trachea, where it forms a closely packed and mul-
tilayered band attached to the anterior airway car-
tilage rings, to the distal lung where the muscle 
layer is only one to two cells deep. In contrast to 
other visceral organs where circular and longitu-
dinal bands of muscle develop to propel internal 
contents, ASM cells form characteristic criss-
crossed bundles in the postnatal airways [12]. 
This structure is consistent with the functions of 
adult ASM in maintaining airway patency as well 
as regulating diameter during both quiet breath-
ing and in response to endogenous mediators 
including neurotransmitters, hormones, and 
autacoids.

16.2.4  Development of Airway 
Innervation

As ASM differentiation becomes evident within 
the lung, neural crest-derived cells and axons 
begin to migrate into the elongating lung buds 
from the foregut. It has been proposed that glial 
derived neurotrophic factor (GDNF) produced by 
the ASM acts as a chemoattractant for growing 
nerve endings. Neural development follows the 
newly differentiated ASM as it is laid down at the 
ends of the tubules [12].

By the end of the embryonic period (53 days 
gestation), the branching epithelial tubules in the 
primordial lung are covered with ASM to the 
base of the terminal sacs. Around this ASM layer, 

an extensive plexus of nerve bundles, ganglia, 
and Schwann cells develops as a sheath. By the 
canalicular stage, maturation of the innervation is 
advanced with two major nerve trunks running 
the length of the bronchial tree, giving rise to 
varicose fibers lying on the ASM, gradually 
becoming more compact and larger in diameter. 
Furthermore, increased numbers of larger and 
more spherical ganglia are present in the segmen-
tal and subsegmental airways. At this time point, 
a network of small fibers lies on the ASM layer. 
In adults, there are few ganglia present, mostly 
accompanying extrapulmonary airways with a 
scarce number of small ganglia present at junc-
tions of intrapulmonary bronchi [12, 13].

Enzymes responsible for the synthesis of spe-
cific neurotransmitters and the transmitters 
themselves are expressed during maturation of 
airway innervation [12, 13]. Choline acetyltrans-
ferase and neuronal nitric oxide synthase 
(n-NOS), required for synthesis of acetylcholine 
and NO, respectively, and the neuropeptide 
vasoactive intestinal peptide (VIP) are co-local-
ized in cholinergic, parasympathetic nerves in 
human and pig fetal airways by the early cana-
licular stage. Tyrosine hydroxylase required for 
noradrenaline synthesis and neuropeptide tyro-
sine (NPY) are co-localized in sympathetic 
nerve fibers by the saccular stage. Additionally, 
the neuropeptides substance P (SP) and calcito-
nin gene-related peptide (CGRP) can be detected 
in fetal airways, providing evidence of sensory 
nerves in utero.

16.3  Functions of Airway Smooth 
Muscle

Differentiated ASM has the potential to be 
mechanically active from the early stages of lung 
development. Spontaneous phasic contractions 
of fetal airways are evident and contribute to in 
utero development, but do not persist in postnatal 
life. Both developing and mature ASM expresses 
multiple receptors, and the downstream signaling 
pathways and contractile elements to respond to 
neurotransmitters and other mediators, while 
ASM also possesses additional proliferative and 
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secretory functions that have potential autocrine 
effects on airway structure and function.

16.3.1  Spontaneous Phasic 
Contractions of ASM In Utero

Spontaneous narrowing of airways in the fetal 
lung was first observed in chicken embryo lung 
explants in culture [14]. The first studies in 
first- trimester human lung showed that this 
phenomenon was myogenic in nature [15]. This 
property of fetal ASM has been established in 
multiple species including mouse at gestation 
day 11 [16], rabbit in third trimester [11], and 
pig in the early second trimester [11]. The 
development of these phasic airway contrac-
tions is temporally related to ASM development 
and generation of regular waves of spontaneous 
action potentials [17].

The origin of the peristaltic waves of fetal air-
way contraction has been explored. In cultures of 
separate lobes of mouse lungs, contractions origi-
nate proximally at the lobar bronchus and travel 
to the periphery, whereas narrowing starts at the 
trachea in complete lungs [11]. In rat lungs, air-
way peristalsis commences during embryonic 
lung development along with the earliest detec-
tion of αSMA [18]. By early stages of develop-
ment, discrete pacemaker sites are evident within 
the trachea and proximal airways, dominated by 
the right lung. This pacemaker hierarchy appears 
to change during development, as phasic contrac-
tions originating in the trachea subside as mor-
phogenesis progresses [18].

16.3.1.1  Functions of Spontaneous 
Phasic Contractions

Spontaneous phasic airway contractions in utero 
have been implicated in key functions associated 
with normal lung development, leading to the 
suggestion that fetal ASM plays a key role as an 
“architect of the lung” [18]. The movement of 
intraluminal fluid through epithelial tubules as a 
consequence of the peristaltic activity of fetal 
ASM maintains positive pressure in the lumen 
area to keep the tubules in a distended state [19]. 
Experiments in fetal sheep have demonstrated a 

direct link between reduced distension due to 
fluid loss and lung hypoplasia. Conversely, tra-
cheal obstruction in utero, leading to fluid accu-
mulation, results in more rapid lung maturation 
[20]. These differences in pressure between the 
airway lumen and surrounding tissue are essen-
tial for normal airway development, with tension 
and mechanical stretch playing additional roles 
in cellular differentiation and airway growth [21].

The force generated by contraction of fetal 
ASM may also stimulate lung growth by mechan-
ically inducing the expression of growth factors 
[11]. Fibroblast growth factor-10 (FGF10) has 
been identified as a mitogen produced by ASM 
precursor cells in the distal lung, driving their 
own growth and entry into the smooth muscle 
cell lineage. This growth factor elicits dose- 
dependent proliferation of progenitor cells in 
early lung development, while in knockout mice 
lacking the Fgf10 gene the airways fail to extend 
beyond the carina [7]. In separate studies in rat 
lungs, phasic contractions occur at a frequency of 
0.5–1  min−1; both serum and FGF10 promoted 
lung growth associated with an increase in peri-
stalsis frequency [22].

Studies performed using undifferentiated 
mouse and human lung mesenchymal cells have 
shown that upregulation of contractile proteins 
specific to smooth muscle can be induced by 
stretch or prevented by reducing airway intralu-
minal pressure [10, 12]. In both the intact bron-
chial tree and in culture, airway contraction 
pushes the lung liquid in the airway lumen 
towards the periphery [11]. Interestingly, lung 
growth is concentrated at the end buds of the lung 
where the periodic distensions and relaxations 
occur [10]. These combined findings support the 
coupling of spontaneous phasic contractions of 
fetal airways with normal lung development.

16.3.1.2  Mechanisms of Spontaneous 
Phasic Contractions

The ionic mechanisms underlying the spontaneous 
phasic activity of fetal airways have been studied in 
freshly isolated ASM cells and intact airways [15, 
23]. The first study of membrane ion currents in 
fetal single ASM cells demonstrated a small 
 voltage-independent cationic current and a large 
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variation in an outward current that was sensitive to 
tetraethylammonium (TEA) and the scorpion 
venom toxins charybdotoxin (ChTX) and iberio-
toxin (IbTX), but resistant to 4- aminopyridine (4-
AP), consistent with the activation of 
large-conductance Ca2+-activated K+ (BK) chan-
nels. In current clamp mode, ChTX, but not 4-AP, 
caused a substantial depolarization of human fetal 
ASM cells, suggesting that BK channels are the 
major determinant of the membrane potential in this 
tissue [23]. Depending on the size of the BK cur-
rent, the mean resting membrane potential of these 
fetal ASM cells (−48 mV) [23] is more depolarized 
than that reported for adult ASM (between −65 and 
−45 mV) [15, 24, 25] and falls within the voltage 
range required to activate L-type voltage-dependent 
Ca2+ channels (VDCCs) [15, 24]. This is consistent 
with intact prenatal airways being more electrically 
excitable and therefore more prone to spontaneous 
phasic activity than postnatal airways.

Mechanical studies of fetal human airway prep-
arations have shown that spontaneous contractility 
of fresh ASM-covered epithelial tubules is main-
tained in the presence of the muscarinic antagonist 
atropine, providing evidence that cholinergic nerve 
activation is not fundamental [26]. Furthermore, 
this spontaneous activity is unaffected by the 
sodium channel blocker, tetrodotoxin (TTX), sug-
gesting that contractions are an intrinsic property of 
the ASM itself or closely associated sodium chan-
nel-independent pacemaker cells that do not require 
a neuronal input [22, 26]. These spontaneous con-
tractions are prevented upon L-type Ca2+ channel 
blockade with nifedipine, demonstrating a funda-
mental role of Ca2+ influx upon the opening of 
L-type VDCCs [16, 26]. Simultaneous measure-
ments of isometric force and membrane potential 
in human trachea isolated between 12 and 16 weeks 
of gestational development similarly show sponta-
neous electrical activity that is completely sup-
pressed by Ca2+ channel blocker verapamil or 
removal of extracellular Ca2+ [15].

The first study to demonstrate prenatal ASM 
Ca2+ oscillations used embryonic rat lungs loaded 
with the fluorescent indicator Fluo-4 and showed 
travelling waves of intracellular Ca2+ [27]. In 
these preparations, the gap junction uncoupler 
18-β glycyrrhetinic acid (40 μM) abolishes both 

Ca2+ waves and coordinated peristalsis. The 
spontaneous contractions are prevented by nife-
dipine or removal of extracellular Ca2+, and 
increased in amplitude and frequency by TEA 
(10 mM). These combined findings suggest that 
the spontaneous contractions result from the 
spread of L-type Ca2+ channel-dependent depo-
larizations via gap junctions, while K+ channels 
(voltage-gated or BK channels or both) appear to 
suppress ASM excitability.

Calcium release from sarcoplasmic reticulum 
(SR) stores via activation of inositol trisphos-
phate receptors (IP3Rs) and ryanodine receptors 
(RyRs) also regulates Ca2+ waves and phasic con-
tractility in fetal ASM [27]. In rat embryonic 
lungs, phasic contraction is inhibited by 
2- aminoethoxydiphenyl borate (2-APB) that is 
known to block the IP3R-mediated Ca2+ release. 
Activating RyRs with caffeine or blocking these 
channels with ryanodine increases or reduces 
phasic contractions, respectively [27]. Thus, 
spontaneous contractions of the fetal airways are 
produced by Ca2+ oscillations and are dependent 
not only on extracellular Ca2+ influx but also on 
intracellular release from the SR.

The rhythmic and spontaneous contractions of 
the fetal airways increase in frequency through 
gestation [11, 12]. Although Ca2+ oscillations 
have been demonstrated in human cultured ASM 
cells, organ cultures of whole embryonic rat 
lungs [28, 29], and ASM cells from both healthy 
and asthmatic patients [30], there is little evi-
dence that spontaneous rhythmic contractions of 
the airways persist in postnatal life. However, it 
may well be that the summation of these Ca2+ sig-
nals is responsible for the generation of tone in 
mature ASM, presumably via mechanisms dis-
cussed in gastrointestinal sphincters (Chap. 2) 
and urethra (Chap. 6).

16.3.2  In Utero and Postnatal Tonic 
Contractions of ASM

16.3.2.1  Functions of Tonic 
Contractions

There is considerable debate about the physio-
logical function of ASM beyond its regulation of 
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fetal airway fluid homeostasis and lung develop-
ment via spontaneous phasic contractions in 
utero. The levels of smooth muscle contractile 
proteins and calcium regulatory proteins 
expressed in fetal ASM are retained at qualita-
tively comparable levels in adult human ASM 
[31], so ASM is clearly capable of contracting the 
mature airways. After birth, tonic contraction 
occurs in response to neurotransmitters and cir-
culating stimuli, reducing airway lumen area and 
increasing resistance to airflow. While this estab-
lishes the contribution of ASM to airway disease, 
its role in healthy airways is less clear. Indeed, 
there are several proponents of the idea that con-
tractility of ASM contributes little to airway reg-
ulation after birth. They have described the ASM 
layer as “the appendix of the lung” [32] and ASM 
as a “frustrated cell” [33].

Suggested functions of ASM include stabi-
lizing airway structure to prevent maximal nar-
rowing and airway closure. However, the 
airway basement membrane alone is likely to 
provide a relatively nondistensible natural limit 
to oppose airway collapse [34]. ASM contrac-
tion is not required for exhalation, and clear-
ance of mucus and respirable irritants is 
achieved by the actions of beating cilia lining 
the airways rather than requiring ASM peristal-
sis [35]. Even an active role for ASM contrac-
tion in enhancing the effectiveness of cough 
remains uncertain [33]. Airway narrowing 
increases airflow velocity, and could therefore 
lead to increased mucus clearance. However, 
there is no localized reflex that could initiate 
bronchoconstriction through flow- limiting seg-
ments, suggesting that ASM contraction has 
limited potential to oppose mucus obstruction 
in the airways [36].

While the physiological function of ASM 
remains elusive, it is clear that excessive ASM 
contraction has adverse consequences in the con-
text of disease. It therefore remains important to 
define the numerous factors that regulate airway 
and ASM responsiveness. ASM plays a major 
role in the pathogenesis of asthma and other air-
way diseases when it contracts “too easily and 
too much” [37]. This AHR has been attributed to 
the increased reactivity of ASM to contractile 

stimuli and the increased ASM mass within the 
inflamed, remodeled airways.

16.3.2.2  In Vitro Assessment 
of Airway and ASM 
Contraction

The majority of in vitro studies examining 
responses of isolated airways to electrical field 
stimulation (EFS) or contractile agonists have 
used readily accessible airway muscle strips and 
intact tracheal or bronchial rings under isometric 
conditions (reviewed by [38]). The relative inac-
cessibility of small intrapulmonary airways that 
previously limited their in vitro assessment has 
been overcome by the development of the 
precision- cut lung slice (PCLS) technique, in 
which responsiveness to EFS or added agonists 
can be visualized as changes in the area of small 
airways (and adjacent arterioles) (Fig. 16.1) [39].

To prepare PCLS, intact lungs, lobes, or 
wedge preparations are inflated with liquid aga-
rose, which is then forced through the airways 
into alveoli by subsequent inflation with a small 
volume of air. After cooling, the lungs stiffen for 
slicing on a tissue slicer or vibratome. In PCLS, 
contraction is measured under auxotonic condi-
tions, whereby ASM shortens against an increas-
ing load imposed by airway attachments to the 
surrounding lung parenchyma including its extra-
cellular matrix (ECM). This provides an innova-
tive approach for in situ assessment of 
pharmacological responses of small airways to 
added agonists such as serotonin, as well as reac-
tivity of adjacent pulmonary arterioles (Fig. 16.1). 
Additionally, responses to EFS can also be 
assessed using PCLS [40], and confocal imaging 
of PCLS loaded with Ca2+-sensing dyes allows 
simultaneous examination of ASM signaling 
pathways related to contraction [39].

Other in vitro approaches can assess contrac-
tile responses of individual ASM cells, as their 
contractile phenotype is maintained at early pas-
sage (reviewed by [38]). Using optical magnetic 
twisting cytometry (OMTC), contraction of sin-
gle ASM cells is assessed using measurements of 
cell stiffness. The ASM cytoskeleton is coupled 
via integrins to Arg-Gly-Asp-coated ferromag-
netic microbeads. The beads are magnetized hor-
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izontally and sinusoidally varying torque is then 
applied by a vertically aligned magnetic field. In 
the presence of contractile agonists, changes in 
bead displacement are consistent with mechani-
cal responses observed in intact airways [41]. For 
traction force microscopy (TFM), ASM is grown 
on elastic polyacrylamide substrates coated with 
ECM proteins and embedded with fluorescent 
particles. Displacement of the particles in 
response to ASM traction forces generated by the 
cell can be tracked microscopically, and com-
pared with initial particle locations determined 
after cells are removed [41].

16.3.3  Noncontractile Functions 
of ASM

ASM has potential additional roles beyond its 
contractile function in both health and disease. 
These noncontractile functions have been 
identified and characterized in studies of ASM 
in culture, where ASM proliferation occurs in 
response to serum and a range of specific 
mitogenic stimuli (reviewed by [42]). This 
process is critical to airway development but 
also contributes to airway remodeling in 
asthma with the potential to increase airway 
contraction purely by its increased mass in the 
airway wall.

ASM also secretes biologically active media-
tors that can act in an autocrine fashion to regu-

late its own contractile, proliferative, and 
synthetic responses [43]. Prostanoids and other 
metabolites of arachidonic acid (AA) are pro-
duced by ASM, as well as by other structural and 
inflammatory cells. These mediators can contrib-
ute to airway contraction and relaxation, as well 
as regulate the local production of inflammatory 
cytokines [44, 45]. In addition, ASM itself is a 
source of cytokines and chemokines implicated 
in changes in its responsiveness in chronic lung 
diseases [43].

ASM also produces multiple ECM proteins 
and ECM-degrading enzymes, identifying it as a 
putative cellular source and regulator of ECM 
composition in the airways [46]. Bidirectional 
interactions between ASM and its surrounding 
ECM have been shown to influence multiple ASM 
functions, both synthetic and contractile [47].

16.4  Endogenous Mediators 
of Tonic ASM Responses

Tonic responses of ASM to neural input and other 
endogenous stimuli are evident in both fetal and 
mature airways, and can be measured in vitro in 
both isolated airways and cultured ASM.  This 
section outlines the major neurotransmitters and 
other endogenous stimuli that regulate ASM con-
tractile function along with their associated ASM 
receptor targets (Table  16.2). The list is not 
exhaustive, and the relative importance of each of 

airway

arteriole

baseline 3 µM 5HT 100 nM 5HT 

Fig. 16.1 Rat precision-cut lung slice (PCLS) showing 
intrapulmonary airway (left) and arteriole (right) and 
differential contraction in response to perfusion with 
increasing concentrations of serotonin (5HT). PCLS is 
an innovative way to measure in vitro responses of the 
relatively inaccessible small airways and arteries in 
health and disease [39]. In PCLS prepared from agarose-
inflated lungs, airways and adjacent arterioles remain 

attached to the surrounding alveolar tissue. Contraction 
can be visualized under phase-contrast microscopy as 
progressive decreases in lumen area in the presence of 
increasing 5HT.  In this PCLS, the airway but not the 
arteriole contracted to 100 nM 5HT, while the arteriole 
but not the airway was completely occluded at 3  μM 
5HT, demonstrating differences in potency and efficacy 
(scale bar, 200 μm)
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these mediators is dependent on the expression of 
its particular receptor target, which can vary with 
the stage of maturation of the airways or its dis-
tribution throughout the bronchial tree. A particu-
lar mediator may play a major role in the 
homeostatic regulation of ASM function or only 
become a significant contributor if its levels are 
sufficiently elevated in disease context. Changes 
in ASM responses to these mediators can occur if 
expression of a specific receptor is altered, or 
more broadly as a consequence of changes to 
common downstream signaling pathways.

As outlined below, endogenous mediators of 
airway contraction and relaxation may originate 
from nerve terminals, from structural cells within 
the airways, or from circulating or resident 
inflammatory cells. Development of airway 

innervation occurs relatively early in gestation, 
and anatomically follows the formation of the 
airways. As detailed later, this ultimately results 
in functional parasympathetic cholinergic and 
sensory innervation that drives airway contrac-
tion. ASM contraction and relaxation also occur 
in response to circulating and locally produced 
stimuli such as histamine, cysteinyl-leukotrienes 
(cys-LTs), and some prostaglandins (PGs). 
Irrespective of their origin, the majority of these 
stimuli act on G protein-coupled receptors 
(GPCRs) expressed on ASM. GPCRs for con-
tractile agonists are typically Gq-coupled and 
drive increases in intracellular Ca2+ via multiple 
mechanisms.

While mature airways are sympathetically 
innervated, circulating adrenaline is more impor-

Table 16.2 Major endogenous mediators of airway contraction and relaxation (modified from [45, 102–104])

Agonist Cellular origin
Mechanism
Contraction (Gq) Relaxation (Gs)

Acetylcholine Parasympathetic cholinergic 
nerves

M3 M2 (pre-junctional Gi)

Adenosine A1 A2b

Adrenaline Adrenal chromaffin cells β2

Bradykinin Mast cells BK1

Ca2+, polycations Extracellular CaSR
Endothelin-1 Epithelium, endothelium, 

inflammatory cells
ETA, ETB ETB (epithelium) 

via PGE2/NO
GABA GABAB (Gi) GABAA

H+ Extracellular pH OGR1
Histamine Mast cells, basophils H1 H2

LTB4, cys-leukotrienes 
(LTC4, D4, E4)

Mast cells, leukocytes, 
epithelium, platelets

BLT1/BLT2, CysLT1

Neuropeptides
CGRP, neurokinin A, 
substance P

Sensory nerves NK1 (direct); NK1/NK2 
via prostanoid

Nitric oxide Parasympathetic cholinergic 
nerves, epithelium

GC via cGMP

Platelet-activating factor Platelets, leukocytes
Prostanoids PGD2 Mast cells, leukocytes, 

epithelium, ASM
TP DP1

PGE2 EP1, EP3 EP2, EP4

PGF2α TP, EP1, FP

PGI2 IP1

TXA2 TP
Serotonin Mast cells (rodent > human) 5HT2

Thrombin, trypsin Mast cells PAR1 PAR2/4 via PGE2

Vasoactive intestinal 
peptide

Parasympathetic cholinergic 
nerves

VPAC2

Additional indirect contractile mechanisms are mediated by increased release of ACh from parasympathetic nerves by 
adenosine, bradykinin, endothelin, and prostanoids
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tant in mediating relaxation of human airways 
than noradrenaline released from sympathetic 
nerves. Dilator stimuli can be directly Gs-coupled 
to adenylate cyclase (AC) to increase cyclic ade-
nosine monophosphate (cAMP) synthesis from 
adenosine triphosphate (ATP), or increase the 
release of mediators that act via this pathway, to 
oppose pro-contractile signaling irrespective of 
the stimulus. An alternative dilator pathway 
involves nitric oxide (NO) and activation of gua-
nylate cyclase (GC) to increase cGMP.

Further details of the intracellular signaling 
mechanisms regulating ASM contraction and 
relaxation and their changes in the context of 
asthma are provided later.

16.4.1  Parasympathetic and Sensory 
Innervation Leading 
to Contraction

The parasympathetic innervation carried by the 
vagus to the airways is present in all species, pro-
viding the dominant neuronal pathway in the 

control of ASM tone. Nerve fibers containing the 
specific cholinergic marker choline acetyltrans-
ferase are present in utero [12] and in the mature 
lung at high densities in ASM layers from the tra-
chea down to the peripheral bronchi [48]. There 
is some evidence that density of this excitatory 
cholinergic innervation is higher in human upper 
airways than in the distal lung [49].

Parasympathetic innervation of human airways 
is probably most similar to that of guinea pigs and 
cats but is well conserved across species [48]. 
Contractile responses to ACh released from post-
ganglionic nerves are mediated by postjunctional 
M3 receptors, prevented by atropine, and termi-
nated by breakdown of the neurotransmitter by 
acetylcholinesterase. As described later in detail, 
binding of M3 Gq-coupled receptors by ACh acti-
vates multiple pathways that drive increases in 
intracellular Ca2+, MLC phosphorylation and the 
subsequent formation of actin- myosin cross-
bridges during contraction. M2 autoinhibitory 
receptors on postganglionic nerve terminals in 
both central airways and bronchi can inhibit ACh 
release to oppose contraction [50](Fig. 16.2).

ACh
NO

VIP

Adrenaline

Airway smooth 
muscle

↑cGMP ↑cAMP

CONTRACTION RELAXATION

β2VPAC1M3

M2

Fig. 16.2 Functional antagonism in the airways. 
Acetylcholine (ACh) release from parasympathetic cho-
linergic nerves activates M3 receptors on airway smooth 
muscle (ASM) to cause contraction. Autoinhibitory M2 
receptors, and the co-localized NANC transmitters nitric 
oxide (NO) and vasoactive intestinal peptide (VIP), 

inhibit ACh release to oppose contraction. In human air-
ways, VIP and NO mediate airway relaxation via VPAC1/
cAMP and cGMP, respectively. Circulating adrenaline 
also increases cAMP via ASM β2-adrenoceptors leading 
to relaxation
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Electrophysiological recordings from both 
pre- and postganglionic parasympathetic nerves 
show a persistent outflow of nerve activity to the 
airways [51, 52]. EFS leads to contraction of 
small airways in rat, guinea pig, marmoset, and 
human PCLS, but not mouse PCLS, with guinea 
pig airways showing the most similar frequency- 
response relationship to humans [53]. The lack of 
response to mouse PCLS is presumably due to 
the absence of significant innervation of airways 
in the distal lung in this species [53]. Various 
interventions that interrupt parasympathetic neu-
rotransmission, such as vagotomy or muscarinic 
receptor blockade, lead to bronchodilation [51, 
52]. These findings support the role of the para-
sympathetic cholinergic system in maintaining 
the airways in a partially contracted state with the 
potential to drive increased bronchoconstriction. 
Selective inhibition of this vagal signaling with 
muscarinic antagonists provides a therapeutic 
option in chronic lung diseases, including asthma 
and COPD.

Exogenous muscarinic receptor agonists such 
as methacholine (MCh) or carbachol are resistant 
to breakdown by acetylcholinesterase, and can be 
used to induce stable contractions for pharmaco-
logical studies. These agonists increase the spon-
taneous phasic contraction of developing tubules 
in human explants in first trimester, leading to 
tetanic contraction [26], and similar expression 
of M3 receptors has been shown in human fetal 
and adult ASM [31]. Contraction of isolated air-
ways from newborn sheep to both EFS and to 
MCh provides further evidence that this pathway 
is fully developed in utero [54]. A general pattern 
of relatively higher contraction in neonatal air-
ways than fetal airways has been reported in sev-
eral species, as well as a subsequent age-related 
decrease in contractility [55].

The degree of contraction to muscarinic ago-
nists and other contractile mediators varies with 
airway size. In studies measuring isometric force 
in isolated airways from humans [56], and 
changes in lumen area in mouse PCLS [57], 
small airways were markedly more sensitive to 
contractile agonists than large airways. Similar 
heterogeneity was evident in pig airways using 
an optical imaging technique called anatomical 

optical coherence tomography, such that narrow-
ing to carbachol increased from proximal to dis-
tal airways [58]. An elegant study comparing 
contractility to MCh in different generations of 
the same airway in mouse PCLS [59] revealed 
that airway contraction in response to the same 
agonist concentration was greater in the middle 
generation than either the distal or the proximal 
airway. Given the intermediate thickness of the 
ASM layer in the middle generation, it is clear 
that additional factors such as receptor density 
and/or expression of downstream signaling fac-
tors are also likely to vary with airway size to 
regulate airway contraction.

An additional sensory system located in a sub-
population of nonmyelinated sensory C fibers 
innervates the airways and may mediate airway 
contraction seen in response to EFS in the pres-
ence of muscarinic blockade. Capsaicin directly 
activates transient receptor potential (TRP) V1 
channels expressed in these afferent fibers, lead-
ing to the release of the neuropeptides SP, neuro-
kinin A (NKA), and CGRP, which bind to specific 
airway receptors to exert their contractile effects 
(the so-called local axon reflex) [13]. SP can 
directly elicit contraction in first-trimester human 
fetal airways, increasing tone above that pro-
duced by spontaneous phasic contractions [60]. 
In mature airways, contractile responses to SP 
vary between species. Studies using tracheal 
preparations or small intrapulmonary airways in 
PCLS show that contraction is greater in guinea 
pig airways than human airways, and absent in 
airways from rats or sheep [40, 61].

NKA mediates airway contraction via activa-
tion of Gq-coupled NK1 and NK2 receptors. 
NKA is more potent than SP, and its contractile 
effects in most species including human appear 
to be indirect via NK2-mediated release of hista-
mine [61, 62]. However, NK1 receptors are fully 
responsible for contraction in pig airways [61] 
and also contribute to contraction in both guinea 
pig and human airways [63]. Furthermore, the 
mechanism of NK1-mediated contraction differs 
with airway size, being dependent on prostanoid 
production in small airways but attributed to 
direct effects on ASM in moderate-sized human 
bronchi [62, 63].
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CGRP also regulates ASM tone [64, 65]. 
CGRP is expressed at higher levels in cartilagi-
nous airways than smaller airways [64], and its 
receptor CGRP-1 is expressed on both ASM and 
epithelial cells [65]. Bath-applied CGRP elicits 
contraction of bronchial preparations with higher 
potency than carbachol. This contraction is 
maintained in the presence of muscarinic and 
histamine receptor antagonists and TTX, sug-
gesting a direct effect of CGRP on ASM [64]. 
However, more recent evidence suggests that 
CGRP only elicits contraction in epithelial-
denuded airway preparations, so it may also 
mediate relaxation via the release of epithelial-
derived relaxing factors to oppose its direct 
effects on ASM [65].

16.4.2  Sympathetic and NANC 
Responses Leading 
to Relaxation

Neural input to ASM from sympathetic nerves 
and NANC transmitters has the potential to 
oppose responses to cholinergic activation or 
other circulating constrictor stimuli. However, 
there are considerable species differences in the 
distribution and functional role of these nerves 
and transmitters in the airways.

Sympathetic adrenergic nerves containing 
noradrenaline and NPY have been shown to 
innervate the airways in utero [66]. Sympathetic 
innervation derived from both the cervical and 
the thoracic stellate sympathetic ganglia is pres-
ent in the mature airways of multiple species 
including guinea pigs [67] and pigs [68]. 
Although present in mature human airways, sym-
pathetic adrenergic nerves are relatively sparse in 
comparison to cholinergic nerves and do not spe-
cifically innervate ASM [69].

Sympathetic nerve-mediated relaxation has an 
established functional role in some species, but 
does not play a major role in human airways, 
where relaxation via β-adrenoceptors (βARs) is 
predominantly mediated by circulating adrena-
line released from the adrenal medulla acting on 
ASM (Fig.  16.2). In airways from guinea pigs, 
but not rodents or humans, nerve stimulation 
causes airway relaxation to oppose contractile 

responses to concurrent stimulation of choliner-
gic nerves [40, 51]. In rodents, stimulation of 
sympathetic nerves following additional block-
ade of βARs evokes contractions of ASM through 
the effects of noradrenaline acting on αARs [48]. 
Human fetal airways are responsive to the action 
of noradrenaline mediated via βARs, leading to 
dilation of the contractile regions of the epithelial 
tubules and cessation of the spontaneous contrac-
tions [26]. In addition, dilator responses in guinea 
pig airways to noradrenaline can be opposed by 
modest contractile responses to NPY [70], while 
epithelial-derived NPY has recently been shown 
to potentiate contraction of human airways [71].

Numerous studies have assessed βAR expres-
sion in ASM, and the relative potency and effi-
cacy of selective and nonselective agonists for 
these receptors in mediating relaxation in iso-
lated airways. It has been shown that the β1AR 
subtype is more important in rodents, while 
β2ARs predominate in guinea pig airways, and 
are almost solely responsible for relaxation of 
human airways [72–74]. βAR-mediated airway 
relaxation occurs via signaling pathways com-
mon to diverse Gs-coupled receptors, namely 
activation of AC and increased ASM cAMP. The 
ability of cAMP to oppose multiple aspects of 
contractile signaling, irrespective of the stimulus, 
and the regulation of this pathway in asthma are 
described in detail later in this chapter.

In the absence of a functional sympathetic 
innervation, the release of the NANC transmitters 
VIP and NO co-localized with ACh in parasym-
pathetic cholinergic nerves may play a major role 
in human airways as the only neural bronchodila-
tor pathway [12, 13]. In utero, dilator responsive-
ness to exogenous VIP is present by third-trimester 
gestation in fetal pigs, along with contraction to 
the muscarinic agonist carbachol [68]. The fre-
quency of spontaneous contractions of human 
fetal lung tissue in explant culture is decreased by 
NO donors such as sodium nitroprusside, demon-
strating that the downstream pathways for NO 
signaling are also established early in develop-
ment [9].

VIP and NO also elicit relaxation postnatally, 
including in human airways [75, 76]. VIP has 
been shown to elicit cAMP-mediated airway 
relaxation via activation of Gs-coupled VPAC1 
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receptors expressed on ASM [77], while NO can 
activate soluble GC in ASM to increase cGMP, 
while both also inhibit ACh release (Fig. 16.2). In 
guinea pig trachea, an additional dilator pathway 
for VIP dependent on cyclo-oxygenase (COX) 
and the generation of prostaglandin E2 (PGE2) 
have been proposed since the COX inhibitor 
indomethacin reduces the relaxant effect of VIP 
[78]. Of note, VIP is 100–1000 times more potent 
than either the nonselective βAR agonist isopren-
aline or NO in mediating dilatation in human 
bronchi, making VIP the most potent endogenous 
bronchodilator so far described [75].

A functional role for these inhibitory NANC 
transmitters is evidenced by the pronounced 
bronchodilation of precontracted bronchi in 
response to stimulation of efferent vagus nerves 
under conditions of ASM cholinergic and adren-
ergic receptor blockade [40, 76]. Since the 
response to EFS is sensitive to TTX and inhibited 
by the NOS inhibitor, Nω-nitro-l-arginine 
(l-NOARG), this NANC-mediated relaxation 
can be attributed to NO release rather than VIP 
[76]. However, this interpretation may reflect a 
lack of expression of VIP receptors in the airway 
size under investigation, since exogenous VIP 
relaxes central airways but not peripheral air-
ways, while a NO donor is equipotent [76].

16.4.3  Circulating and Local 
Mediators

Responsiveness of ASM to stimuli other than 
neurotransmitters is also evident at early stages 
of airway development, with numerous other bio-
logic amines and peptides shown to elicit con-
traction and relaxation. The endogenous source 
of these mediators may be resident or circulating 
cells such as mast cells and basophils, from epi-
thelial cells lining the airways, or ASM itself 
(Table 16.2).

16.4.3.1  Mast Cell-Derived Mediators
Autacoids released from mast cells such as hista-
mine and 5HT have the potential to contribute to 
airway contraction as well as inflammation dur-
ing an allergic response, via activation of Gq- 
coupled H1 and 5HT2 receptors present on 

ASM. Human fetal airways are responsive to his-
tamine by the first trimester [26], despite rela-
tively lower expression of H1 receptors at the 
canalicular stage in human fetal than adult ASM 
[31]. Postnatally, histamine-induced contraction 
of guinea pig airways is greater at 1 week than 
4 months of age [79], while the converse is seen 
for 5HT in airways of newborn versus adult sheep 
[54]. Contraction to histamine is observed in 
mature small and large airways from guinea pigs 
and human subjects, while contraction to 5HT is 
minimal or absent [79, 80]. In contrast, rodent 
and sheep airways react to 5HT but not histamine 
[54, 81], although histamine-mediated contrac-
tion in sheep PCLS is revealed when opposing 
H2-mediated relaxation was blocked with cimeti-
dine [54].

Mast cell-derived thrombin and trypsin also 
exert direct and indirect effects on ASM to reg-
ulate airway contraction in vitro and in vivo via 
protease-activated receptors (PARs) 1–4. They 
are also broadly pro-inflammatory and induce 
proliferation of ASM in  vitro although these 
actions may by receptor independent [82]. 
PARs are a family of GPCRs with an unusual 
 irreversible mechanism of activation. 
Extracellular proteolytic activation results in 
cleavage of specific sites in the extracellular 
domain, leading to formation of a new 
N-terminus which functions as a tethered 
ligand. Binding of this ligand to an exposed site 
in the second transmembrane loop of the recep-
tor triggers G protein binding and intracellular 
signaling. PAR agonists have been shown to 
mediate relaxation via endogenous PGE2 pro-
duction in mouse, rat, guinea pigs, and human 
airways, a mechanism that is at least partly 
dependent on the presence of a functional epi-
thelium [83, 84]. Activation of PAR-2 can 
induce contractions of human airways when 
endogenous PGE2 production is inhibited by 
indomethacin, and can also potentiate contrac-
tions to histamine [83].

16.4.3.2  Arachidonic Acid 
Metabolites

A diverse range of metabolites of AA-modulating 
airway contraction and relaxation as well as 
inflammation are also synthesized by mast cells, 
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as well as by the airway epithelium and ASM 
itself (reviewed by [45]). Phospholipase A2 
(PLA2) initiates this pathway, releasing AA from 
membrane phospholipids. Subsequent degrada-
tion via COX produces the prostanoids, encom-
passing the prostaglandins PGD2, PGE2, PGF2α, 
and PGI2 (prostacyclin) and thromboxane A2 
(TXA2). The alternative lipoxygenase (LOX) 
pathway gives rise to the cys-LTs [45].

Of the lipid mediators, the cys-LTs LTC4, 
LTD4, and LTE4 are the most potent contractile 
agonists via their activation of CysLT1 receptors. 
Initially recognized as the active components of 
slow-reacting substance of anaphylaxis (SRS-A), 
they are at least 200 times more potent than hista-
mine in human airways [85] and are markedly 
more potent in small (<2 mm) than large human 
airways [86]. Strong contraction to LTB4 is also 
evident in guinea pig airways mediated via stim-
ulation of BLT1/BLT2 receptors [45], but rodents 
generally respond weakly or not at all to leukotri-
enes [53]. Consistent with the general observa-
tion of greater responses to contractile agonists in 
early life, LTD4 is more potent in airways from 
newborn than adult sheep [54].

Prostanoids can mediate contraction or relax-
ation of ASM, or both. PGE2 and PGI2 are gener-
ally considered to be bronchodilators, while 
PGD2, PGF2α, and TXA2 induce varying degrees 
of bronchoconstriction [45]. The response to 
PGE2 is mediated via its four EP (EP1–4) recep-
tor subtypes. EP4 receptors mediate potent 
relaxation to PGE2 in human airways, via activa-
tion of AC and increased synthesis of cAMP 
[87]. PGE2 maintains the tone of the guinea pig 
trachea through a balance between activation of 
contractile EP1 receptors and relaxant EP2 
receptors [88]. EP2 receptors have been impli-
cated in PGE2-mediated relaxation of mouse air-
ways, where the EP1/2 antagonist AH6809, but 
not the EP4 antagonist L-161982, reduces the 
dilator potency of PGE2 [45, 89]. In addition, 
PGE2 acts via EP3 receptors to decrease the 
release of contractile neurotransmitters from 
parasympathetic neurons in guinea pig airways 
[44]. In canine bronchial segments, a stable ana-
logue of PGI2 causes direct relaxation and at 
higher concentrations also inhibits ACh release 

in response to EFS to reduce cholinergic con-
traction [45].

PGD2, PGF2α, and TXA2 mediate airway con-
traction via nonselective thromboxane receptors 
(TPs). The stable TXA2 mimetic elicits direct 
contraction of human and guinea pig airways 
[90], but its actions in mouse airways are indi-
rectly mediated by increasing M3-mediated 
bronchoconstriction [91]. TP-dependent contrac-
tion to PGD2 in guinea pig airways and human 
bronchial rings is opposed by its actions at pros-
taglandin D1 receptors (DP1), which mediate 
relaxation [45]. Human and rat airways are mark-
edly more sensitive to the contractile effects of 
PGF2α via TPs than guinea pig airways [45].

16.4.3.3  Endothelin-1 (ET-1) and NO
Endothelin-1 (ET-1) and NO are other endoge-
nous mediators produced by the airway endothe-
lium with opposing effects on airway tone. ET-1 
is a 21-amino-acid peptide that mediates potent 
contraction in many species. These actions are 
mediated via actions at ETA and ETB receptors 
expressed on ASM as well as by potentiating 
cholinergic responses [92, 93]. Contraction to 
ET-1 is opposed by its dilator responses mediated 
via activation of ETB receptors on the airway epi-
thelium that cause the release of NO [94]. Age- 
dependent changes in reactivity to ET-1 have 
been reported, with more effective contraction in 
newborn rabbits, and relatively increased relax-
ation in adult due to ET-1 mediated PGE2 release 
[95]. As described earlier, NO also plays a role as 
a NANC neurotransmitter mediating airway 
relaxation.

16.4.3.4  Gamma-Aminobutyric Acid 
(GABA)

Gamma-aminobutyric acid (GABA) has been 
implicated in the regulation of ASM function, 
and is also produced locally by the airway epithe-
lium [96]. GABAA and GABAB are expressed on 
both the ASM and epithelium [97, 98]. The selec-
tive GABAA agonist muscimol relaxes guinea pig 
and mouse airways in vitro and in vivo, and 
potentiates β2AR-mediated bronchodilation [96, 
98, 99]. Conversely, activation of GABAB medi-
ates contraction directly via Gi rather than Gq 
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coupling, as well as augmenting pro-contractile 
signaling pathways downstream of Gq [98].

16.4.3.5  Extracellular H+ and Ca2+

Extracellular H+ and Ca2+ are other mediators of 
airway tone which influence airway contraction 
via their actions at two different GPCRs, namely 
the Gq/Gs-coupled ovarian cancer G protein- 
coupled receptor 1 (OGR1, previously known as 
GPR168) and the Gq-coupled calcium-sensing 
receptor (CasR). OGR1 is a proton-sensing 
receptor expressed in ASM that responds to 
decreased pH by mediating ASM contraction, as 
measured by OMTC [100]. However, the physi-
ological and potential clinical relevance of 
OGR1-mediated contraction is yet to be defined 
in intact tissues.

CaSR has previously been described as a mas-
ter regulator of Ca2+ homeostasis and parathyroid 
hormone release. It is also expressed in human 
airways, immunolocalized within the SM22a- 
positive ASM layer, as well as in the bronchial 
epithelium [101]. A single study has demon-
strated that the CaSR is activated by polycations 
eosinophil cationic protein (ECP), major basic 
protein (MBP), and spermine, as well as by the 
elevation of extracellular Ca2+. This increases 
contractile signaling pathways in human ASM 
and enhances contractile responses to MCh in 
isolated mouse airways [101]. Further investiga-
tions are required to elucidate the role of CaSR as 
a novel regulator of ASM function.

16.5  Mechanisms of Airway 
Contraction

16.5.1  ASM Membrane Potential 
and Calcium Homeostasis

The resting membrane potential in adult ASM 
ranges between −65 and −45 mV, more negative 
than reported values for fetal ASM [15, 23–25]. 
This relatively lower electrical excitability tends 
to make the intact adult tissue less prone to spon-
taneous phasic activity, with only tonic contrac-
tions observed [11, 105]. KCl elicits airway 
contraction accompanied by ASM membrane 

depolarization resulting in the activation of 
VDCCs. However, at concentrations that induce 
contraction, agonists such as ACh do not generate 
action potentials or depolarize ASM sufficiently 
to fully activate VDCCs (for electrophysiology of 
ASM, see review by [24]).

The mechanisms that regulate intracellular 
Ca2+ levels within the cytosol and SR stores in 
ASM are tightly controlled under basal condi-
tions. Using Ca2+ fluorescent dyes, basal cyto-
solic levels of Ca2+ in ASM have been measured 
at 100–200 nM, increasing twofold in the pres-
ence of effective concentrations of contractile 
agonists [106]. In addition, Ca2+ is extruded from 
the cytoplasm by plasma membrane Ca2+ ATPase 
(PMCA) and sodium/calcium exchanger (Na+/
Ca2+ exchanger, NCX). The pivotal importance of 
Ca2+ sequestration into the ASM SR via 
sarcoplasmic/endoplasmic reticulum Ca2+-
ATPase (SERCA) is evidenced by the rise in 
intracellular Ca2+ and subsequent contraction 
when SERCA is inhibited by cyclopiazonic acid 
(CPA) or thapsigargin (TG). These combined 
mechanisms play a key regulatory role in setting 
baseline tone as well as regulating the response to 
mediators of ASM contraction and relaxation.

16.5.2  ASM Signaling Leading 
to Contraction

ASM contraction in response to the release of 
contractile neurotransmitters or direct exposure 
to other contractile agonists is mediated via acti-
vation of their specific Gq protein-coupled recep-
tors (GPCRs) and their common associated 
downstream mechanisms (Table 16.1, Fig. 16.3). 
Contractions are predominantly initiated by Ca2+ 
release from intracellular stores in response to 
activation of SR-localized IP3Rs and also by 
calcium- induced calcium release (CICR) via 
RyRs. An influx of Ca2+ via L-type VDCCs may 
only be required to initiate contraction at low 
concentrations of contractile agonists [24, 107]. 
However, this influx may also amplify the 
increase in intracellular Ca2+ mediated by IP3Rs 
and RyRs, and play a role in replenishing SR 
stores to sustain contraction.
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Early studies in isolated ASM showed that Gq- 
coupled receptor agonists induced a simple 
biphasic Ca2+ signal, seen as a whole-cell Ca2+ 
transient followed by a lower, sustained plateau 
[24]. However, with higher resolution micros-
copy, it is apparent that Ca2+ oscillations in 
freshly isolated ASM are present under basal 
conditions, at least in a proportion of cells, in the 
absence of phasic contractions [28, 29]. These 
Ca2+ oscillations are increased in frequency by 
contractile agonists ACh and LTD4 [28, 108].

The relationship between ASM Ca2+ oscilla-
tions and airway contraction was originally mea-
sured separately as changes in intracellular Ca2+ 
in myocytes and changes in force in tracheal prep-
arations [109]. However, visualization of Ca2+ sig-
naling inside individual ASM cells within intact 
airways has been achieved using confocal micros-
copy of PCLS loaded with Ca2+ indicator [81]. 
Ca2+ oscillations in mouse PCLS are increased by 
ACh, ATP, and 5HT [81, 110] and in human PCLS 
by ACh and histamine [111]. The frequency of 
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Fig. 16.3 Contractile mechanisms in airway smooth 
muscle. Receptor binding by a contractile agonist such as 
acetylcholine (ACh) , histamine (HA, in human airways), 
serotonin (5HT, in rodent airways), or cysteinyl- 
leukotrienes (cys-LTs) initiates a signaling cascade that 
leads to airway contraction via the parallel pathways of 
calcium (Ca2+) oscillations and sensitivity. Through cou-
pling to Gq, inositol-1,4,5-trisphosphate (IP3) is generated 
from the hydrolysis of phosphatidylinositol 
4,5- bisphosphate (PIP2) by phospholipase C (PLC). IP3 
initiates Ca2+ oscillations by activating IP3 receptors on 
the sarcoplasmic reticulum (SR) to release Ca2+. 
SR-localized ryanodine receptors are activated by 
calcium- induced calcium release (CICR) and by cADP 
ribose (cADPR, not shown). Ca2+ oscillations occur as the 
Ca2+ released by IP3R and RyR is taken up into SR stores 
via sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 
(SERCA). Increased Ca2+ binds to calmodulin (CaM) to 
activate myosin light-chain kinase (MLCK). This phos-

phorylates myosin (MLC), leading to the formation of 
actin-myosin cross-bridges and contraction. The parallel 
Ca2+ sensitivity pathway inhibits the activity of MLC 
phosphatase (MLCP) to maintain contraction. Agonist 
binding activates the guanine-exchange protein RhoGEF 
(not shown) to convert GDP-RhoA (inactive) to GTP- 
RhoA (active). This activates Rho-kinase (ROCK) to 
phosphorylate MYPT1, the regulatory subunit of MLCP, 
to inhibit its enzymatic activity. Additionally, DAG- 
induced activation of protein kinase C (PKC) phosphory-
lates the PKC-potentiated protein phosphatase 1 inhibitor 
protein of 17 kDa (CPI-17) to inhibit MLCP. Sustained 
phosphorylation of MLC provides the main driver of the 
latter phase of a prolonged airway contraction. ASM Ca2+ 
stores are replenished via SERCA and by the oligomeriza-
tion of the SR-localized STIM1, which then associates 
with Orai in the plasma membrane causing it to form 
channels, which mediate store-operated Ca2+ entry 
(SOCE)

M. Lam et al.



397

these Ca2+ oscillations, ranging from 20 to 
60 min−1, is proportional to the agonist concentra-
tion and extent of contraction [81, 111, 112]. All 
agonists induce an initial phase of low- amplitude 
and high-frequency Ca2+ oscillations superim-
posed on an elevated intracellular Ca2+. A second 
phase of oscillations occurs with a stable fre-
quency and similar amplitude and is superim-
posed on decreasing baseline Ca2+ levels. Each 
Ca2+ oscillation occurs in the form of a Ca2+ wave, 
propagating along the length of the individual 
ASM but not to adjacent cells, resulting in asyn-
chronous Ca2+ oscillations throughout the airway.

16.5.2.1  SR-Dependent Calcium 
Release and Reuptake

The initial phase of airway contraction in 
response to Gq-coupled contractile agonists is 
due to the coordinated activation of SR-localized 
IP3Rs, RyRs, and SERCA (Fig. 16.3). IP3Rs and 
RyRs are homotetramers comprised of subunits 
of 300 and 2200  kDa, respectively. In human 
ASM, three different isoforms of each receptor 
are expressed on the SR, while the predominant 
isoform of SERCA is SERCA2B [113–115].

In ASM cells, either in culture or in intact air-
ways, the binding of contractile agonists stimu-
lates phospholipase C-β1 (PLC-β1) to catalyze 
the conversion of membrane-bound phosphati-
dylinositol 4,5-bisphosphate (PIP2) into IP3 and 
diacylglycerol (DAG). These second messengers 
activate the key parallel signaling pathways that 
initiate and sustain airway contraction.

Agonist-induced IP3 production activates 
IP3Rs and Ca2+ release from the SR. This can also 
occur in response to flash photolysis of caged IP3, 
which increases free intracellular IP3 [116]. Ca2+ 
oscillations leading to contraction in response to 
agonists or IP3 itself are abolished by the PLC 
inhibitor U-73122, or IP3R inhibitors, xestospon-
gin or 2-APB [116, 117]. One mechanism impli-
cated in widely reported age-related decreases in 
ASM contraction is the decreased accumulation 
of IP3 due to increased activities of enzymes 
responsible for its degradation, such as IP3-5 
phosphatase [95].

Neighboring RyRs on the SR can be activated 
in response to the IP3R-dependent rise in intracel-

lular Ca2+ via CICR [118]. ASM RyRs are also 
activated via cyclic adenosine diphosphate ribose 
(cADPR), synthesized in response to agonist- 
induced activation of the ADP-ribosyl cyclase, 
CD38 [119]. Current evidence suggests that 
cADPR increases RyR activity by causing the 
dissociation of the 12.6 kDa tacrolimus (FK506)-
binding protein (FKBP12.6) that usually inhibits 
RyR activation [119].

The synchronized opening of IP3R and RyR 
channels gives rise to so-called Ca2+ puffs and 
sparks, respectively, leading to Ca2+ waves and 
oscillations. Release of SR Ca2+ via these SR- 
localized mechanisms is critical to initiate airway 
contraction. Many studies have shown that con-
traction is maintained when Ca2+ influx via 
VDCC is prevented by nifedipine, and during 
voltage clamp at <−40 mV at potentials only a 
few Ca2+ channels would be open [24, 120]. 
However, an established agonist-induced con-
traction is reversed by acute removal of external 
Ca2+ [110] and repeated contractions decline over 
time in its absence [107].

SERCA pumps are responsible for the 
uptake of Ca2+ back into the SR to contribute 
to oscillations. SERCA activity in most cells 
is generally regulated by the inhibitory protein 
phospholamban (PLB). PLB can be phosphory-
lated by cyclic nucleotides, by Ca2+/calmodulin 
 (CaM)-dependent protein kinase (CaMKII), or 
by protein kinase C (PKC). This reduces inhibi-
tion of SERCA, and has been shown to accel-
erate SR Ca2+ reuptake into the SR in porcine 
ASM.  However, there is evidence that PLB is 
only expressed at low levels in human ASM, 
with the activity of SERCA directly regulated 
by CaMKII [121]. Uptake of Ca2+ via SERCA 
during repeated contractions is not sufficient 
to completely replenish SR stores; thus addi-
tional mechanisms are required for sustained 
contraction.

The SR Ca2+ response varies both with airway 
size and between species. Comparisons of differ-
ent generations of airways within PCLS from the 
same mouse show greater oscillation frequency 
in response to the same agonist in the smaller air-
ways in the distal lung compared with higher 
order airways [59]. The same frequency of Ca2+ 
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oscillations induces greater contraction in rat 
than in mouse airways irrespective of the airway 
generation [112]. Finally, the frequency of the 
Ca2+ oscillations in the presence of the same con-
centration of agonist varies from 5 to 20 peaks/
min in mouse, rat, and human PCLS, with MCh 
inducing Ca2+ oscillations of 8–9 peaks/min 
while decreasing airway area by 50% in human 
PCLS [111, 112].

The fast and transient elevation of cytosolic 
Ca2+ concentration associated with agonist- 
induced oscillations leads to the sequential occu-
pancy of the four Ca2+-binding sites of CaM. The 
complex then binds and activates the serine–thre-
onine kinase, myosin light-chain kinase (MLCK). 
The 20  kDa regulatory light chain of myosin 
(MLC) is then phosphorylated by MLCK. This 
allows the rapid formation of actin-myosin cross- 
bridges, and the cyclical movement of myosin 
heads along actin filaments that leads to contrac-
tion. The formation of slowly cycling cross- 
bridges, known as latch-bridges, is thought to 
contribute to sustained contraction, even when 
intracellular Ca2+ concentrations and associated 
MLCK activity are no longer elevated.

16.5.2.2  Calcium Influx Mechanisms
The initiation of contraction in response to raised 
extracellular KCl, but not to EFS or added Gq- 
coupled contractile agonists, is dependent on 
Ca2+ entry via nifedipine-sensitive L-type 
VDCCs. In mouse and human PCLS, KCl- 
induced membrane depolarization leads to Ca2+ 
oscillations that are lower in frequency and lon-
ger in duration, and result in only small transient 
contractions compared to the sustained responses 
seen with Gq-coupled contractile agonists [81, 
111]. Each KCl-induced Ca2+ oscillation consists 
of a large Ca2+ wave preceded by multiple local-
ized Ca2+ transients. These oscillations are inhib-
ited by ryanodine, suggesting that Ca2+ influx 
stimulates the periodic opening of RyRs via 
CICR to generate Ca2+ waves leading to transient 
contraction [81, 111].

16.5.2.3  Calcium Sensitivity
Airway contraction can still be maintained even 
when free intracellular Ca2+ is reduced by its 

reuptake into SR Ca2+ stores via SERCA or other 
mechanisms. A parallel pathway, termed Ca2+ 
sensitivity, contributes to sustained ASM con-
traction by regulating the amount of force pro-
duced for a given level of free intracellular Ca2+ 
(Fig.  16.3) [111, 112, 122]. Ca2+ sensitivity is 
associated with decreased activity of type-1 pro-
tein phosphatase, MLC phosphatase (MLCP), 
mediated by RhoA/Rho and DAG/PKC/CPI-17 
signaling pathways detailed below. MLCP nor-
mally dephosphorylates MLC to provide con-
straint on MLCK-induced contraction. Inhibition 
of MLCP leads to sustained phosphorylation of 
MLC and associated cross-bridge activity to pro-
vide the main driver of the latter phase of a pro-
longed airway contraction [118].

RhoA is a member of the Rho family of small 
GTPases. It is highly expressed in ASM, present 
in the cell membrane as an active form bound to 
GTP (GTP-RhoA) and an inactive cytoplasmic 
form bound to GDP (GDP-RhoA). Agonist bind-
ing to receptors coupled to heterotrimeric GTP- 
binding proteins, Gq and G12/13, activates the 
guanine-exchange protein RhoGEF.  This con-
verts GDP-RhoA to GTP-RhoA to activate Rho- 
kinase (ROCK). The active enzyme then 
phosphorylates the regulatory subunit (MYPT1) 
of MLCP to inhibit its enzymatic activity. As a 
consequence, MLC remains in its phosphory-
lated form and contraction is sustained.

DAG-induced activation of PKC provides an 
additional mechanism that regulates MLCP 
activity. PKC phosphorylates the PKC- 
potentiated protein phosphatase 1 inhibitor pro-
tein of 17 kDa (CPI-17). Phosphorylated CPI-17 
has higher affinity for the catalytic subunit of 
MLCP (PP1c), inhibiting its activity and thereby 
reducing the dephosphorylation of MLC.

A recent study has compared pharmacological 
responses to carbachol and KCl with physiologi-
cal responses to EFS in bovine trachea to com-
pare the signaling leading to sustained MLC 
phosphorylation and airway contraction [123]. 
Carbachol treatment increases phosphorylation 
of the MLCP regulatory subunit MYPT1 (via 
ROCK) and the phosphorylation of CPI-17 (via 
PKC), while KCl does not induce CPI-17 phos-
phorylation. In contrast to carbachol, atropine- 
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sensitive EFS does not lead to MYPT1 
phosphorylation, except in the presence of the 
cholinesterase inhibitor neostigmine. The authors 
suggest that a single stimulus provides sufficient 
ACh to induce rapid CPI-17 phosphorylation, but 
that ACh-induced Gq12/13 signaling leading to 
ROCK and MYPT1 occurs more slowly, and is 
thus only activated when the rapid degradation of 
ACh released by EFS is inhibited [123].

The mechanisms underlying Ca2+ sensitivity 
in response to contractile agonists have been 
explored further by clamping the ASM intracel-
lular Ca2+ to a fixed concentration so that contrac-
tion occurs in the absence to SR-localized Ca2+ 
oscillations. Two experimental approaches have 
been used to achieve this. So-called skinned air-
ways can be prepared by permeabilizing ASM 
cell membranes with pore-forming α-toxin or 
nonionic detergents such as saponin, β-escin, or 
Triton X-100 [118, 122, 124]. An alternative 
pharmacological approach employing caffeine 
and ryanodine applied to PCLS avoids the poten-
tial loss of cell constituents with these chemical 
treatments [110]. Caffeine activates and opens 
RyRs by increasing their sensitivity to Ca2+. The 
addition of ryanodine then maintains the RyR 
receptor in a partially open state. The emptying 
of Ca2+ from the SR results in the activation of 
store-operated Ca2+ entry (SOCE), leading to sus-
tained Ca2+ influx. It is likely that extrusion of 
Ca2+ via PMCA and NCX is still active under 
these conditions to limit SOCE.  Consequently, 
the intracellular and extracellular Ca2+ levels are 
stabilized when the Ca2+ movements across the 
ASM membrane reach a new equilibrium. This 
protocol allows assessment of responses to 
graded concentrations of extracellular Ca2+, as 
well as contribution of ROCK and PKC signaling 
to contractile responses.

Y-27632, a specific ROCK inhibitor, reverses 
contraction to MCh in α-toxin-permeabilized 
rabbit and human airway preparations [124]. In 
caffeine/ryanodine-treated mouse PCLS, a sus-
tained MCh-induced contraction is reversed by 
Y27632 or by GF-109203X, a highly selective 
PKC inhibitor, without changes in intracellular 
Ca2+ [110]. The effects of direct activation of 
PKC have also been assessed in mouse PCLS 

exposed to the caffeine/ryanodine treatment 
[125]. Phorbol esters elicit strong airway contrac-
tion, associated with phosphorylation of CPI-17 
and MLC, suggesting that PKC mediates sensiti-
zation of the contractile response to Ca2+ via 
MLCP inhibition [125].

ASM Ca2+ sensitivity varies with age and 
between species. In chemically skinned tracheal 
fibers from fetal and suckling pig airways, sensi-
tivity to Ca2+ is three- to fourfold higher than air-
ways from older animals [126]. The Ca2+ 
sensitivity of mouse ASM is Ca2+ dependent, 
whereas the Ca2+ sensitivity of rat or human ASM 
is not [111, 112]. In caffeine/ryanodine-treated 
human PCLS, intracellular Ca2+ can be progres-
sively increased by increasing extracellular Ca2+, 
leading to stepwise increases in sustained con-
traction of small airways. Airway contraction in 
these permeabilized human PCLS is increased 
further by histamine, even though intracellular 
Ca2+ levels are clamped [111, 112].

16.5.2.4  Refilling of Calcium Stores
Following Ca2+ depletion from the SR, SOCE 
mediated via membrane TRP channels is the 
major pathway for Ca2+ influx in ASM to replen-
ish SR stores (Fig.  16.3) [127, 128]. Stromal- 
interacting molecule-1 (STIM1) and Orai family 
members are the molecular components of 
SOCE. In ASM, decreased Ca2+ levels in the SR 
cause the oligomerization of the SR-localized 
STIM1, which then associates with Orai in the 
plasma membrane causing it to form channels 
that mediate SOCE [129]. MCh-induced Ca2+ 
oscillations and airway contraction in mouse 
PCLS are fully reversed by SOCE inhibitors 
GSK7975A and GSK5498A, in a manner similar 
to that observed with the removal of extracellular 
Ca2+. However, the inhibitors do not reduce con-
traction in response to photolysis of caged IP3, 
mediated by direct IP3R activation and intracel-
lular Ca2+ release [128].

Studies in ASM and permeabilized airways 
also implicate L-type VDCCs in the refilling of SR 
stores that is required for sustained contraction 
[110, 120]. However, in mouse PCLS containing 
intact airways, addition of nifedipine to precon-
tracted airways only partially reverses contraction 
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and associated increases in Ca2+ oscillation fre-
quency, while inhibitors of SOCE abolish these 
responses [128]. Based on these findings, mathe-
matical modeling predicts that Ca2+ entry through 
L-type VDCCs may only contribute to contraction 
when the cell is depolarized (e.g., by a raised 
external K+ concentration) and that L-type VDCCs 
are less important than store- operated channels in 
the control of ASM tone and store refilling [127].

16.6  Mechanisms of Relaxation

Airway relaxation can be achieved by activating 
pathways to oppose Ca2+ signaling and sensitivity 
that drive ASM contraction (Table  16.1, 

Fig. 16.4). This may be mediated by AC-induced 
cAMP production or GC-induced cGMP produc-
tion in ASM [130]. Short- and long-acting β2AR 
agonists (SABA, LABA) increase cAMP and are 
commonly used in the treatment of asthma and 
COPD.  PDE inhibitors decrease cyclic nucleo-
tide breakdown and can enhance responsiveness 
to β2AR agonists [130]. A clear benefit of these 
agents is their potential to simultaneously pro-
vide functional antagonism to the actions of the 
numerous pro-contractile agonists, but as out-
lined later their efficacy may be limited in severe 
asthma. Characterization of the signaling mecha-
nisms that promote airway relaxation has focused 
on salbutamol but other agents that increase 
cAMP and cGMP also share some common 
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Fig. 16.4 Dilator mechanisms in airway smooth muscle. 
Airway relaxation can be elicited when bronchodilators 
bind to Gs-coupled receptors on ASM. Agonists include 
β2-adrenoceptor agonists (adrenaline, short- and long- 
acting β2-adrenoceptor agonists (SABA, LABA)) and 
prostaglandin E2 (PGE2). Activation of adenylate cyclase 
(AC) generates 3′5′cAMP from intracellular ATP. This 
can activate Epac signaling (not shown) and the cAMP- 
dependent protein kinase (protein kinase A, PKA). PKA 
phosphorylates multiple targets that regulate airway con-
traction, leading to decreased sensitivity of IP3R to IP3 and 
reduced Ca2+ oscillations. Ca2+ sensitivity is decreased 
through increased activity of myosin light-chain phospha-
tase (MLCP). Dephosphorylation of myosin light chain 
(MLC) reduces formation of actin-myosin cross-bridges 

and opposes contraction. The breakdown of c3′5′AMP to 
5′AMP by phosphodiesterase (PDE) can be inhibited by 
theophylline to elicit slowly developing airway relaxation 
and to enhance the actions of β2-adrenoceptor agonists. 
An alternative dilator pathway via guanylate cyclase (GC) 
and cGMP in response to nitric oxide (NO) results in simi-
lar downstream signaling to the AC/cAMP pathway. 
Antagonists of muscarinic receptors for acetylcholine 
(ACh) or cysteinyl-leukotrienes (cys-LTs) selectively 
oppose the signaling cascades that lead to airway contrac-
tion via the parallel pathways of Ca2+ oscillations and sen-
sitivity, but unlike β2-adrenoceptor agonists do not actively 
oppose the actions of other mediators of 
bronchoconstriction
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mechanisms, and target multiple pathways that 
contribute to airway contraction (Fig. 16.4).

While pharmacological antagonists of mus-
carinic receptors and leukotriene receptors are 
also used clinically, the selectivity of their 
actions only provides bronchoprotection against 
airway contraction to ACh or cys-LTs, respec-
tively. Of note, histamine receptor antagonists 
are not effective, even in allergic asthma, as they 
do not oppose the contribution of other media-
tors to the allergic response leading to airway 
contraction. However, muscarinic receptor 
antagonists and leukotriene receptor antagonists 
are of benefit when vagal tone and cholinergic 
signaling are increased as in COPD, or if levels 
of the potent bronchoconstrictor cys-LTs are 
elevated as proposed in aspirin-sensitive asthma. 
These drugs inhibit all the downstream signal-
ing activated by ACh and CysLT as previously 
outlined in detail (Fig. 16.3) to limit contraction 
(Fig. 16.4) and as such are not described in fur-
ther detail.

16.6.1  Contribution of Cyclic 
Nucleotides to Relaxation

Airway relaxation can occur in response to acti-
vation of ASM β2ARs by endogenous adrena-
line or synthetic selective SABA and LABA, 
EP2/EP4 receptors by prostaglandin E2, IP recep-
tors by prostacyclin, or A2b receptors by ade-
nosine [130]. Agonist binding leads to 
downstream signaling via receptor-coupled Gα 
subunits of the Gs subfamily of heterotrimeric G 
proteins. Stimulation of AC activity increases 
synthesis of cAMP and results in bronchopro-
tection (preventing the development of contrac-
tion) or bronchodilation (reversal of established 
contraction). Substances that release NO 
directly activate intracellular GC to increase 
cGMP and cause airway relaxation. Dilator 
responses can also be induced by pharmacologi-
cal agents that either directly stimulate cAMP 
and cGMP synthesis or inhibit their breakdown 
by phosphodiesterases, although agents that 
elevate cGMP are less efficacious than those 
that increase cAMP.

16.6.2  PKA and ePAC as Effectors 
of Airway Relaxation

Although PKA has long been implicated as the 
downstream mediator of ASM relaxation follow-
ing activation by cAMP, it is only recently that 
this has been established experimentally. Direct 
inhibition of PKA in human ASM cells by stable 
expression of the PKA-inhibiting peptide PKI- 
GFP, or the mutant regulatory subunit RevAB- 
GFP (which does not bind cAMP), reduces the 
inhibitory effects of isoprenaline on histamine- 
induced increases in ASM Ca2+ oscillations, 
MLC phosphorylation, and cytoskeletal stiffness 
measured using OMTC. In mouse tracheal rings 
infected with lentivirus encoding PKI-GFP, 
isoprenaline- induced relaxation is also reduced 
[131].

However, another effector is implicated in 
βAR-mediated relaxation, based on the observa-
tion that relaxation to isoprenaline in guinea pig 
trachea is not inhibited by selective inhibitors of 
PKA [132]. An exchange protein directly acti-
vated by cAMP (Epac), a GTP exchange factor 
for the small GTPase Rap1, is thought to mediate 
this additional PKA-independent relaxation [132, 
133]. An Epac-selective cAMP analogue 
decreases MCh-induced contraction in guinea 
pig trachea and human airway muscle strips by 
reducing MLC phosphorylation and RhoA [132], 
while cAMP-mediated relaxation in mouse bron-
chi is mediated through activation of both Epac 
and PKA leading to RhoA inhibition [133].

16.6.3  Inhibition of Ca2+ Signaling 
and Sensitivity

The inhibitory effects of βAR agonists on ACh- 
induced Ca2+ oscillations were first described in 
isolated ASM [134]. Inhibition was also evident 
in response to other cAMP-elevating agents, 
namely the stable cell-permeant analogue of 
cAMP (8-bromo-cAMP), the AC activator for-
skolin (FSK), and the nonselective PDE inhibitor 
3-isobutyl-1-methylxanthine (IBMX) [130, 134].

Recent evidence is consistent with inhibitory 
effects of cAMP on Ca2+ release from the SR, the 
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major mechanism initiating airway contraction. 
In mouse and human PCLS, βAR agonists (iso-
prenaline, nonselective, and salbutamol and for-
moterol, both β2-selective), as well as FSK and 
8-bromo-cAMP, simultaneously reduce the 
amplitude and frequency of Ca2+ oscillations 
within ASM and relax intrapulmonary airways 
precontracted with MCh or histamine [110, 111, 
135]. In addition, IP3-induced Ca2+ oscillations 
are reduced by the elevation in intracellular 
cAMP induced by FSK [110].

NOC-5, an NO donor, also decreases 
5HT-induced Ca2+ oscillations and airway con-
traction, and inhibits the increase of intracellular 
Ca2+ and contraction in response to photolytic 
release of IP3 [136]. The effects of NOC-5 are 
mimicked by the stable cGMP analogue, blocked 
by the GC inhibitor ODQ, and increased in the 
presence of zaprinast or vardenafil, two selective 
inhibitors of cGMP-specific PDE5 [136]. These 
combined findings imply that elevated levels of 
cAMP and cGMP reduce the sensitivity of the 
IP3Rs to IP3, resulting in reduced Ca2+ release 
from SR stores and airway relaxation [110, 136].

Agents that increase cAMP can also cause air-
way relaxation by decreasing Ca2+ sensitivity 
[130]. In intact (i.e., not chemically permeabi-
lized) guinea pig trachea, isoprenaline and FSK 
reduce MCh-induced contraction to a greater 
extent than Ca2+ mobilization, implicating inhibi-
tion of an additional Ca2+-independent mecha-
nism [137]. More direct measures show that βAR 
agonists reverse carbachol-induced phosphoryla-
tion of Rho and ROCK, measured by Western 
blot in bovine trachea [138] and that isoprenaline 
also increases MLCP activity, assayed directly 
using 32P-labeled myosin [24].

In PCLS following caffeine/ryanodine treat-
ment, increased Ca2+ oscillations in response to 
contractile agonists are abolished, and contrac-
tion is due to Ca2+ sensitivity alone. Under these 
conditions, relaxation to salbutamol, FSK, and 
IBMX at fixed Ca2+ concentrations is maintained 
[135]. Of note, lower concentrations of for-
moterol are required to relax human airways 
when contraction is due to ASM Ca2+ sensitivity 

alone than when Ca2+ oscillations are also occur-
ring [111, 135], while neither NOC-5 nor a stable 
cGMP analogue induced relaxation in agonist- 
contracted airways after caffeine/ryanodine treat-
ment [136]. These differences may contribute to 
the longer duration of action of formoterol, and 
may contribute to the relatively lower dilator 
responses to agents that increase cGMP com-
pared to cAMP.

cAMP-dependent hyperpolarization and con-
sequent reduction of Ca2+ influx via activation of 
BK channels has been reported in ASM [139]. 
However, airway relaxation to βAR agonists and 
NO donors in many species including humans is 
either unaffected or only partially inhibited in the 
presence of K+ channel blockers [130]. This sug-
gests that it is the inhibition of Ca2+ oscillations 
and sensitivity, rather than opening of BK chan-
nels, that mediates relaxation in the response to 
these agents.

16.6.4  β-Adrenoceptor 
Phosphorylation and cAMP 
Metabolism

Two major feedback mechanisms terminate dila-
tor responses to βAR agonists. GPCR kinases 
(GRKs) phosphorylate and uncouple the receptor 
from its Gs protein. This promotes the association 
of intracellular β-arrestin, which provides steric 
hindrance to further association between the 
agonist- occupied receptor and Gs, thereby 
“arresting” signaling. Other kinases, including 
PKA and PKC, can also phosphorylate βARs to 
promote uncoupling, even in the absence of ago-
nist [130].

Alternatively, PDEs hydrolyze cAMP, the 
intracellular second messenger of βAR agonists, 
as well as cGMP. Of the five PDE classes found 
in human ASM cells, PDE3 and PDE4 are the 
two major cAMP-hydrolyzing enzymes [140] 
and the PDE4D subfamily, particularly the 
PDE4D5 isoform, appears to play a pivotal role 
in controlling cAMP degradation in human ASM 
cells [141].
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16.7  Dysregulation of Airway 
Contraction in Lung Disease

Increased airway contraction is a feature of many 
chronic lung diseases, with airway narrowing 
leading to symptoms of breathlessness. While 
this may occur as a direct consequence of 
increased levels of neurally derived or circulating 
contractile mediators, it is clear that in utero and 
postnatal exposures can exert complex influences 
on both the amount of ASM within the airway 
wall and the responsiveness of ASM to stimuli 
that induce contraction.

Asthma is a heterogeneous disease most com-
monly associated with allergic sensitization, 
although multiple subtypes of asthma have been 
defined, based on differing causal pathways, natu-
ral histories, and responses to treatment [142]. In 
all forms of asthma, the airways show an increased 
sensitivity and maximal response to an inhaled 
constrictor agonist, defined as AHR [37]. This hall-
mark feature is associated with airway inflamma-
tion due to cellular infiltration and elevated cytokine 
levels, and airway remodeling as evidenced by 
increased ASM, fibrosis, goblet cell hyperplasia, 
higher levels of resident mast cells, and increased 
vascularity. COPD is characterized by chronic 
bronchitis and emphysema and is most commonly 
caused by cigarette smoking, although it may be 
caused or exacerbated by genetic deficiency of 
α1-antitrypsin resulting in loss of protection from 
tissue destruction by neutrophil elastase [143]. The 
degree of AHR in COPD is related to the level of 
fixed airway obstruction and the contribution of 
airway remodeling, including increased ASM.

In the disease setting, the presence of increased 
ASM, higher levels of a specific mediator or its 
receptor target, dysregulation of common down-
stream signaling pathways, or changes in the 
contractile apparatus itself can have broad impli-
cations for the control of airway contraction 
(Fig.  16.5). The contribution of these multiple 
factors may vary between asthma and COPD, as 
well as between asthma phenotypes, as different 
inflammatory profiles and mediators are impli-
cated in allergic versus nonallergic asthma.

Numerous studies have been performed in 
vitro using ASM or airways or in vivo animal 
models to assess the effects of inflammatory 
stimuli, allergen challenge, or disease on ASM 
contractility. Determining whether AHR is asso-
ciated with changes in the contractile properties 
of isolated ASM is of critical importance. In 
vitro studies of ASM signaling and reactivity in 
isolated airways have provided further insights 
into the mechanisms underlying increased con-
traction. Animal models of allergic airways dis-
ease, most commonly in mice, employ 
sensitization and challenge protocols to aller-
gens such as ovalbumin (OVA) and house dust 
mite (HDM) to mimic key features of human 
asthma, while chronic cigarette smoke exposure 
can be used to model COPD.  These models 
allow the integrated assessment of lung inflam-
mation and airway remodeling to implicate driv-
ers of increased in vivo airway reactivity to 
bronchoconstrictors.

16.7.1  Increased Contractile 
Mediators

ACh is a key mediator of airway contraction, via 
its release from parasympathetic nerves and acti-
vation of postjunctional muscarinic M3 receptors 
on ASM. Although increased expression of M3 
receptors is not a feature of AHR, elevation of 
vagal tone has been reported in chronic lung dis-
eases, including both asthma and COPD [144]. 
This could be due to dysfunction of the autoin-
hibitory prejunctional muscarinic M2 receptor 
that normally limits ACh release [145]. This 
mechanism has been demonstrated in models of 
airways disease following allergen exposure and 
in some but not all asthmatics [144].

Increased levels of other contractile ago-
nists may also exert direct effects on ASM or 
indirect effects by increasing neuronal ACh 
release. The synthesis and release of mediators 
from activated mast cells in the early and late 
phases of the allergic response in asthma are 
important in this regard. Histamine mediates 
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many allergic symptoms, but is not a major 
driver of increased contraction in asthma, 
as evidenced by the lack of efficacy of anti-
histamines in opposing  bronchoconstriction. 
However, de novo synthesis of cys- LTs via 
lipoxygenase and prostanoids via COX can 
contribute to AHR. The soluble form of PLA2 
that initiates synthesis of these eicosanoids 
is increased in airways of asthmatics [146]. 
Increased cys-LTs are present in bronchoalve-
olar lavage (BAL) fluid collected from atopic 
human subjects after endobronchial challenge 
with allergen [147]. Increases in BAL PGD2 
and the enzyme responsible for its synthesis 
in airway epithelium are both associated with 
exacerbations in severe asthma [148]. This 
combined evidence supports the contribution 
of mast cell degranulation and local release of 
mediators of bronchoconstriction to increased 
airway contraction.

ET-1 is strongly implicated in the pathophysi-
ology of pulmonary hypertension but may also 
play a role in other lung diseases due to its potent 
bronchoconstrictor properties [92, 149]. ET-1 is 
increased in the epithelium in airway biopsies 
from asthmatics, and in BAL from patients with 

allergic asthma, and in plasma of hypoxemic 
patients with COPD [150, 151]. Importantly, 
ET-1 levels measured in BAL during acute 
asthma attacks are sufficiently elevated to con-
tribute directly to bronchoconstriction or induce 
ACh release [149].

Inflammatory mediators such as tumor necro-
sis factor α (TNF-α) and various interleukins are 
implicated in the pathophysiology of chronic 
lung diseases, with Th2 cytokines playing a key 
role in allergic asthma. As detailed later, there is 
considerable evidence that these mediators regu-
late multiple mechanisms that promote airway 
contraction and oppose relaxation.

16.7.2  Airway Remodeling

Increased ASM is a key feature of airway remod-
eling in many chronic lung diseases, and has 
been implicated as the most important factor 
contributing to AHR [152]. This remodeling 
may occur as a consequence of early-life influ-
ences, as seen in bronchopulmonary dysplasia 
(BPD). This perinatal disease of prematurity is 
characterized by ASM hyperplasia and alveolar 
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Fig. 16.5 Mechanisms of increased airway contraction. 
Airway narrowing in chronic lung diseases may be 
increased as a consequence of multiple influences on 
ASM.  These include elevated levels of contractile ago-
nists acting on increased bulk of ASM in the remodeled 
airway. ASM can both produce and respond to inflamma-

tory cytokines that increase the expression of receptors 
and dysregulate major pathways of SR-dependent Ca2+ 
signaling and Ca2+ sensitivity leading to contraction. Pro- 
fibrotic mediators alter the extracellular matrix (ECM) in 
the airways and promote further ASM proliferation and 
inflammation
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dysmorphogenesis, increasing the risk of devel-
oping asthma and COPD [153]. Based on biop-
sies from subjects with fatal or severe asthma, 
the thickness of the ASM layer is related to dis-
ease severity rather than duration [154, 155]. 
Although less significant, increased ASM is also 
evident in COPD, potentially contributing to the 
development of greater tension and thus more 
airway contraction [152].

Mitogenic stimuli known to be elevated in 
asthmatic airways include growth factors such as 
FGF-2, inflammatory cell-derived mediators 
such as thrombin, and contractile agonists such 
as ET-1, SP, TXA2, and LTD4. Despite convinc-
ing evidence of increased ASM in asthma, it has 
been difficult to establish that ongoing prolifera-
tion occurs in situ, as airway biopsies from asth-
matic subjects with established remodeling show 
limited staining for proliferative markers in ASM 
[155]. However, the proliferative response of pri-
mary cultured human ASM from those with 
asthma is increased compared to ASM from those 
without asthma [42]. This increased proliferation 
may be specific to ASM, since airway myofibro-
blasts from asthmatic subjects do not show a 
similar increase [156].

Mechanisms implicated in the increased pro-
liferation of asthmatic ASM in vitro are inade-
quate expression of the transcription and 
differentiation factor CCAAT/enhancer-binding 
protein-α (C/EBP-α), and Ca2+-dependent 
increases in mitochondrial biogenesis and activ-
ity [157, 158]. Increased proliferation of ASM 
from COPD patients has also been described 
[159], with analysis of metabolic reprogram-
ming showing increased glycolysis and gluta-
mine catabolism to support the biosynthetic and 
redox balance required for cellular growth 
[160].

Another mechanism that may contribute to the 
increase in ASM in remodeled airways is migra-
tion [161]. In vitro studies show that many medi-
ators implicated in asthma increase ASM 
migration. These include growth factors such as 
platelet-derived growth factor (PDGF), lipid 
metabolites such as cys-LTs and PGD2, and 
inflammatory Th2 cytokines such as interleukin-
 5 (IL-5), IL-4, and IL-13 [161]. An isolated report 

has demonstrated increased migration in ASM 
from asthmatics compared to non-asthmatics 
[162].

ASM can both produce and respond to the 
pleiotropic cytokine TGF-β to produce ECM pro-
teins (reviewed in [47]). Both TGF-β and connec-
tive tissue growth factor (CTGF), which are 
implicated in mediating the effects of TGF-β, are 
increased in asthma [43, 163, 164]. The profile of 
ECM produced by ASM from asthmatics differs 
from ASM from healthy subjects, namely 
increases in collagen I, III, and V and fibronectin 
and decreases in collagen IV and elastin [46]. 
This altered ECM promotes the production of 
inflammatory cytokines such as eotaxin [165], as 
well as ASM proliferation, as demonstrated by 
the increased proliferation of ASM from non- 
asthmatics grown on an ECM bed produced by 
asthmatic ASM [166]. Additional in vitro studies 
have shown that migration of ASM cells grown 
on membranes coated with collagens III and V 
and fibronectin is increased compared to cells 
grown on collagen I, elastin, and laminin [167]. 
Thus, altered ECM production by ASM can act in 
an autocrine fashion to promote the contribution 
of ASM to inflammation and airway remodeling, 
and in turn to altered airway contraction. These 
multiple influences of ECM on ASM functions in 
asthma are less studied in COPD. However, the 
broader consequence of increased ECM produc-
tion is airway fibrosis, leading to the significant 
fixed airway obstruction that characterizes this 
disease [143].

Irrespective of the mechanisms increasing 
ASM proliferation, migration, and survival, the 
increased bulk of ASM in the airway wall has 
the potential to exacerbate the influence of 
multiple factors to further increase ASM con-
traction. Airway remodeling is not targeted by 
current pharmacological treatments with either 
anti- inflammatory drugs used as preventer 
medication or bronchodilators used as relievers 
to oppose airway contraction. As outlined later, 
this provides a rationale for the recent intro-
duction of bronchial thermoplasty, a novel 
approach to ablate the increase in ASM to limit 
excessive uncontrolled contraction in severe 
asthma.
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16.7.3  Inflammatory Cytokines

The role of inflammation in promoting increased 
airway contraction in chronic lung diseases is 
well established, and forms the basis for the use 
of anti-inflammatory treatment with glucocorti-
coids to reduce the frequency and severity of 
asthma attacks. Indeed, AHR is evident in short- 
term animal models of allergic airway disease 
when airway inflammation, characterized by ele-
vated eosinophils and Th2 cytokines, is present, 
even when airway wall remodeling is absent.

The cellular sources of inflammatory media-
tors in the airways vary with different chronic 
lung diseases. Eosinophils, mast cells, and Th2 
cells are key players in allergic asthma, while 
neutrophils are implicated in more severe asthma. 
Both neutrophils and macrophages produce cyto-
kines that contribute to the pathophysiology of 
COPD, while eosinophils are implicated in 
COPD exacerbations. These circulating inflam-
matory cells and the resident airway epithelium 
are a rich source of mediators contributing to 
inflammation. TNF-α, IL-1, IL-8, IL-17, and Th2 
cytokines (IL-4, IL-5, IL-13) are major drivers of 
airway inflammation in asthma and/or COPD 
[142, 143].

ASM itself can respond to these stimuli by 
producing inflammatory chemokines and cyto-
kines such as eotaxin, IL-1, and IL-8. This may 
attract inflammatory cells into the airways and 
amplify the signals they generate (reviewed in 
[43]). The release of eotaxin from asthmatic 
ASM in culture is higher than from non- 
asthmatic ASM, both under basal conditions 
and in response to asthma-relevant cytokines 
[165]. This observation has been confirmed by 
increased immunostaining of eotaxin in the 
ASM layer of asthmatic airways [168], consis-
tent with a hypersecretory phenotype of ASM 
both in vitro and in vivo in human asthma. The 
numerous synthetic products of ASM and their 
autocrine and paracrine effects have the poten-
tial to promote inflammation- associated 
increases in contraction [43].

Key cytokines elevated in the airways in 
asthma and COPD can directly increase ASM 
responsiveness of isolated airway preparations. 

For example, treatment with TNF-α exagger-
ates contraction of human airways to musca-
rinic agonists, bradykinin, and 5HT [169–171], 
with increased expression of contractile agonist 
receptors providing a possible mechanism 
[172]. IL-13 also significantly increases maxi-
mal force generation in mouse trachea [173] 
and small airway contraction in mouse and 
human PCLS [171, 174]. CysLT1 expression on 
ASM is also increased by the Th2 cytokine 
IL-13 [28]. More recently, the Th17 subset of T 
cells has been shown to contribute to the devel-
opment of more severe asthma phenotypes, par-
ticularly associated with neutrophilia [175]. 
The Th17 cytokine IL-17A enhances contrac-
tile force generation of mouse tracheal rings 
and human bronchi [176].

These in vitro findings have been validated 
in animal models of allergic airway disease. 
Administration of IL-13 causes rapid induction 
of AHR in mice in vivo, independently of aller-
gen challenge [174]. Conversely, the develop-
ment of in vivo AHR due to allergen sensitization 
is prevented by targeting specific cytokines 
using monoclonal antibodies or receptor antag-
onists or by gene deletion. For example, the 
inhibitory effects of IL-13 antibodies [177], 
deficiency of IL-17 [176], or a soluble TNF-α 
antagonist [178] have been demonstrated. 
Notably, TNF-α inhalation increases AHR to 
MCh challenge in human subjects with mild 
asthma [179].

16.7.4  Altered Calcium Handling

Changes in Ca2+ homeostasis and abnormal Ca2+ 
handling by ASM in response to contractile ago-
nists have been identified as key mechanisms 
underlying increased ASM contraction. It is clear 
that elevated cytokines can influence the respon-
siveness of the increased bulk of ASM in the 
remodeled airway wall, and may regulate multi-
ple aspects of Ca2+ signaling to drive increased 
airway contraction in chronic lung diseases. 
Studies in ASM and intact airways have assessed 
the direct effects of inflammatory stimuli as well 
as disease status. Changes in SR-dependent Ca2+ 
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oscillations and Ca2+ sensitivity, as well as in the 
dynamic properties of ASM, are evident, consis-
tent with the increased airway contraction 
observed in vivo.

Recurrent Ca2+ oscillations in mature ASM 
become aberrant in severe asthma, with increases 
in frequency related to disease severity [29]. 
Furthermore, the Th2-derived cytokine IL-13 
increases basal oscillations in human ASM [28]. 
Given the contribution of Ca2+ to both contractile 
and synthetic functions of ASM, these changes 
provide indirect evidence of altered Ca2+ signal-
ing as a driver of changes in structure and func-
tion of inflamed airways in asthma and COPD.

Calcium responses to contractile agonists are 
increased in isolated ASM treated with inflam-
matory cytokines such as TNF-α and IL-13 [180, 
181]. The exaggerated response in IL-13-treated 
ASM was attributed to enhanced Ca2+ release 
since levels of calponin, smooth muscle α-actin, 
vinculin, and myosin were unchanged [181]. 
ASM from asthmatics also shows exaggerated 
Ca2+ responses relative to ASM from non- 
asthmatics [182, 183].

There are multiple sites in the Ca2+ mobiliza-
tion pathways for dysregulation under inflamma-
tory conditions and in disease. To date, there is no 
evidence that expression of IP3Rs is increased in 
human ASM from asthmatics [115, 184] despite 
its upregulation in response to IL-13 [185]. 
Levels of bradykinin-induced IP3 and Ca2+ 
responsiveness to photolysis of caged IP3 are also 
similar in ASM from non-asthmatic and asth-
matic subjects [184]. However, both IP3 levels 
and IP3R-mediated Ca2+ release are increased in 
ASM cells from a rat asthma model [186]. This is 
associated with lower expression/activity of 
IP3–5 phosphatase, providing a mechanism pro-
moting AHR through increased availability of 
IP3, rather than increased IP3R expression.

RyR activity may be increased in asthma by 
changes in the receptor itself or in response to 
increased cADPR via CD38. IL-13 upregulates 
RyR expression in human ASM [185]. FKBP12.6 
normally stabilizes RyRs in a closed (inactive) 
state, but this regulatory protein is dissociated in 
rat ASM treated with asthmatic serum or with the 
cytokines IL-5, IL-13, or TNF-α, and also in iso-

lated airways from a guinea pig model of OVA- 
induced AHR [187]. Expression of CD38  in 
human ASM is increased by TNF-α [180], and 
elevated in the airways of sensitized and chal-
lenged mice and in ASM from asthmatic com-
pared to non-asthmatic donors [182, 188]. The 
TNF-α-induced increase in contractile responses 
of tracheal rings from non-sensitized mice is 
abrogated in mice deficient in CD38 [188]. Thus, 
increased RyR expression, reduced inhibition of 
its activity, or increased activation via CD38 
could induce higher ASM Ca2+ for the same level 
of agonist to increase contraction, as recently 
modeled [189].

Increased SR-dependent Ca2+ signaling, via 
effects on both IP3Rs and RyRs, is implicated in 
the pro-contractile effects of IL-13 [185]. 
Treatment of human ASM with IL-13 also further 
enhances the frequency of LTD4-induced Ca2+ 
oscillations, and the proportion of oscillating 
ASM cells [28]. The increases in Ca2+ oscilla-
tions are suppressed to a similar degree by inhibi-
tors of IP3Rs or RyRs [28]. These changes are 
associated with increased mRNA for CD38 as 
well as the LTD4 receptor CysLT1 [28]. These 
findings support the integrated contribution of 
increases in receptor expression and signaling to 
promote contraction.

Reduced SERCA2-mediated Ca2+ reuptake 
into the ASM SR could also increase airway con-
traction. IL-13 decreases the expression of 
SERCA2  in human ASM, associated with 
increased cytokine release [185]. Expression of 
SERCA2 is lower in both native and cultured 
ASM from endobronchial biopsies of patients 
with mild and moderate/severe asthma compared 
to healthy subjects, and associated with increased 
ASM proliferation and cytokine release [115]. 
However, the finding of decreased SERCA2  in 
asthmatic ASM is not universal [184] and its con-
tribution to increased airway contraction has yet 
to be assessed. Further studies are required to 
fully define the contribution of SR-dependent 
Ca2+ signaling to AHR.

Increased Ca2+ sensitivity of ASM via RhoA/
ROCK and CPI-17 leading to increased contrac-
tion has also been demonstrated under inflamma-
tory conditions and in allergen models (reviewed 
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by [190]). Both TNF-α and IL-13 induce RhoA 
transcription in human ASM, via STAT6 and 
NFkB signaling, and increased phosphorylation 
of the regulatory subunit of MLCP [191]. In 
α-toxin-permeabilized guinea pig airways, the 
TNF-α-induced increases in the proportion of 
active GTP-bound RhoA and increased MLC 
phosphorylation are inhibited by preincubation 
with the ROCK inhibitor Y27632 [191]. IL-17A 
enhances contraction of mouse tracheal rings and 
human bronchi through an epithelial-independent 
effect that is not mediated via TNF-α, but is pre-
vented by Y27632 [176]. Repeated allergen chal-
lenge also appears to increase Ca2+ sensitization 
via ROCK or CPI-17 associated with AHR [190]. 
These findings remain to be confirmed in ASM 
and airways from asthmatic subjects.

A recent study suggests that expression of Gq 
protein-coupled calcium-sensing receptors 
(CaSRs) is increased in the ASM layer of bron-
chial biopsies from asthmatic subjects and in the 
airways of allergen-challenged mice [101]. These 
receptors are known to control Ca2+ homeostasis 
by regulating the release of parathyroid hormone 
from the parathyroid gland via PLC-dependent 
pathways, but their role in the lungs has not pre-
viously been characterized. In addition to ele-
vated levels in asthmatic ASM, CaSR expression 
is increased in ASM from non-asthmatic subjects 
by treatment with asthma-relevant cytokines 
TNF-α and IL-13. Activation of CaSRs with 
polycations elevates intracellular Ca2+ in human 
ASM and increases the contractile response of 
mouse trachea and airways in PCLS to ACh 
[101]. This novel pathway may not only contrib-
ute to increased ASM responsiveness but also 
increase Ca2+ sensitivity.

16.7.5  Altered Intrinsic ASM 
Properties

Compelling evidence implicates inflammation 
as a major influence on ASM that increases air-
way contraction. However, it remains unclear 
whether ASM itself has intrinsic and persistent 
hypercontractility that contributes to AHR. In 
vitro, the contraction of human airways from 
subjects with asthma is reported to be increased, 

decreased, or not different compared to airways 
from control subjects (reviewed in [38]). Airway 
preparations from animal models of allergic air-
ways disease with established in vivo AHR also 
yield conflicting results. For example, MCh-
induced contraction of mouse tracheal rings, 
measured as increased isometric force, is 
increased following chronic OVA challenge but 
contraction of small airways in PCLS, measured 
as reductions in airway area, is reduced in the 
same model [192]. These inconsistent findings 
may reflect differential contributions of inflam-
matory and structural influences on contraction. 
While increased ASM and inflammation may 
synergize to promote contraction in tracheal 
rings, interactions of ASM with noncontractile 
airway wall elements such as fibrosis in the 
smaller airways within PCLS may limit 
contraction.

Differences in the physical properties of indi-
vidual ASM cells in the disease setting have the 
potential to influence contraction, and have 
recently been characterized using novel 
approaches such as TFM and OMTC [41]. Higher 
cell traction forces at baseline and enhanced stiff-
ening (contraction) in response to MCh and his-
tamine demonstrate that ASM may have an 
inflammation-independent contraction mechano-
phenotype in asthma [41].

The shortening velocity of ASM in vitro is an 
additional measure of intrinsic ASM contractil-
ity. At the single-cell level, the maximum capac-
ity and velocity of shortening of zero-loaded 
single-ASM cells can be recorded. The response 
to EFS is significantly increased in ASM from 
subjects with asthma relative to controls [193]. 
Furthermore, using collagen gel contraction 
assays, gels containing ASM cells from asthmatic 
donors have greater reductions in area in response 
to histamine and bradykinin [194, 195]. In 
explants from agarose-inflated lungs, the rate of 
airway contraction is also greater in the hyperre-
sponsive Fischer rat than Lewis rats [196], while 
greater velocity and maximum ASM shortening 
are observed in human bronchi passively sensi-
tized with serum containing high IgE [197]. This 
intrinsic ASM hypercontractility may also corre-
late with in vivo measurements of airway 
responsiveness.
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Several mechanisms underlying these intrin-
sic differences in ASM contraction have been 
described. MLCK is expressed at higher levels in 
biopsies from patients with asthma of increasing 
severity and COPD [155], and increased in ASM 
from asthmatics associated with increased short-
ening velocity [193]. However, elevated MLCK 
was not detected in asthmatic ASM in collagen 
gels where greater contraction to histamine was 
detected [194]. Fast MHC isoform and transgelin 
are also increased in human asthma and in hyper-
responsive Fischer rats [198]. Of note, assess-
ment of the rate of actin filament propulsion in 
purified tracheal myosin from Fischer rats is 
increased compared to normoresponsive Lewis 
rats, demonstrating the potential functional sig-
nificance of increased fast MHC overexpression. 
Conversely, transgelin did not alter the rate of 
actin filament propulsion [198]. Further studies 
to define the molecular mechanics of ASM are 
required to provide further insights into the con-
tribution of intrinsic dynamics of ASM to AHR 
and asthma.

16.8  Limitations 
of β-Adrenoceptor Agonists 
as Dilator Therapy

The SABA salbutamol is the most commonly 
used inhaler medication to provide relief of acute 
asthma symptoms, while LABAs, such as for-
moterol, are only used in combination with glu-
cocorticoids as preventer medication in more 
severe disease. Consistent with the contribution 
of increased vagal input to the pathophysiology 
of COPD, chronic breathlessness is treated with 
long-acting muscarinic antagonists (LAMA) 
and/or LABA, while glucocorticoids provide 
benefit in exacerbations. β2AR agonists remain 
the gold standard for asthma treatment, as gluco-
corticoids do not fully prevent asthma attacks and 
some patients are resistant to steroid therapy. 
However, the efficacy of SABA and LABA as 
bronchodilators may be limited in inflamed 
hyperresponsive airways and it is estimated that 
more than half of asthmatic patients do not 
receive adequate control with current available 
treatments [199].

16.8.1  Functional Antagonism

Mechanistically, the extent of airway relaxation 
versus contraction is a balance between the 
actions of bronchodilators versus bronchocon-
strictors, known as functional or physiological 
antagonism. Thus, a highly potent β2AR agonist 
that is maximally effective in a partially con-
tracted airway becomes a less potent partial ago-
nist in a maximally contracted airway. This is 
demonstrated in vitro in guinea pig trachea when 
both the potency and efficacy of salbutamol are 
reduced at increasing levels of carbachol-induced 
contraction [200]. The reduced tracheal smooth 
muscle relaxation correlates with a reduced abil-
ity of the drug to stimulate β2AR-coupled AC, 
resulting in lower levels of cAMP to oppose con-
traction. β2AR agonist-induced cAMP levels are 
also reduced in ASM from asthmatics; however 
the underlying mechanism is enhanced degrada-
tion rather than decreased synthesis, due to 
increased expression of PDE4D and hydrolysis 
of cAMP [201].

In the clinical context, more severe disease 
leads to greater AHR, increased airway contrac-
tion, and potential lack of symptom control with 
standard doses of SABA. While this may be man-
aged by the introduction of anti-inflammatory 
glucocorticoids to reduce the severity of symp-
toms, this is not always effective. The more fre-
quent use of higher doses of β2AR agonists 
promotes harmful effects in both the short and 
long terms. Acute high doses of inhaled SABA 
can cause adverse effects if significant systemic 
absorption occurs. Loss of selectivity as a bron-
chodilator acting only in the airways occurs in 
terms of both location and site of action, exempli-
fied by β1AR-mediated tachycardia and β2- 
mediated skeletal muscle tremor [102].

16.8.2  Homologous Receptor 
Desensitization 
and Downregulation

SABA and LABA treatment can cause homolo-
gous desensitization and potentially downregula-
tion of ASM β2ARs [130]. As previously stated, 
agonist occupation of β2ARs leads to the binding 
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of β-arrestin, which if prolonged leads to receptor 
internalization. Internalized receptors can then be 
trafficked to lysosomes for degradation, resulting 
in a reduction in total ASM β2-AR protein. Of 
note, siRNA targeting of β-arrestin in human 
ASM increases signaling downstream of β2AR 
activation, while genetic ablation of β-arrestin 
increases both signaling and relaxation of con-
tracted mouse airways ex vivo and in vivo [202, 
203]. Although GRK and β-arrestin are expressed 
at similar levels in ASM from non-asthmatic and 
asthmatic subjects, a recent study has shown a 
defect in the dephosphorylation of endosomal 
β2ARs which normally promotes their recycling 
back to the plasma membrane as resensitized 
receptors ready for agonist binding [204]. Thus, 
GRK/arrestin-dependent mechanisms leading to 
desensitization of ASM β2ARs and reduced 
resensitization are both likely to contribute to the 
loss of dilator efficacy with chronic use of β2AR 
agonists in asthma.

16.8.3  Heterologous Receptor 
Desensitization 
Due to Inflammation

A significant complication of chronic β2AR 
activation was revealed when a prospective 
trial to introduce LABA in addition to usual 
therapy, the Salmeterol Multicenter Asthma 
Research Trial (SMART), was terminated early 
due to an increase in mortality in the treated 
group [205]. Subsequent meta-analysis sug-
gested that symptomatic relief provided by 
LABA was masking the underlying effect of 
uncontrolled airway inflammation, leading to 
increased severe and life-threatening asthma 
exacerbations, as well as asthma-related 
deaths [206]. As such, LABA are not used as 
sole therapy in the treatment of asthma, but 
only in combination with anti- inflammatory 
glucocorticoids.

The importance of controlling inflammation 
in asthma is therefore paramount. While inflam-
matory cytokines and lipid mediators can indi-
rectly and directly increase airway contraction, 
they can also reduce airway sensitivity to bron-

chodilators. In vitro, both IL-4 and IL-13 impair 
isoprenaline-induced decreases in ASM cell 
stiffness [207]. Moreover, chronic treatment of 
mouse tracheal rings with IL-1β or TNF-α atten-
uates the relaxant effect of β2AR agonists [208], 
and these cytokines synergize to reduce ASM 
responsiveness [209]. The loss of sensitivity to 
β2AR agonists after IL-1β or TNF-α is mediated 
via induction of COX2 [209]. Subsequent 
increased PGE2 production and activation of 
PKA lead to receptor phosphorylation and het-
erologous desensitization of β2AR signaling 
[130, 208].

16.9  New Targets to Limit Airway 
Contraction

Multiple factors contribute to increased airway 
contraction and impaired relaxation in chronic 
lung diseases. The introduction of biologics to 
limit the contribution of key drivers of inflamma-
tion to AHR is showing promise in the clinic. 
New bronchodilator agents acting via both known 
and novel pathways and receptor targets to cause 
airway relaxation have also been identified, with 
several of these drugs having other beneficial 
effects in chronic lung diseases (Table  16.3). 
Experimental evidence supports their potential to 
overcome some of the limitations of current ther-
apy with β2AR agonists in severe disease, 
although their clinical efficacy has yet to be fully 
established.

16.9.1  Biologics Targeting 
Inflammation

Given the influence of inflammation on airway 
contraction and relaxation, it is important to 
optimize anti-inflammatory therapy, especially 
when glucocorticoids are ineffective. Clinical 
translation of experimental findings implicat-
ing specific mediators of inflammation in 
chronic lung diseases has proved challenging, 
due to the potential redundancy of the multiple 
inflammatory cells and cytokines impacting 
the airway reactivity. To date, the use of selec-
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tive biologics targeting elevated IgE, eosino-
philic inflammation by IL-5, and Th2 cytokines 
including IL-13 has been shown to be of bene-
fit in selected patients with asthma and COPD 
exacerbations [210, 211], while targeting neu-
trophils and other pro- inflammatory cytokines 
implicated in the pathogenesis of COPD has 
been relatively disappointing [211]. It is clear 
that careful phenotyping of patients is required 
to identify the major inflammatory cells and 
mediators driving their symptoms, so that 
effective personalized treatment can be 
achieved to oppose inflammation and reduce 
AHR [212].

16.9.2  Improved PDE Inhibitors 
with Anti-inflammatory 
Properties

PDE inhibitors prevent the hydrolysis of cAMP 
and cGMP to their inactive forms, so mediate 
their effects in ASM via the gradual accumula-
tion of second messengers rather than driving 
their rapid synthesis. The most commonly used 
PDE inhibitor theophylline is nonspecific and has 
limited bronchodilator potency and efficacy com-
pared to β2AR agonists, although its additional 
beneficial anti-inflammatory actions have been 
described [102]. The recent identification of PDE 
inhibitors with selectivity for airway PDE3 and 
PDE4 isoforms is of particular interest, but com-
bined treatment with selective PDE3 inhibitor 
SKF94120 and PDE4 inhibitor rolipram is 

required to effectively inhibit contraction of 
human bronchi [213]. In human airways that 
have been passively sensitized by treatment with 
allergic serum, PDE inhibitors reduce allergen- 
induced contractions. This suggests that their 
bronchodilator actions are mediated in part 
through inhibition of mediator release rather than 
through direct airway relaxation [213]. The cur-
rent focus in testing PDE subtype inhibitors is on 
the use of such drugs as adjunct therapy, in com-
bination with glucocorticoids or direct broncho-
dilators. For COPD, the selective PDE4 inhibitor 
roflumilast is showing considerable benefit based 
on its inhibitory effects in inflammatory cells 
rather than ASM [214], while the PDE3/4 inhibi-
tor RPL554 is progressing in clinical develop-
ment, also for COPD.

16.9.3  Targeting Novel Receptors 
and Signaling Pathways

A number of novel bronchodilators have been 
identified in experimental studies using rodent 
and human airways (Table 16.3), but have yet to 
be evaluated clinically.

Agonists for Gq-coupled type 2 bitter-taste 
receptors (TAS2Rs) increase ASM Ca2+ in iso-
lated human ASM so they would be expected to 
cause contraction, but instead cause paradoxical 
relaxation of ASM and dilation of mouse and 
human airways [215]. It is proposed that the 
relaxation to TAS2R agonists such as saccharin 
and chloroquine is mediated by elemental Ca2+ 

Table 16.3 Selected bronchodilators in current use and under investigation in asthma and/or COPD

Target Drug Action Asthma COPD
M3 mAChR Ipratropium, tiotropium, glycopyrronium, aclidinium Antagonist ✓ ✓
CysLT1R Montelukast, zafirlukast, pranlukast Antagonist ✓
β2AR Albuterol, formoterol, salmeterol, indacaterol, olodaterol Agonist ✓ ✓
PDE Theophylline, roflumilast, RPL554 Inhibitor ✓ ✓
TAS2R Chloroquine, quinine, saccharin, flufenamic acid Agonist ✓
EP2/4 ONO-AE1259, ONO-AE1-329 Agonist ✓
RXFP1 Relaxin Agonist ✓
CaSR Calcilytics, e.g., NPS89636 Antagonist ✓
Transgelin-2 TSG12 Agonist ✓
Gq FR900359 Inhibitor ✓

Modified from [102]
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events that activate BK leading to membrane 
hyperpolarization [216]. However, other investi-
gators have queried this mechanism, and show 
that TAS2R agonists inhibit Ca2+ oscillations and 
sensitivity [217]. While IL-13 treatment impairs 
relaxation of carbachol-contracted human air-
ways to the LABA formoterol, TAS2R-mediated 
relaxation is maintained [218]. Although TAS2R 
themselves are susceptible to receptor internal-
ization via GRK/β-arrestin-mediated processes, 
the dilator efficacy of TAS2R agonists is pre-
served under conditions of β2AR desensitization 
[219], suggesting that TAS2R are resistant to het-
erologous desensitization. Of note, TAS2R 
expression and function are similar in ASM cells 
derived from patients with or without asthma so 
they may provide a novel tractable target for ther-
apy [218].

Relaxin is a relaxin family peptide receptor 1 
(RXFP1) agonist originally identified as a hor-
mone of pregnancy. Relaxin has unique com-
bined effects as a bronchodilator and anti-fibrotic 
agent that clearly differentiates it from existing 
asthma therapies [220]. Chronic relaxin treat-
ment in animal models of COPD and asthma 
inhibits AHR as well as reduces ASM thickening 
and established fibrosis [221]. Acute relaxin 
treatment also reduces the release of mast cell- 
derived bronchoconstrictors in guinea pigs [222] 
and directly elicits dilation of both large and 
small airways [223]. Relaxin-mediated relax-
ation is partially inhibited by airway epithelial 
removal and inhibitors of NOS, COX, AC, and 
GC.  This is consistent with both epithelial- 
dependent and -independent dilator mechanisms, 
likely via RXFP1 activation and generation of 
NO, dilator prostanoids, and cAMP/cGMP [223]. 
Relaxin also enhances dilator responsiveness to 
salbutamol, suggesting its potential as an alterna-
tive or add-on therapy for severe asthma [223]. 
Relaxin has already undergone clinical trials for 
the treatment of acute heart failure, establishing 
its safe clinical profile [224]. Translation of the 
promising preclinical findings to human airways 
is critical in the development of relaxin as a novel 
alternative or adjunct therapeutic opposing mul-
tiple aspects of airway pathology in lung 
diseases.

Novel Ca2+ signaling pathways, common Gq 
signaling pathways, and ASM contractile pro-
teins are also being explored as potential thera-
peutic strategies to oppose excessive airway 
contraction (Table  16.3). While not yet clearly 
established, the ASM CaSR is implicated in 
increased airway contraction and CaSR antago-
nists, termed calcilytics, can oppose its activation 
[101]. In allergen-sensitized mice, polycation 
CaSR agonists further increased bronchial hyper-
reactivity in tracheal and PCLS preparations. 
Both AHR and polycation-induced contraction 
were prevented by calcilytics and absent in mice 
with CaSR ablation from ASM. Given evidence 
of functional upregulation of CaSR in ASM from 
asthmatic patients, it remains to be determined 
whether calcilytics may represent a new class of 
novel asthma therapeutics [101].

Multiple GPCR agonists activate Gq to drive 
excessive contraction in asthma. As such, inhi-
bition of Gq itself may be of benefit in treating 
airway obstruction, with potential off-target 
effects minimized by local administration into 
the lung. FR900359 is a membrane-permeable 
inhibitor of Gq that can be loaded into cells of 
interest, effectively silencing the gene for func-
tional studies [225]. Treatment with FR900359 
prevents bronchoconstriction and produces sus-
tained airway relaxation in mouse, pig, and 
human airways ex vivo. Acute inhalation of 
FR90039 in healthy naïve mice prevents airway 
contraction to MCh without acute cardiovascu-
lar effects, while chronic administration also 
protects against the development of AHR in 
mouse models using OVA and HDM as aller-
gens [225].

Transgelin-2 is currently under investigation as 
a novel bronchodilator target [226]. Transgelin-2 is 
a member of the calponin family that regulates 
actin cross-linking. An agonist that binds to trans-
gelin-2, called TG12, inactivates the RhoA-ROCK-
MYPT1-MLC pathway, and reduces human ASM 
cell stiffness, and the contraction of ASM-
containing collagen gels, isolated arteries, and 
PCLS. Of note, TG2 offers potential clinical advan-
tages relative to salbutamol since it causes potent 
airway relaxation in vivo without causing desensi-
tization [226].
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16.9.4  Targeting ASM with Bronchial 
Thermoplasty

A novel nonpharmacological approach has been 
introduced to reduce the amount of ASM and its 
contribution to dysregulated contraction in 
severe asthma. Bronchial thermoplasty (BT) 
entails the delivery of local, radiofrequency 
energy to the larger airways via bronchoscopy 
[227, 228]. This minimally invasive technique 
can be used to ablate ASM within multiple seg-
ments of asthmatic airways. Early studies in 
dogs showed that the reduction in ASM mass at 
the site where BT was applied is correlated with 
diminished contraction to MCh in vivo [228]. 
Although this decrease in AHR is not evident in 
clinical trials to date, the application of BT to 
patients with severe unresponsive asthma is 
shown to improve quality of life and reduce 
exacerbations [229]. It is likely that a combina-
tion of different mechanisms beyond relatively 
local ASM reduction will be responsible for the 
benefits of BT.  Indeed, both submucosal and 
ASM associated nerve fibers are also signifi-
cantly reduced in airway biopsies collected 
3 months post-BT [230] which could impact the 
responses in smaller airways beyond the site of 
ablation. The long-term impact of BT is yet to be 
determined, while further assessment of out-
comes to date may better define the pathways 
targeted by BT and the distinct phenotypes of 
asthma that benefit the most from BT [228].

16.10  Summary

ASM plays key roles in the development of the 
lung through spontaneous phasic contractions in 
utero. Only tonic ASM contractions to neurotrans-
mitters and other mediators persist after birth. 
These are initiated by the coordinated activation 
of SR-localized IP3Rs, RyRs, and SERCA to 
cause Ca2+ oscillations and sustained by mecha-
nisms involving Ca2+ sensitization and influx. In 
asthma, the increased sensitivity and response to 
bronchoconstrictors are due to the inflammation- 
induced dysregulation of these tonic contractions, 
as well as the increased bulk of ASM in the 

remodeled airways. ASM relaxation may be 
impaired in severe asthma due to the loss of func-
tional β2ARs and/or signaling. This may be a con-
sequence of homologous desensitization of β2AR 
due to frequent use of high doses of bronchodila-
tor therapy or heterologous desensitization due to 
the influence of uncontrolled inflammation.

It is estimated the asthma symptoms of more 
than half of patients are not adequately controlled 
with available treatments. Further understanding 
of the regulation of ASM contraction and relax-
ation in health and disease will continue to inform 
the development of new pharmacological 
approaches and novel interventions (such as 
bronchial thermoplasty) to overcome the limita-
tions of current therapy, and improve outcomes 
for difficult-to-treat lung diseases.
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