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Abstract 
The temporal and spatial dynamics of propagating myogenic contractions in the wall of the resting ex vivo 

urinary bladder and in vivo gravid uterus of the rabbit were characterised by spatiotemporal maps of area 

strain rate, of linear strain rate and contractile patch analysis, and related to cyclic variation in intravesical 

pressure (pves) in the bladder, and electrophysiological recordings in the gravid uterus. 

In the urinary bladder, patches of propagating contractions (PPCs) enlarged and involuted with a frequency in 

near synchrony with peaks in intravesical pressure. Maximum area percentage of the anterior surface of the 

bladder undergoing contraction and the sizes of individual PPCs also coincided with the peak in pves. Moreover, 

pves varied cyclically with total area of contraction and with the indices of the size and aggregation of PPCs, 

indicating that PPCs grew and involuted by a combination of peripheral enlargement or shrinkage and by 

coalescence or fission with other PPCs, their areas being maximal at or around the peak in pves. 

Bladder PPCs originated and propagated within temporary patch domains (TPDs) and comprised groups of near 

synchronous cyclic individual contractions (PICs). The TPDs were located principally along the vertical axis of 

the anterior surface of the bladder, either to the left or the right of midline and changed in location from one 

side to side and from side to tip or base. The sites of origin of PICs within PPCs were inconsistent, consecutive 

contractions often propagating in opposite directions along linear maps of strain rate. Similar patterns of 

movement of PPCs within TPDs of the same form occurred in areas of the anterior bladder wall that had been 

stripped of mucosa. 

The synchronisation and extended propagation of PICs within PPCs and the concurrent variation in pves of the 

bladder were sometimes lost or diminished, uncoordinated PICs then occurred, propagated shorter distances, 

and had little effect on pves. There was no evidence that any influence of bladder shape on stress influenced 

the principal direction of propagation of either PCCs or PICs or the disposition of TPDs.  

The disposition and dynamics of PPCs and their component individual myogenic contractions in the wall of the 

resting ex vivo tetrodotoxinized urinary bladder of the rabbit were characterised by spatiotemporal maps and 
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related to cyclic variation in pves before and after the administration of carbachol, isoprenaline, carbenoxolone, 

and the RhoA-inhibitor Y-27632. The results confirm that the bladder wall can exhibit two contractile states 

that are of similar frequencies to those of the two types of electrophysiological discharge described by previous 

workers. In the first of these, large low frequency cyclic PPCs predominate. In the second, small irregular, higher 

frequency PICs predominate. Comparison of the effects of the drugs on the timing and disposition of 

contraction suggested indicated that the local spatial spread of contractions in PPCs was governed largely by 

myocytes, whilst the propagation, frequency, and duration of PPCs was likely governed via gap junctions 

between interstitial cells of cajal- intermuscular (ICC-IM) and myocytes. 

Spontaneous and oxytocin-induced contractile activity was quantified in the bicornuate uteri of pregnant 

rabbits maintained in situ, using data from electrophysiological recordings and spatiotemporal maps, and 

compared statistically.  

Spontaneous contractions occurred over a range of frequencies in gravid animals at 18-21 and at 28 days of 

gestation and propagated both radially and longitudinally over the uterine wall overlying each foetus. Patches 

of contractions were randomly distributed over the entire surface of the cornua and were pleomorphic in 

shape. No spatial coordination was evident between longitudinal and circular muscle layers nor temporal 

coordination that could indicate the activity of a localised pacemaker. The density and duration of contractions 

decreased, and their frequency increased with the length of gestation in the non-labouring uterus.  

Increasing intravenous doses of oxytocin had no effect on the mean frequencies, or the mean durations of 

contractions in rabbits of 18-21 days gestation but caused frequencies to decrease and durations to increase 

in rabbits of 28 days gestation, from greater spatial and temporal clustering of individual contractions. This was 

accompanied by an increase in the distance of propagation, the mean size of the patches of contraction, the 

area of the largest patch of contraction and the overall density of patches. 

Together these results suggest that progressive smooth muscle hypertrophy and displacement with increasing 

gestation is accompanied by a decrease in smooth muscle connectivity causing an increase in wall compliance 
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presented. Further, the methodology of the spatiotemporal mapping of strain rate, its evolution, and its 

application will then be described. The subsequent chapters that detail the results of these studies will begin 

with an analysis of the myogenic contraction of the ex vivo rabbit urinary bladder, quantifying and 

characterising its spontaneous contractile motility. A further chapter will describe the pharmacological 

modulation of its spontaneous contractions with the aim to investigate the levels of myogenic and neurological 

control. The next chapter will describe the spontaneous contractile activity of the gravid uterus in vivo and in 

situ detailing and describing the spontaneous myogenic contractile activity and its hormonal modulation. 

Lastly, a discussion chapter will summarize key results, compare, and contrast findings and discuss their 

implications. Lastly, limitations and future direction of work will also be addressed.  
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Preface: Literature Review 
In this review the relevant anatomy of the two organs investigated will be discussed, notably the urinary 

bladder and the gravid uterus. Next, the mechanics of tone in capacious structures will be detailed. Finally, the 

manner in which smooth muscle behaves i.e., the dynamics of accommodation, and these features will be 

described and contrasted with those of phasic contraction.  
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The bladder wall consists of the outer serosa; detrusor (smooth) muscle layer; the lamina propria or 

suburothelium; and the uroepithelium (urothelium). The lamina propria and urothelium are collectively 

described as the mucosa (Fig 2-1). 

 

 

Figure 2-1 Anatomy of the Bladder (Urology, 2022) 

 

Each layer that makes up the wall of the bladder varies in its function and complexity. The innermost 

urothelium consists of the polyhedrally shaped cells that form a stratified transitional epithelium, containing 

basal cells, intermediate cells, and umbrella cells.  

The innermost umbrella cell layer prevents bacterial attachment and diffusion of urine components across the 

epithelium and has low permeability to urea and water. (Apodaca, 2004; Lewis, 2000). This layer maintains a 

barrier even as the bladder undergoes cycles of filling and voiding.  Hence, the mucosal surface   is able to 

unfold from a highly wrinkled state, and, as it enlarges, increasing the surface area (Christopher H. Fry & 

McCloskey, 2019).  
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The lamina propria consists of numerous interstitial cells (ICs), interspersed with afferent nerve fibres and 

blood vessels (Hossler & Monson, 1995; Miodonski, Litwin, Nowogrodzka-Zagorska, & Gorczyca, 2001). 

The bulk of the bladder wall consists of detrusor muscle which consists of bundles of smooth muscle cells that 

are orientated in various circumferential and longitudinal directions. The longitudinal axes of the smooth 

muscle cells in of the inner and external layers orientate predominantly longitudinally- from the base of the 

bladder to its apex- while those of the middle layer run predominantly in a circumferential direction (Miftahof 

& Nam, 2013). The muscular layer also contains a loose network of three-dimensional stroma as well as a fine 

arrangement of collagen and elastin fibres which explains the walls great level of extensibility. 

The serosa covers only the superior and lateral walls of the bladder and originates from the visceral 

peritoneum. The remainder of the bladder wall is covered by an adventitia that merges with pelvic floor organs. 

2.1.2 Dual Function of the Urinary Bladder  

The function of waste control in all living organisms is one of the vital importance. Almost universally, terrestrial 

animals have a urinary bladder with a storage function and it has been hypothesized that storage function 

allows for an evolutionary selective advantage in reducing the likelihood of successful predation (McCarthy & 

McCarthy, 2019). The dual function of the bladder is usually divided into two phases: bladder filling and voiding. 

The simplistic view of the filling phase is that the bladder muscle (detrusor) remains relaxed, so that a large 

volume of urine can be accommodated without much increase in pressure. During voiding, the detrusor 

contracts to empty the bladder to completion (Hinman & Cox, 1967). Given this view, the bladder is basically 

an on-off control system, but in reality, the process of bladder is control is far more complex.  The preceding 

work will document the unique physiological properties of the diverse array of cells within the bladder wall, 

and the multiple levels of hierarchical control that modulate urine storage and ultimately govern its normal 

functions of filling and emptying.   
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Figure 2-2 Three-dimension representation of smooth muscle cells 

For clarity, some structural features have been separated for illustration in different cells. The spindle-shaped cells 
interdigitate with their long axes parallel; mechanical continuity between the cells is provided by a reticular layer of 
elastin and collagen fibres. The cytoskeletal framework consists of intermediate filament arrays (mainly longitudinal) 
and bundles of actin and myosin filaments (shown in separate cells) inserted into cytoplasmic dense bodies and sub 
membranous dense plaques to form a three-dimensional network. The sarcolemma contains anchoring 
desmosomes (adherens junctions), gap junctions and caveolae. Modified from (ClinicalGate, 2015, 18 March). 
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Like other smooth muscle cell types, K+ channels play a critical role in the modulation of detrusor myocyte tone, 

and a number of K+ channels have been identified in detrusor myocytes from various species (Christ & Hodges, 

2006). The main function of detrusor smooth muscle K+ channels is to regulate and control Ca2+ entry via voltage 

gated Ca2+ channels, and thus the intracellular Ca2+ concentration that controls bladder muscle contraction and 

relaxation (Petkov, 2011). K+ channels are the largest and most diverse group of ion channels which includes 

several varieties of channels including voltage-gated K+ (KV) channels, Ca2+ activated K+ (KCa) channels and ATP 

sensitive K+ (KATP) channels. The K+ channels have an important role in maintaining the detrusor smooth muscle 

cell resting potential via the negative equilibrium potential for K+. The opening of K+ channels cause cell 

membrane hyperpolarization, limits Ca2+ entry via L-type Ca2+ channels and causes detrusor smooth muscle 

relaxation. By contrast, inhibition of detrusor smooth muscle K+ channels lead to membrane depolarization 

and activation and opening of L-type Ca2+ channels causing detrusor smooth muscle contraction.  

Studies on isolated detrusor muscle from humans and several animal species (K. E. Anderson, 1993) have 

shown that drugs that open KATP channels not only reduce spontaneous contractions, but also contractions 

induced either by direct electrical stimulation, by the drug carbachol (acetylcholine receptor agonist), and by 

low, external K+ concentrations. (Malmgren, Andersson, Andersson, Fovaeus, & Sjögren, 1990). These drugs 

effect on preloaded tissue, their suppression of phasic activity, and the supporting view that they relax bladder 

tissue by KATP channelling opening and subsequent hyperpolarization, suggest K+ channels are intimately 

involved in the modulation of bladder tone (Malmgren et al., 1990). 

2.1.4 Control of Contractile Behaviour of the Detrusor Muscle 

The detrusor exhibits two types of contractions; a longstanding tonic contraction associated with the 

accommodation of incoming urine and a short-lived, quasi-phasic contraction associated with urine expulsion. 

Thus, during bladder filling the muscle modulates the tonic contractions that control wall compliance, and it 

undergoes phasic contractions during micturition.  
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2.1.4.5 Electrophysiological Control  

The detrusor muscle produces spontaneous action potentials (APs) or spikes (H. Hashitani & A. F. Brading, 2003; 

Hikaru Hashitani & Alison F Brading, 2003b; A. Visser & Van Mastrigt, 1999). A change in membrane potential, 

brought on by the firing of action potentials or by activation of stretch-dependent ion channels in the plasma 

membrane (see above), can also trigger contraction. Electrical activity has been observed at the cellular level 

(Ursillo, 1961), in bladder strips (W. Van Duyl, 1980), and in intact bladders in vivo (BLRA Coolsaet, 1984). They 

occur as single, clusters, or bursts and each spike have a relatively constant duration. The force developed 

depends on the width of the contracting and relaxing areas and the amplitude of the spontaneous contractions 

increase with increasing stretch (Bo Coolsaet, 1985). The origin of these spontaneous action potentials is still 

open to debate, however, the current understanding is that regular/periodic action potential firing is likely to 

be myogenic in origin, perhaps generated by pace making cells electrically coupled to the smooth muscle cells, 

whereas asynchronous/stochastic action potential firing may be driven by spatiotemporally random ATP 

release from autonomic nerve terminals (Appukuttan, Padmakumar, Young, Brain, & Manchanda, 2018). 

Spontaneous APs are resistant to tetrodotoxin (TTX) suggesting that extrinsic innervation and shifts in 

intracellular calcium stores do not contribute to their generation.  

2.1.5 Neurophysiology of the Bladder 

The bladder has two essential functions: store urine that is continually produced from the kidney without its 

pressure rising above kidney filtration pressure and it must empty quickly when required. However, as 

previously discussed, the bladder is simply not a static bag but rather a spontaneously active muscular organ. 

The coordination within the organ is mediated by a complex neural control system and involves the brain, the 

spinal cord, and the major pelvic and intramural ganglia. 

Bladder function is controlled by autonomic and somatic nerve input (Fig 2-6). The autonomic nervous system 

can also be further divided into the sympathetic and parasympathetic. The sympathetic nervous system 
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Figure 2-7 Molecular mechanisms leading to bladder smooth muscle contraction. 

Parasympathetic neurons release primary neurotransmitters acetylcholine and ATP, which bind to the M3 muscarinic 
receptor and P2X1, respectively. This leads to several downstream effects, including membrane depolarization and 
increased cytosolic Ca2+ and ultimately myosin phosphorylation and myocyte contraction. CaM, calmodulin; G, G 
protein; IP3, inositol trisphosphate; IP3-R, inositol trisphosphate receptor; MLCK, myosin light chain kinase; PLC, 
phospholipase C; RR, ryanodine receptor (Hill, 2015). 
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tubes (Birnholz, 1984; de Vries, Lyons, Ballard, Levi, & Lindsay, 1990; Heinricius, 1889; G Kunz et al., 1997; G 

Kunz, Herbertz, Noe, & Leyendecker, 1998; Toner & Adler, 1985; Wildt, Kissler, Licht, & Becker, 1998), and the 

return of oocyte/embryos to the uterine cavity (Bulletti et al., 2000). 

The uterus is thick walled and muscular and grows to accommodate the products of conceptus. Histologically 

the uterus consists of three layers (Fig 2-9); a thin outer perimetrium, a thicker medial myometrium that 

consists principally of smooth muscle, and an inner epithelium termed the endometrium. The endometrium is 

the inner most layer and can be further subdivided into two regions; the deep stratum basalis which changes 

little throughout the menstrual cycle and is not shed at menstruation; and the superficial stratum functionalis 

which proliferates in response to oestrogens and becomes secretory in response to progesterone. The latter is 

shed during menstruation and regenerates from cells in the stratum basalis layer. The endometrial layer also 

contains extensive uterine glands that synthesize and secrete substances into the uterine lumen, including a 

complex array of enzymes, growth factors, cytokines, lymphokines, hormones, transport proteins and other 

substances, collectively termed histotroph (Bazer, 1975; Kane, Morgan, & Coonan, 1997). 

The outer perimetrium consists of serous layers. It covers the outer surface of the uterus. Surrounding the 

uterus, this layer or band of fibrous and fatty connective connects the uterus to other tissues of the pelvis.  

The middle layer, the myometrium, consists mainly of uterine smooth muscle cells (also called uterine 

myocytes), and a supporting stromal and vascular tissue. Its main function is to develop and control tone for 

accommodation and to expel the foetus at term.  

The myometrium consists of bundles of interconnected myocytes that vary in orientation. Broadly speaking, 

they can be considered as layers in which particular orientations predominate. The outer longitudinal muscle 

layer consists of a network of bundles of smooth muscle cells that are generally orientated in the long axis of 

the uterus (AI Csapo, 1962; R. Garfield & Somlyo, 1985). The bundles connect to form a network that covers 

the entire the surface of the uterus (AI Csapo, 1962). Muscle cells of the inner circular layer are arranged mainly 

concentrically, at roughly right angles to the longitudinal axis of the uterus. The combined contraction of the 
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Figure 2-9 Functional structure of the uterine wall (Basicmedicalkey, 2022) 

 

2.2.2 The Dual Purpose of the Uterus 

The uterus plays a key role in reproductive health and function. It is where a fertilized egg implants during 

pregnancy and where the foetus gestates until birth. The uterus grows and stretches to accommodate the 

growth of the foetus, and similarly to the urinary bladder, ultimately switches from an accommodative organ 

to one of expulsion. The uterus muscle is maintained in a relatively quiescent state for the majority of normal 

pregnancy and then there is a series of events that that lead to powerful, rhythmic contractile activity at foetal 

maturity that leads to parturition.  Initially, the switch from quiescence to labour was envisaged either as the 

loss of relaxant factors or the increased production of contractile factors. This simplistic view has been modified 

over recent years as it has become increasingly evident that foetal accommodation, and the initiation of labour, 

is not due to a single trigger but is the culmination of a cascade of complex cellular events that occur over days 
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or even weeks. It is now believed that a combination of cellular physiology, hormonal, chemical and mechanical 

signals interact to gradually down-regulate quiescent mechanisms and up-regulate contractile pathways as 

pregnancy approaches term (Tribe, 2001). The cellular components and modalities of control will be discussed 

in the preceding sections, examining their effect and influence of gestation and parturition. 

2.2.3 The Myometrium 

2.2.3.1 The Morphology of the Myometrial Smooth Muscle Cell 

Uterine smooth muscle cells are spindle-shaped, occasionally branching cells ranging in size from 2 to 10 pm in 

diameter and 200-600 pm in length, depending on the species and hormonal state of the individual. Their 

hypertrophy during the later stages of gestation is thought to be induced by steroid secretions (to be discussed 

latter) along with the mechanical effects of distention caused by foetal growth (Bergman, 1968; Bo, Odor, & 

Rothrock, 1968; Ross & Klebanoff, 1967).  

The internal morphology of myometrial cells is similar to that of other smooth muscle cells. However, the 

sarcoplasmic reticulum (SR) of myometrial smooth muscle of pregnant or oestrogen-treated animals is the 

more extensive (R. Garfield & Somlyo, 1985).  In the latter case, sarcoplasmic tubules frequently establish 

structurally close couplings with the plasma membrane and also contacts with the caveolae and gap junctions 

of the plasma membrane(R. Garfield & Somlyo, 1985). (Bond, Kitazawa, Somlyo, & Somlyo, 1984; A. P. Somlyo, 

1984) 

The plasma membrane of myometrial smooth muscle cells is similar to that of other smooth muscle cells. 

Caveolae are abundant and create regular, longitudinally orientated arrays. As in the smooth muscle of the 

bladder, areas of the plasma membrane located between the longitudinal rows of caveolae are occupied by 

sites for the attachment of the cytoskeletal and contractile apparatus on the inner plasma membrane surface 

and cell-to-cell adhesion on the outer surface. Again, there are dense bands into which thin filaments of the 

contractile apparatus and intermediate filaments of the cytoskeleton are inserted. Further, myometrial cells 
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2.2.4.1 Myocyte Control 

Like the detrusor muscle in the bladder, uterus belongs to that group of muscles that are spontaneously active.  

Hence isolated myocytes of, gravid and non-gravid, uterus develop regular spontaneous contractions (SUSAN 

Wray, 1993). 

The frequency, magnitude, and strength of myometrial contractions are dependent on the frequency  and 

duration of action potentials, and the total number of cells that are simultaneously active (J. M. Marshall, 

1962b). The myometrial resting potentials has been recorded to be between -35 and -80 mV (Aguilar & 

Mitchell, 2010). As with the resting membrane potential of other cell types, it is maintained by a Na+/K+ pump. 

This resting potential undergoes rhythmic oscillations, which may be related to the development of slow waves 

and reflect intrinsic activity of slow wave action potentials seen in smooth muscles of the gut (Aguilar & 

Mitchell, 2010). 

2.2.4.2 Role of Gap Junctions  

Myometrial gap junctions, which appear and increase in number at term, are believed to allow the flow of ions 

between myocytes thereby extending their area of contractions (Loch-Caruso, Criswell, Grindatti, & Brant, 

2003).  

The uterine myocyte has one of the most extensive sarcoplasmic reticulum of any smooth muscle (R. Garfield 

& Somlyo, 1985) which is concerned with Ca2+ regulation. Myometrial Ca2+ uptake is quantitively increased with 

oestrogen and progesterone suggesting that capacity of the internal store increases with gestation.  

The second method is surface membrane Ca2+ transport. Under normal physiological conditions extracellular 

Ca2+ can enter the myometrial sarcolemma in a variety of ways, 1) there is a low passive resting leak of Ca2+ 

into the cell, 2) voltage dependent Ca2+ channels, and 3) receptor operated Ca2+ channels. These last two are 

important to the maintenance of contraction in the uterus (Sheldon, Shmygol, van den Berg, & Blanks, 2015). 
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2.2.6 Hormonal Modulation of the Uterine Quiescence and Contractility 

Changes in the hormonal milieu have an important effect on the force of uterine contractions. Oestrogens and 

progesterone have long been known to influence contractility (Bozler, 1941; A.-R. Fuchs, 1978). Effects of these 

hormones vary with gestation and thus their actions must be considered in relation to the period of gestation. 

The hormonal regulation of uterine activity during pregnancy can be divided into four distinct physiological 

phases (Huber et al., 2005; Jenkin & Young, 2004); 

Phase 1: Inhibitors active- During pre-parturient pregnancy, the uterus is maintained in a state of functional 

quiescence through the action of progesterone and other agents. Hence, administration of a progesterone 

receptor antagonist (Peyron et al., 1993; Spitz & Bardin, 1993) or removal of the corpus luteum in the ovary 

(Arpad I Csapo, Pulkkinen, & Wiest, 1973) readily induces abortion in early pregnancy (Before 7 weeks of 

gestation). Again, administration of exogenous progesterone after early lutectomy prevents abortion, 

indicating that ovarian progesterone is essential for the maintenance of early pregnancy. Placental production 

of progesterone increases between five and seven weeks, the placenta being the predominant source of 

progesterone thereafter (Norwitz, Lockwood, & Barss). Circulating levels of progesterone in the blood do not 

change significantly during pregnancy or prior to the onset of labour (A. R. Fuchs & Fuschs, 1984; Zeeman, 

Khan-Dawood, & Dawood, 1997). 

Phase 2: Myometrial activation- As term approaches the uterus becomes increasingly sensitive to 

uterotrophins such as oestrogen. This phase is characterised by an increase in the expression of many 

contraction-associated proteins and myometrial receptors for prostaglandin and oxytocin. Prostaglandins have 

been implicated in the three events most related to the onset of labour (Garrioch, 1978; Karim & Hillier, 1979) 

i.e.,  the onset of synchronous uterine contractions, cervical ripening, and the increase in myometrial sensitivity 

to oxytocin from an increase the formation of myometrial gap junctions and oxytocin receptors. 
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In summary, labour is a multifactorial physiological event within the tissues of the uterus which occur 

progressively over a period of days to weeks towards the end of gestation. These changes include, but are not 

limited to, an increase in prostaglandin release within the uterus, and increase in myometrial gap junction 

formation, and the upregulation of myometrial oxytocin receptors. Once the myometrium has matured, factors 

from the uterus and foetus bring about a switch in the pattern, coordination, and force of contractions. The 

foetus appears to control initiation of labour by coordinating the switch in myometrial activity via steroid 

hormone production, mechanical distension of the uterus and secretion of other stimulators. Labour results, 

increasing in intensity and frequency and the foetus negotiates out the birthing tract. 
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weak sigmoid shaped pressure curve of the bladder and gravid uterus suggests that intravesical and 

intrauterine pressure, and thus T relative to r increases more rapidly at the start and end than in the storage 

phase. It can therefore be speculated that pressure and wall tone is mediated by compliance specific 

anatomical, neurological, and hormonal control on bladder and gravid uterine musculature. 

2.3.3 Physiological Aspects of Compliance in the Walls of the Bladder and Gravid Uterus 

As described in the previous section the relationship between volume and pressure determines compliance. 

Various biological tissue types making up the walls of the bladder and uterus have characteristic length/tension 

relationship that can be attributed to their physical and physiological characteristics. and physiological 

attributes that allow these capacious structures to accommodate a changing volume. Both organs adaptability 

is the aggregate result of the characteristics of individual cells and the collection of cells making up the tissue 

wall. The viscoelasticity of the wall is reported to vary (W. A. van Duyl, 2021) with rate of distension, and again 

changes in the structure of the walls can change over time with an increase in cell number from chronic 

irritation in the bladder or from hormonal stimulation in the uterus).   

2.3.3.1 The Mechanics of the Smooth Muscle Myocyte 

2.3.3.1.1 Contractile Mechanics  

Muscles are the contractile tissues of the body. Smooth muscle cells contract to generate force for a particular 

movement by actively changing their dimension. The structure of smooth muscle is fundamentally unicellular 

and differs greatly from that of syncytial striated muscle and may vary between organs. The smooth muscle of 

the urinary bladder is termed detrusor muscle and that of the uterus is termed the myometrium. 
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with only Type I (skin, tendon, vasculature, organs, bone (main component of the organic part of bone)) and 

Type III (reticulate (main component of reticular fibres), commonly found alongside type I) being found in the 

bladder. 

Collagen fibres are found in mucosal, muscular, and serosa layers of the urinary bladder. In the mucosal layer 

collagen bundles are aligned in various directions so the structure can withstand tensile force from any 

direction. In the muscular layer, smooth muscle fascicles are separated from one another by collagen and 

elastin layers. This enables each fascicle to move independently as a contractile unit. The collagen sheets 

probably ensure the independent movement of the fascicles and protect them from over stretching and elastin 

fibres give further resilience. Further, wavy bundles of collagen connect muscle fascicles to one another. These 

collagen bundles probably maintain the original location of the of the fascicles irrespective of the contraction 

and distension of the bladder wall (Murakumo et al., 1995). Lastly, the serosa layer consists of wavy collagen 

bundles formed into a sheet. This arrangement probably allows the serosa layer to expand and contract in 

coordination with the motion of the muscular layer, while the layer may also, in some degree, protect the 

urinary bladder against overstretching. 

When the bladder is empty, Type III collagen of the lamina propria and detrusor appears to be a meshwork of 

loose, wavy fibres without a specific orientation (Steven L Chang, Howard, Koo, & Macarak, 1998). However, 

during filling and when the bladder reaches capacity, the conformation of the fibres become altered. As the 

bladder fills, Type III fibres in the mucosa change in orientation becoming parallel to the urothelium while those 

in the detrusor orientate orthogonally to the urothelium and detrusor (Steven L Chang et al., 1998) (S. L. Chang, 

Chung, Yeung, Howard, & Macarak, 1999). It is hypothesized that the collagen fibres undergo conformational 

and/or orientation changes to accommodate an increasing intravesical volume. Fibres accommodate the 

volume change by first reorientating and then expanding its coiled structure as intravesical volume increase. 

Further, as the bladder reaches capacity and the walls of the bladder maximum strain, the tension is gradually 

transferred through the rest of the mucosa and toward the detrusor muscle bundles through the process of 

collagen uncoiling and reorientation of the type III fibres (Steven L Chang et al., 1998)  
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acute muscle length adaptation, described previously, which theorises spontaneous rhythmic contractions 

modulate this ability.  

2.3.3.4.3.1 Smooth Muscle Cells 

The origin of bladder spontaneous activity is thought to originate from bladder detrusor muscle (DSM). There 

is evidence that the smooth muscle cells in the bladder wall develop  spontaneous action potentials, 

spontaneous intracellular calcium transients, and spontaneous contractions (T. Heppner, Bonev, & Nelson, 

1997; K. Lee, Mitsui, Kajioka, Naito, & Hashitani, 2016). The origin of this activity is not fully understood, but it 

appears to be an intrinsic property of the smooth muscle cells as the contractions are not extinguished by 

tetrodotoxin, confirming their non-neurogenic origin. The same activity is exhibited by  isolated smooth muscle 

cells. (Anderson et al., 2013) Smooth muscle cells are coupled by gap junctions as is isolated tissue (Bramich & 

Brading, 1996; T. Heppner et al., 1997). 

2.3.3.4.3.2 Interstitial Cells of Cajal 

The observation that Interstitial cells of cajal (ICC) can act as pacemakers in the wall of the gut suggests that 

smooth muscle in other organs may also be modulated by ICC. ICC-like cells have been reported in the renal 

pelvis, ureter, bladder, and urethra of the urinary tract. In the bladder specifically, ICC-like cells are most 

numerous in the lamina propria (Fry, Nyirady, unpublished data) and are especially abundant near the 

urothelium where they often situated near afferent nerves (Wiseman et al., 2003). Moreover, such ICC-like 

cells are electrically excitable and are coupled by gap junctions to one another suggesting they form a 

functional electrical syncytium (G. Sui et al., 2002). It has been hypothesised that activating ICC-like cells initiate 

contraction of smooth muscle cells in the bladder (Christopher H Fry et al., 2012), possibly via direct electrical 

coupling through gap junctions. However, the frequency of spontaneous depolarisation of ICC-like cells is of 

markedly lower frequency than in neighbouring detrusor smooth muscle cells, suggesting that they are not 

acting as pacemakers, but may serve to modulate detrusor smooth muscle activity (Gray, McGeown, 

McMurray, & McCloskey, 2013; Hikaru Hashitani, Yanai, et al., 2004b). Therefore, the spread of non-micturition 
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One hypothesis suggests that, like the bladder, uterine contractions are initiated by stretch (R. C. Young & 

Barendse, 2014) and thus the adjustment of local tone by mechanoreceptors.  Because the uterus is 

pressurized, contraction of the first region raises the intrauterine pressure slightly, which stretches the entire 

uterine wall. The stretch recruits another regional contraction, which generates more pressure. Higher 

pressure raises tension throughout the entire uterine wall, which initiates local contractions into those seen at 

organ-level. However, this hypothesis would work for the onset of labour but not for accommodation of the 

foetus during pregnancy. During gestational accommodation, more contractions would result in a higher 

muscle tone and lower wall compliance and an increase rather than decrease in intrauterine pressure. Uterine 

hypertonicity can cause abnormally high intrauterine pressure which can result in foetal distress and in some 

cases uterine perforation (Rood, 2012). Therefore, this theory of myometrial mechanical properties and 

mechanotransduction has only been described by computational biological simulation and has yet to be proven 

in vivo. Further, speculation of ICC-like intermediaries residing between cell and organ which may modulate 

afferent uterine smooth muscle function, have yet to be explored in detail. 

2.3.4 The Control of Tone in Capacious Structures 

  
In principle, normal spontaneous contractile activity of smooth muscle cells may arise from several, not 

mutually conflicting sites.  

Smooth muscle cells are not pre-programmed to contract i.e., contract autonomously. Bladder and myometrial 

smooth muscle cells show spontaneous contractile activity which is influenced by the amount of strain placed 

on structural and anatomic parts of the organs wall. Characteristically, in single-unit smooth muscles, a 

contractile response can often be induced by stretching the muscle (K.-E. Andersson & Arner, 2004). Both the 

bladder and uterus are composed of multiunit, multifibre bundles of smooth muscle that are orientated in 

different layers and directions. The tissue walls are also densely innervated and functionally require nervous 

coordination to achieve micturition and parturition. As there is little evidence for a hypothesis of smooth 
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neurons, and mechanosensitivity (Sanders, Ward, & Koh, 2014). In the bladder and gravid uterus, ICC-like cells 

are also suspected to have a mechanosensory function. 

One of the most substantial functions of ICCs in gut is the capability to respond to mechanical stimulation, and 

consequently modulate intestinal peristalsis (Kraichely & Farrugia, 2007a; K.-J. Won, K. M. Sanders, & S. M. 

Ward, 2005). Likewise, during bladder filling, smooth muscle cells relax and lengthen to help maintain constant 

intravesical pressure, perhaps in response to signals from ICCs that sense the increase in volume (M. Drake et 

al., 2003). Studies have shown that obstructed bladders show increased proliferation of ICC-like cells in the 

muscular layer and in close communication with Smooth muscle cells in response to long term mechanical 

stretch (Hikaru Hashitani & Lang, 2010). Further, it has been found that bladder ICC-like cells have calcium 

transients, or membrane depolarisation independent of those of smooth muscles (H. Hashitani, 2006). It has 

therefore been hypothesized that bladder ICC-like cells may coordinate the sensory response to bladder-wall 

stretch and passively change the excitability of nearby smooth muscle cells to coordinated patterns of 

mechanical activity (Hikaru Hashitani & Lang, 2010) and thus be responsible for accommodation and bladder 

wall tone. 

ICC-like cells have also been reported throughout the myometrium on the borders of smooth muscle bundles 

(Hutchings et al., 2009). Again, these cells are similar to ICC in the gut but a precise role for myometrial ICC-like 

cells has not been identified. However, having been identified in the myometrium, it is suspected that they 

have the potential to fulfil a role similar to those cells found in the gastrointestinal tract and urinary bladder 

for signal generation and coordination. Studies have shown that prior to synchronous intracellular rises of 

calcium in myometrial smooth muscle bundles, there are fluctuations in intracellular calcium in ICC-like cells (A 

Shmygol, Blanks, Bru-Mercier, Astle, & Thornton, 2006). This finding is important in that the site of origin and 

subsequent spread of the signal supports the possibility that the myometrial contractions are modulated by 

myometrial ICC-like cells. 
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2.3.4.4 Neuronal Mechanoreceptors 

Bladder distension activates urothelium-innervating neurons with low and high response thresholds (Xu & 

Gebhart, 2008), suggesting that increases in bladder volume evoke variable perceptions (from filling to 

discomfort to pain) by activating additional classes of sensory neurons and coupling to higher order neural 

circuits and ultimately the pontine micturition centre (PMC) in the brain (Umans & Liberles, 2018). Bladder wall 

stretch also triggers mechanical responses in the urothelium, leading to release of chemical transmitters that 

can activate afferent nerves. One of the major neurotransmitters is adenosine triphosphate (ATP which) 

response magnitude correlates closely with the extent of tissue stretch (Vlaskovska et al., 2001). ATP-mediated 

control of bladder accommodation involves purinergic receptors on muscles onto which ATP binds. This leads 

to several downstream effects, including membrane depolarization and increased cytosolic Ca2+ and 

ultimately myosin phosphorylation and myocyte contraction (Hill, 2015).  

Muscarinic (M#) receptors are also found in the bladder smooth muscle and urothelium, and on 

parasympathetic and sympathetic nerve terminals regulating acetylcholine (Ach) and noradrenaline (NA) 

respectively. M2 and M3 are the dominate subtype in the human bladder and stretch of the bladder wall has 

been associated with release of acetylcholine which binds to muscarinic receptors, leading to Ca2+ influx via 

voltage-gated Ca2+ channels (Griffin, Thornbury, Hollywood, & Sergeant, 2018). Evidence suggest that M3 

receptors mediate bladder contraction (Yamanishi, Chapple, & Chess-Williams, 2001), while M2 receptors 

regulate smooth muscle tone (Eglen & Nahorski, 2000).  

The neuronal and molecular mechanisms responsible for myometrial activation from the quiescent gestating 

state to the active contractile state during labour is only partially understood. Myometrial stretch has been 

implicated, clinically, in the activation of the myometrium for labour, but the mechanisms involved are unclear 

(Li et al., 2009). What is known is that that the uterus becomes essentially denervated during gestation (Haase, 

Buchman, Tietz, & Schramm, 1997; Latini et al., 2008). During early pregnancy the uterus is innervated by 

postganglionic adrenergic and cholinergic fibres that form part of the autonomic nervous system (Owman, 

Rosengren, & Sjöberg, 1967; Thorbert, 1978), but most adrenergic and cholinergic nerves disappear at term 
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(R. Garfield, 1986; J. Marshall, 1981). As a result, it is unlikely that any coordinated nervous regulation of the 

myometrium is centrally orchestrated (Latini et al., 2008). However, it is speculated that what limited factors 

of neural control remain may have modulating effect (R. Garfield, Blennerhassett, & Miller, 1988). 

Acetylcholine remains an important factor in myometrial excitability throughout gestation, and noradrenaline 

an inhibiting factor at term (Bengtsson et al., 1984; Izumi, 1985; J. M. Marshall & Kroeger, 1973). Noradrenaline 

is present in the blood as a hormonal factor (Wuttke, 1989), but also suspected to be active in the uterus 

despite the absence of nerve fibres (Sheldon et al., 2015). Ultimately, regulation of myometrial functions during 

gestation, labour, and birth, is under considerable hormonal control. 

 

2.3.5 Problems with Mechanoreception in Capacious Structures, and the Theory for 
Hierarchical Control of Tone. 

 

If we observe the tissue of the detrusor and myometrium and ignore the many morphological and physiological 

complexities, collagen fibre crimps, interconnections between collagen fibres and the cell membrane, and 

spring-like elements within the muscle fibre, the individual myocyte can be described simply as a muscular-

hydrostat. The most important feature of a muscular hydrostat is that it is a structure of constant volume. The 

myocyte is composed primarily of an aqueous liquid which is practically incompressible at physiological 

pressures (KIER & SMITH, 1985). In a muscular-hydrostat or other structure of constant volume, any change in 

one dimension will cause a compensatory change in at least one other dimension. This principle serves as the 

basis for the following analysis of structure and movement in muscular hydrostats. 

As previously described, the bladder and myometrium stretch to accommodate a growing volume. Stretching 

causes thinning of the muscle wall and the elongation of the smooth muscle. Both the urinary bladder and 

gravid uterus organs are characterised by spontaneous muscle contractions (Maland, 1928; Charles S. 

Sherrington, 1892), therefore any contraction of a myocyte will result similarly result in orthogonal distension 

(Fig 2-15). If all the myocytes are similarly orientated in one direction i.e., longitudinally, and the organs 
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Figure 2-15 Change in myocyte morphology as a result of longitudinal contraction. 

A myocyte contracting along its long axis will result in a corresponding increase in the orthogonal direction. 

 

These respond to either muscle stretch and act as in-series or in-parallel tension receptors to distort the 

urothelium. In-parallel, mechanoreceptors respond to stimuli that elongate the organs wall while in series, 

mechanoreceptors respond to stimuli that increase the tension within the tissue wall. In series, 

mechanoreceptors are activated during distension and during contraction against a resistance; they are 

inactivated during relaxation. In parallel, mechanoreceptors are activated during distension and relaxation and 

are inactivated during contraction (Tack & Sifrim, 2000). Evidence suggests the bladder (Iggo, 1955) and 

myometrium (R. C. Young & Barendse, 2014) tend toward an in-series tension model.  
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mechanoreceptor activation in orthogonally orientated sites so that adjustment is patchy and circumscribed. 

Again, if the circumferential stress varies with dimension, any tension dependent propagation may take place 

in the dimension that is orthogonal to that of longitudinal relaxation. 

We therefore hypothesise that the process of maintenance of tone in the described capacious structures 

generally involves a hierarchy of myogenic and neurogenic control systems and is more dynamic than 

previously thought. Hence during accommodation such structures exhibit frequent local, mechanoreceptor 

based tonal revision that can be modulated by various hierarchically higher mechanisms. The modulating 

action of the latter is generally more evident during voiding and is less well understood. Hence for example 

there is ongoing debate as to whether the intensification of local contractile activity during the voiding of 

uterine contents during labour results from the resetting of the mechanoreceptor threshold of tonal 

contractions or the instigation of peristaltic-like phasic contractile activity. 
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3 A Review of the Methodologies for the Measurement of 
Bladder and Uterine Contractility 

 

Bladder spontaneous contractions or were first described in 1882 in human females and dogs (A Mosso & P 

Pellacani, 1882), and subsequently in a range of species including monkeys and cats (Charles S. Sherrington, 

1892). Activity of the uterus was also described in the late 19th century with Friedrich Schatz being the first to 

measure in vivo uterine contractility during parturition in 1872 (Schatz, 1872). Since these early rudimentary 

recordings, many advances have been made to measure the contractile behavior of the bladder and gravid 

uterus. These methodologies will be briefly described below, highlighting their ability, advantages, and 

limitations when it comes to measuring detrusor and myometrial smooth muscle contractile activity. 

 

3.1 Isolated Muscle Strips 

 
Isolated tissue bath methodologies have been used to study smooth muscle contraction for over 100 years 

(Jespersen, Tykocki, Watts, & Cobbett, 2015). Tissue removed from an anaesthetized animal (or in the case of 

human uterine tissue post labour, or during biopsy), is placed in Krebs solution, and cut into strips. Strips are 

placed into a chamber filled with warm Krebs solution. One end is attached to an isometric tension transducer 

to measure contractile force, the other end is attached to a fixed rod. Tissue is stimulated by directly adding 

compounds to the bath or by electric field stimulation electrodes that activate nerves, similar to triggering 

contractions in vivo.  

In the bladder, this experimental method can be used to evaluate spontaneous smooth muscle contractility, 

the nature of neurotransmission, factors involved in modulation of smooth muscle activity, and the role of 

bladder individual components. Similarly, uterine tissue can be used to investigate factors and molecules 

involved in the modulation of myometrial contractility and to determine their excitatory of inhibitory actions.  
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Moreover, the isolated tissue bath allows for the characterisation of novel pharmaceutical compounds on both 

tissues and concentration-dependant modulation of contraction frequency, force and duration can be 

measured.  

The primary advantage of the isolated tissue bath technique is that the tissue is living, with a physiological 

outcome (contraction or relaxation) that is relevant to the body. Further, retaining tissue function allows 

calculation of important pharmacological variables that are more meaningful in a tissue vs. a cellular setting 

i.e., it comes closer to how drugs examined would work in the body as a whole. 

Although this method is technically feasible and with good reproducibility, there are several limitations. This is 

an in vitro method of a reduced preparation; the tissue having been removed from its normal structural 

orientation i.e., its position within the organ as a whole. Further, the method cannot account for changes in 

blood flow, hormones, humeral substances, external mechanical forces, or extrinsic neural control. The tissue 

is also acutely decentralized; thus, injury and ischemia related responses need to be evaluated and considered. 

Further, data generated describes mostly tensile information on the tissue rather than detail on the contractile 

intricacies of the tissue. 

 

3.2 Electromyography 

 
Resting action potentials of bladder and uterine smooth muscle have been extracellularly recorded from 

isolated, viable smooth muscle cells via patch clamp electrodes (Hikaru Hashitani, Brading, et al., 2004; 

Klöckner & Isenberg, 1985; Montgomery & Fry, 1992; Roger C Young, Smith, & McLaren, 1993). This has shed 

important information on the resting potentials of smooth muscle cells, action potentials, and also propagation 

of membrane currents and other associated electrophysiological phenomena. In contrast, electromyography 

(EMG) is the clinical technique of recording the biological electrical activity generated during contractile 
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activation of a muscular organ in situ, using extracellular electrodes. The value of this method to measure 

whole organ electromyographic contractile phenomena in the bladder and uterus is controversial and varied.  

The recording of a bladder (EMG) from the surface of the body would be useful as a relatively non-invasive 

measure of detrusor function, as well as provide more fundamental information about the electrical activity of 

this organ. Unfortunately, attempts to record EMG activity in the bladder has been very difficult. Studies have 

reported EMG activity (Cosgrove, LaJoie, & Jones, 1977; Craggs & Stephenson, 1976) but in contrast to the 

electromyography of skeletal and cardiac muscle, detrusor smooth muscle electromyography has remained in 

its infancy despite 50 years of scientific effort (Andrew Ballaro, 2008). Of the studies that have reported EMG 

activity, most have been criticized as the signals may have been contaminated by other electrical potentials, 

arising from pelvic floor musculature, other abdominal smooth muscles, and the electrocardiogram (ECG), as 

well as by mechanical artifacts from bladder and urethral contraction physically moving the recording 

electrodes (Jünemann et al., 1994). Therefore, there remains problems with bladder electromyograms with 

regard to their relevance, interpretation, and existence.  

Uterine electromyography, also known as electrohysterograms (EHG), has proved to be one of the most 

valuable tools for the evaluation of uterine contractions and the electrophysiological state of the uterus 

(Escalante-Gaytán et al., 2019). The EHG allows for the measurement of the bioelectrical signal resulting from 

the propagation of action potentials in the myometrium. The uterine electrical activity is recorded through 

electrodes located in the abdominal wall. However, EHG measurement requires considerable computing power 

to attenuate signals such as skeletal muscle electromyogram, maternal electrocardiogram, breathing, and 

movement artifacts. Moreover, ECH also needs to incorporate data processing programs, which are used to 

perform frequency analysis, spectral filtering, or spectral temporal mapping functions to specifically quantify 

electrical signals produced by the uterine muscle (Devedeux, Marque, Mansour, Germain, & Duchêne, 1993). 

Ultimately the analysis of these electrical signals is complex and provides information on uterine contractility 

at a macro scale (i.e., contractile activity, propagation, and pacemaker insight) but very little detail elsewise on 

uterine wall contractile activity.    
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contraction in a 10-minute window and adding the pressures generated by each contraction; this sum is the 

number of MVUs.  

IUPCs are used when external monitoring is not sufficient, or when high-risk pregnancies necessitate highly 

accurate readings. However, IUPC is not recommended for routine use due to potential complications 

(Mandile, 2017). IUPC use is associated with increased risk for bacterial infection, maternal fever, and need for 

surgical delivery. Moreover, like the pressure data generated by urinary catheters, information gleaned from 

IUPC is prone to be erratic. This errant behaviour manifests as elevated baselines, decreased contraction 

maximum pressures, and incorrectly decreased contraction intensity (Beeson & Martens, 2004). 

Measurements of baseline and peak pressures in the uterus are not reproducible, even with properly calibrated 

equipment (W. R. Cohen, 2017). Pressures vary according to the position of the catheter/transducer within the 

uterus and with patient posture. Similarly, like urinary catheters, IUPC are only a measure of contractile 

pressure and do not give detail on myometrial smooth muscle contractile and accommodative dynamics.  

 

3.4 Magnetic Resonance Imaging (MRI) 

 
MRI and image based patient specific computational models have been extensively used for cardiovascular 

evaluation and personalized treatment planning (Baillargeon, Rebelo, Fox, Taylor, & Kuhl, 2014; Marsden & 

Feinstein, 2015; Taylor & Figueroa, 2009; Taylor & Steinman, 2010) as well as becoming a well-established tool 

for the study of pelvic morphology and function (Bø, Lilleås, Talseth, & Hedland, 2001). However, the use of 

non-invasive methods for the study of lower urinary tract anatomy and function has been limited (Pewowaruk 

et al., 2020) and only recently have pilot studies focussed on MRI as a tool for attempting to describing bladder 

contractile activity. 

Studies have used real time MRI (rtMRI) as a means to measure anatomical changes in the bladder during fluid 

dynamic studies and voiding (Hocaoglu et al., 2012; Pewowaruk et al., 2020). They describe the interaction 
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between the bladder, urethra, and pelvic floor, but are absent is their capacity to describe in detail bladder 

wall contractile behaviour. MRI machines often used for clinical evaluation of patients with bladder or prostate-

related diseases (Guneyli et al., 2017; Wasserman, Spilseth, Golzarian, & Metzger, 2015) are often of 

insufficient resolution thus requiring demanding additional assumptions when performing even volumetric 

measurements (Pewowaruk et al., 2020). In sum, bladder MRI studies, while providing insight into how changes 

in anatomy might affect urine storage and voiding, they are at this time unable to measure the subtleties of 

bladder wall compliance and contractile behaviour.  

MRI is also seen as a promising technique for measuring and quantifying gravid uterine contractile activity in a 

non-invasive way. Unfortunately, like the rtMRI imaging of the bladder, the technology is in its infancy. Uterine 

rtMRI contractile measurement is confounded by intra-uterine factors such as foetal movement, and also 

extra-uterine factors including maternal respiration and other organ motion, such as bowel peristalsis (Coakley 

et al., 2004; Prayer, Brugger, & Prayer, 2004). As a result, studies using rtMRI to access human uterine 

contractility in during early gestation require captured data to be filtered with tracking algorithms (Martin et 

al., 2020). Subsequently, data presented described increased contractile frequency with increased gestation as 

well as a dominant direction of contraction (superior to inferior direction). Unfortunately, like seen in the 

bladder, limitations in uterine rtMRI fails to be able to describe uterine wall contractile activity in any 

substantive detail.  

 

3.5 Ultrasound 

 
Transabdominal ultrasound is non-invasive and well tolerated by patients. Nagle et. al. (2018) describe the 

novel use of ultrasound during urodynamic studies to measure several new biomedical properties of the 

bladder wall including wall tension, wall strain, wall stress, and dynamic elasticity (Nagle, Klausner, et al., 2017).  
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Bergmans, 2010). Therefore, the viability of ultrasonic measurement of myometrial smooth muscle 

contractility is currently questionable and is certainly unsuitable for describing and measuring the complex 

contractile dynamics of the gravid uterus wall in any detail. 

 

3.6 Whole Organ Animal Model Preparations 

 
An ideal circumstance in the goal to investigate the mechanisms of detrusor and myometrial contractility would 

be having the ability to accrue all essential experimental details from human-derived tissue. However laudable, 

this goal is unrealistic. In animal models it usually is possible to get optimal experimental samples, and in regard 

to gestation samples, at precisely calculated time points. In contrast, collection of the most appropriate human 

samples is rigidly regulated by clinical, ethical, and even economic considerations (Mitchell & Taggart, 2009). 

Therefore, physiologists have turned to animal models, although because physiological differences between 

species exist, experiments on animal models must be carefully designed and interpreted. 

Lower urinary tract function has been investigated in a variety of animal models (de Groat, Griffiths, & 

Yoshimura, 2015), mostly on cats and sheep in the past, whereas recent studies have focussed on rodents, 

rabbits and pigs (Balasteghin, Nardo, Amaro, & Padovani, 2003; Bijos & Drake, 2015; Chakrabarty et al., 2019; 

Lentle et al., 2015a; B. A. Parsons, M. J. Drake, A. Gammie, C. H. Fry, & B. Vahabi, 2012; Sartori, Kessler, & 

Schwab, 2021). In vivo urodynamic studies have been performed in anesthetised, restrained, and freely moving 

animals allowing for the collection of such data as bladder pressure, bladder compliance, intravesical pressure 

(Pves), flow rate and voiding frequency (Sartori et al., 2021). Although these observations are important, only 

until recently has ex vivo direct measurement of detrusor activity been observed and quantified. 

Several studies in the ex vivo rat, guinea pig, and pig bladder have directly visualised detrusor contractility and 

attempted to quantify its activity (Bijos & Drake, 2015; Chakrabarty et al., 2019; M. Drake et al., 2003; Marcus 

J Drake et al., 2003; B. A. Parsons et al., 2012). The method involved isolated bladders, and using multiple-point 
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motion analysis, it was shown that the bladders of these various species exhibited micromotions which could 

be observed with and without changes in intravesical pressure. However, the above studies were unable to 

describe the intricacies of detrusor contractile activity. This was due to the technique having limited ability to 

delineate the area of tissue that is contracting, or its rate and direction, as a large number of marker points are 

required to identify and track the area of contraction. Therefore, measurements of contractile muscle activity 

including velocity, duration, propagation, and area of contraction were unable to be quantified.  

Rats are widely used in biomedical research of gestation and parturition because of their physiological and 

anatomical similarity with humans (Malik, Roh, & England, 2021). On the other hand, many studies related to 

parturition, stress, and pain in other mammals such as mares, cows, and mice, have helped to understand 

neurobiological characteristics of parturition such as the parasympathetic predominance during the expulsion 

of the foetus (Martínez-Burnes et al., 2021). Scientific descriptions of direct myometrial contractile activity in 

animals are few and are even rarer in gravid uteri.  

Most ex vivo analyses of whole organ uterine contraction consists of maintaining the organ in organ baths. 

Moreover, many ex-vivo uterine preparations are restricted to rodent models where the tissue is able to 

survive in oxygenated Krebs or PBS by simple diffusion (Dodds et al., 2021; Liang, Bursova, Lam, Chen, & 

Obukhov, 2019; Refuerzo et al., 2016). In larger specimens e.g., human and porcine uteri, the tissue can be 

perfused to maintain viability (Geisler et al., 2012; Richter et al., 2006). The main advantage of the whole organ 

model is that the reproductive tract is intact, preserving all intrinsic intrauterine cellular interactions. However, 

organ bath preparations have several limitations. Since the myometrium is very sensitive to compressions or 

pulls, this complicates the dissection process of the reproductive tract. If the horns are damaged during 

dissection, no spontaneous contractility will be observed. This is a major limitation of the protocol because it 

is uncertain whether the contractile smooth muscle cells were unknowingly damaged despite the use of proper 

care and caution or whether they lacked motility due to natural causes (Liang et al., 2019).  
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Various studies have been able to characterise ex vivo contractile motility using a single method or a 

combination of methods. Contractile frequency, amplitude, direction and velocity, action potentials and 

intraluminal pressure have been recorded using a combination of spatiotemporal mapping, pressure, and 

electromyography recordings (Dodds et al., 2021; Geisler et al., 2012; Richter et al., 2006). Further, motion 

tracking algorithms have been used to measure spontaneous contractile motility between the proximal part of 

the vagina and the middle segment of a uterine horn (Liang et al., 2019). Although the description of all these 

contractile phenomena is important, results are limited to the non-pregnant uterus. Moreover, there is a failure 

to measure the timing and propagation of tonic and phasic contractions that result from these events and the 

manner of their progression through and over the surface of the uterus. 

  



91 
 

Preface: Chapter 4 
 
Chapter 4 introduces the primary methodology used in this thesis, that being spatiotemporal mapping. 

The proceeding review chapter defines what spatiotemporal mapping is, describes the evolution of 

various techniques, their strengths, weaknesses, and limitations. In sum, spatiotemporal mapping is a 

powerful tool for the measurement of activity at one or multiple locations on the tissue surface of a 

smooth muscle organ. Spatiotemporal maps can provide data on motility direction (i.e., stationary, 

peristaltic, anti-peristaltic), velocity, duration, frequency, and strength of contractile motility patterns. 

Moreover, spatiotemporal mapping enables the analysis of interaction or simultaneous development of 

different motility patterns in different regions of the same organ, visualization of motility pattern changes 

over time, and analysis of how activity in one region influences activity in another region.  
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4 Quantifying patterns of smooth muscle motility in the gut and 
other organs with new techniques of video spatiotemporal 
mapping.  

 

4.1 Abstract  
The uses and limitations of the various techniques of video spatiotemporal mapping based on change in 

diameter (D-type ST maps), change in longitudinal strain rate (L-type ST maps), change in area strain rate (A-

type ST maps) and change in luminous intensity of reflected light (I-maps) are described, along with their use 

in quantifying motility of the wall of hollow structures of smooth muscle such as the gut. Hence ST-methods 

for determining the size, speed of propagation and frequency of contraction in the wall of gut compartments 

of differing geometric configurations are discussed. We also discuss the shortcomings and problems that are 

inherent in the various methods and the use of techniques to avoid or minimise them.  This discussion includes 

the inability of D-type ST maps to indicate the site of a contraction that reduces the diameter of a gut segment, 

the manipulation of axis (the line of interest) of L-maps to determine the true axis of propagation of a 

contraction, problems with anterior curvature of gut segments and the use of adjunct image analysis 

techniques that enhance particular features of the maps. 

  



94 
 

Definitions  

Compliance of the wall: the ability of the wall of a hollow structure to undergo deformation from increase in 

luminal pressure. The reciprocal of stiffness.  

D-map; A spatiotemporal (ST) map based on changes in the diameter i.e., number of pixels between the upper 

and lower border at an array of locations along the length of a hollow tubular structure over time. 

Phase; The position of a point in time on a waveform measured in degrees. 

Phase difference or offset; Difference in in degrees of phase between two waveforms at a particular point in 

time  

R-map; An ST map based on a longitudinal sequence of changes in the distance in pixels from either the upper 

or lower border of a tubular structure to the edge of a marker or structure that is positioned longitudinally 

along the centre of the profile e.g., a colonic taenia,  

Strain; degree of deformation induced by an application (or removal) of a force to a tissue such as the gut wall. 

Positive strain i.e., an increase in distance between two markers, occurs with a tensile force and negative strain 

i.e., an increase in the distance between two markers, occurs with a compressive force  

Strain rate; the rate at which positive or negative deformation takes place  

Area strain; the deformation in along the diametric side of square of a tissue in the gut wall multiplied by the 

degree of deformation of the longitudinal side consequent on the application of a (contractile or other) force. 

Area strain rate; Rate of change in the area of a square of tissue in the gut wall consequent on the application 

of a (contractile or other) force. 
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4.2 Introduction  
The use of video spatiotemporal maps to define the timing and site of smooth muscle contraction has rapidly 

increased over the last decade, such that over 1,500 reports have been published since the late 1990s. Until 

recently the techniques had been used to quantify movements in various components of the gut. In this context 

the technique has provided valuable insights into the genesis and control of contractile activity in the gut as 

well as providing a source of reciprocal illumination in which to view electro-physiological findings. Hence, 

spatiotemporal mapping has proven useful in determining how specific receptors (Abdu, Hicks, Hennig, Allen, 

& Grundy, 2002)  microflora  (J. Collins, Borojevic, Verdu, Huizinga, & Ratcliffe, 2014) genetic mutations (R. R. 

Roberts, Bornstein, Bergner, & Young, 2008) or pharmacological interventions (Bogeski, Shafton, Kitchener, 

Ferens, & Furness, 2005; Schreiber et al., 2014; Nicholas John Spencer et al., 2013) alter motor activity in the 

relevant organ. Moreover, the concurrent use of longitudinal and radial mapping allows for resolution of the 

contributions of the circular and longitudinal muscle (Lentle et al., 2008) and the spatial resolution of the 

outputs of the neural circuitry (Lynn, Zagorodnyuk, Hennig, Costa, & Brookes, 2005). Further, the use of 

recently developed area ST mapping techniques can allow the pattern of growth and propagation of fronts or 

areas of smooth muscle contraction across the surface of large hollow organs such as the bladder to be mapped 

(Lentle et al., 2015b) and their effects of tone to be surveyed (R. G. Lentle, G. W. Reynolds, C. M. Hulls, & J. 

Chambers, 2016).  

A particular advantage of the spatiotemporal mapping method is that it avoids the insertion or application of 

monitoring devices into, or onto, the surface under study. This avoids the generation of artefacts such as those 

that may result from movement of electrodes relative to the tissue and the ensuing debates as to the validity 

of the observations (O. Bayguinov, Hennig, & Sanders, 2011). Hence, for example, the debate as to whether 

electrical changes recorded during contraction have a real physiological basis or result from relative movement 

between the smooth muscle cells and the electrode (A Ballaro, Mundy, Fry, & Craggs, 2003). Again, the lack of 

any requirement for surface contact during ST mapping and consequent low risk of contamination could make 

the technique potentially useful during laparoscopy provided that small video cameras with sufficient image 
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definition are available. Hence, ST mapping of laparoscopic video sequences could be useful in mapping the 

contractile outcome of conditions such as diabetic gastroparesis that are known to be accompanied by adverse 

electrophysiological states such as slow wave dysrhythmias and re-entrant rhythms (J. Chen & McCallum, 

1992). Spatiotemporal mapping can provide a stream of real time data regarding the frequencies, speeds and 

directions of propagation, amplitudes and durations during progression of a contraction through the walls of a 

hollow tubular or sacculate structures (Fig 4-1) that can subsequently be incorporated into computational fluid 

dynamic models to assess their effect on the mixing and on flow of their contents (Clément de Loubens et al., 

2014).  

Whilst alternative methods such as water perfused (Di Lorenzo et al., 2002) and fibreoptic (P. Dinning et al., 

2014b) catheters and barostats (Ohe, Hanson, & Camilleri, 1994) can be used to directly assess changes in the 

pressure within the lumen of such structures and thus to infer motility, they generally do not provide sufficient 

spatial or dimensional resolution to enable the mixing regime to be accurately defined. Thus, the use of high 

resolution fibreoptic catheters that record local changes in lumen pressure at intervals of around one 

centimetre along the lumen (P. Dinning et al., 2014b), have similar limitations to those of early spatiotemporal 

mapping methods based on widely spaced markers (G. W. Hennig, Costa, Chen, & Brookes, 1999), notably 

being prone to aliasing. Hence, a number of types of contraction have short territories and frequencies that 

are not amenable to resolution with such spacing e.g. haustral boundary contractions in the colon which 

occupy less than 0.25 cm of the wall (J.-H. Chen et al., 2013). Again, the radial positioning of fibreoptic catheters 

within the gut lumen cannot be precisely defined or controlled. The current differences in the nomenclature 

of colonic contractions described by this (P. Dinning et al., 2014a) and by water perfused catheter techniques 

(Camilleri et al., 2008; Rao, Sadeghi, Beaty, Kavlock, & Ackerson, 2001) from that described by D-type 

spatiotemporal mapping  (J.-H. Chen, Yang, Yu, & Huizinga, 2016; Costa, Dodds, et al., 2013; Philip G Dinning, 

Costa, Brookes, & Spencer, 2012; Lentle et al., 2008) is testament to such limitation.  
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4.3 The development of video spatiotemporal mapping techniques 
In this section we describe the development of the various types of video spatiotemporal map and the 

advantages and disadvantages of each method. The progenitors of video spatiotemporal mapping techniques, 

described 18 years ago (G. W. Hennig et al., 1999) were based on changes in the outline of the organ (Fig 4-1A 

and B), and in the positions of regularly spaced markers, generally in the longitudinal dimension, which latter 

can be regarded as the mapping of strain (G. W. Hennig et al., 1999). 

Ultimately, video spatiotemporal mapping comprises the comparison through time of the spatial position of 

an object or of distinctive features of the object. In this sense Edward Muybridge was the first to employ the 

technique to determine  patterns of leg movement and of footfall in the galloping horse (Muybridge, 1887) . 

Later workers, notably Cannon (W. B. Cannon, 1898), compared the profiles of a succession of images that 

were drawn, filmed (W. C. Alvarez & Zimmermann, 1927; Tasaka & Farrar, 1969) or X-rayed (Bowditch, 1897; 

W. B. Cannon, 1898) to characterise the contractile behaviour of various segments of the gut. 

The advent of video recording permitted the motion of distinctive features in an area under investigation to be 

followed through a stream of successive images taken at a uniform intervals whilst the development of image 

analysis techniques (Russ, 2006), allowed search algorithms to be successively applied to each frame to identify 

edges (Sobel, 1970), with subsequent plotting of the distances between them at successive points along the 

length of the segment of gut, a technique termed diameter or D-type mapping. This technique was originally 

applied to the small intestine of the rat maintained ex vivo (Benard, Bouchoucha, Dupres, & Cugnenc, 1997) 

and subsequently to the stomach (Berthoud, Hennig, Campbell, Volaufova, & Costa, 2002; Lentle, Janssen, Goh, 

Chambers, & Hulls, 2010), small (G. W. Hennig et al., 1999; Lentle et al., 2007) and large (P.G Dinning, 

Szczesniak, & Cook, 2008; Gwynne, Thomas, Goh, Sjovall, & Bornstein, 2004; G.W Hennig, Gregory, Brookes, & 

Costa, 2010; Lentle et al., 2008) intestine from a range of species maintained ex vivo as well as in vivo (P.W.M 

Janssen et al., 2014). 

Whilst these video spatiotemporal mapping techniques allowed changes in the diameter and length of the 

walls of hollow tubular structures such as the gut to be quantified, the subsequent development of strain rate 
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mapping i.e., L-type ST  maps (Lentle et al., 2007) and area strain rate (Lentle et al., 2015b) i.e., A-type ST maps 

allowed local changes in length and in area to be determined and plotted over time with higher resolution. This 

allowed the site of contraction of circular and longitudinal components of the tunica muscularis to be directly 

identified at all points within the borders of the image. Further, the rhythmic sequence of longitudinal and 

circumferential components could be simultaneously mapped along a user-defined line of interest located at 

a particular site on the intestinal wall (P.W.M Janssen et al., 2014). 

4.3.1 D-type video spatiotemporal maps  

4.3.1.1 Method and interpretation  

D-type spatiotemporal maps are based on changes in the diameter of a segment or organ over time (Fig 4-1 A, 

B, C and D). Typically, edge detection algorithms (Russ, 2006) are used to search for and delineate the upper 

and lower edges of a tubular length of gut that is positioned with its long axis parallel to the upper and lower 

borders of the video frame (Fig 4-1). Edge detection algorithms, such as those described by Sobel (Sobel, 1970), 

Kirsch (Kirsch, 1971), and Frei and Chen (Frei & Chen, 1977) work well with ST mapping of preparations that 

are maintained ex vivo in a situation when there is good contrast between the optical characteristics of the 

preparation and the background (indeed many operators ensure that there is a uniform black or white 

colouration on the background surface of the organ bath). The total distances in pixels between the two edges 

are determined for every pixel column along the visible length of the preparation (Fig 4-1). The totals for 

successive columns are each then plotted as a shade or colour coded total per column so as to form a pixel row 

across the D-map (P.W.M Janssen & Lentle, 2013).  
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Figure 4-1 Basic methodologies of D-type, L-type, and A-Type video-spatiotemporal mapping techniques. 

D-type ST maps A), B), C) and D). The upper and lower edges of a structure (in this case a pink tubular segment of 
gut) are detected (blue line) and the number of pixels counted between the edges of successive columns (pale area). 
The totals are then colour coded for each column within each frame (dark square in time series of D-type map below) 
(C). Circumferential contraction (frame 2) causes reduction in diametric profile and corresponding pixel total (light 
square in time series of D-type map below) (D). 

L-Type ST maps E), F), and G). The line of interest (LOI) that is to be used as a datum point for quantification of 
lengthwise movement in successive frames is chosen (blue line). The colour coded magnitudes of changes in distance 
(strain) between distinctive features (in this case red vascular markings) on successive video frames (strain rate) are 
plotted for each pixel along the length of the LOI (in this case shown only for one set of distinctive features between 
video frame 1 and 2).  

A-type ST maps H), I) and J). The diametric and lengthwise changes in distances between distinctive features (in this 
case red vascular markings) in successive frames are determined over each component pixel over a defined area 
within the edges of the structure. The derived diametric and lengthwise changes within each pixel in successive 
frames for are then multiplied to give area strain rate. The colour coded values for strain rate then overlaid onto the 
corresponding pixels of the video frame to produce a map of area strain. Hence map J), shows the hypothetical two-
dimensional result of a contraction at a single point. 

 

Thus, any site along the length of the gut where the diameter is relatively reduced will have a lower low pixel 

sum and be of a lighter (or darker) shade on the D-map than one at a site that is distended which will have a 

higher pixel sum. On such a map a propagating peristaltic contraction will generate a band of lighter (or darker) 

pixels of the D-map that shows lengthwise progression in successive rows (Fig 4-2). The duration of the 

contraction at any given point will be shown by its breadth on the time axis and its lengthwise extent by its 

breadth on the distance axis. Similarly, the speed of its lengthwise propagation will be directly proportional to 

the angle of the (lighter or darker) band to the time axis, greater angles indicating faster progression. Further, 

when a regular succession of contractile events occurs, their frequency can be determined at any point on the 

length of the gut component from the number of lighter bands that transect a line of known duration drawn 

from that point on the ST map parallel to the time axis. Again D-type ST maps are useful in identifying points 

along the length of the intestine at which the frequencies of contractions change (phase dislocations), which 

are seen on the D-map as points of fusion or bifurcation of individual propagating contractions. The sites and 

timings of these changes have been related to the coupled oscillator theory of propagation (Parsons & 

Huizinga, 2015) which hypothesises that the spontaneous oscillations in neighbouring interstitial cells of Cajal 
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B)  

 

Figure 4-2 Synchronous (A) D-type (diameter type) ST map (left) and L-type (right) (linear strain rate) ST maps and 
graph of transects (B) showing progression of a peristaltic contraction though a segment of possum ileum. 
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possible to entirely eliminate such sagging, its magnitude may be reduced either by positioning a lengthwise 

plastic rod within the intestinal lumen or by supporting the intestine on a shallow cradle termed a kit-kat 

(Parsons & Huizinga, 2015). Alternatively, where practicable, such sagging may be reduced by limiting the 

length of the ex vivo segment that is mounted in the organ bath. 

The generation of D-type ST maps from segments of gut that are maintained in situ within the abdominal cavity 

is often complicated by impairment of the detection of the edges of the section under study. Hence, for 

example, when studying the intestine at laparotomy, the partial overlaying of one loop of gut upon another 

reduces the surrounding area of contrast compared to that in an organ bath. Whilst viable loops can be isolated 

and maintained on (white or green ) saline moistened swabs at laparotomy (P.W.M. Janssen, Lentle, Hulls, 

Ravindran, & Amerah, 2009), this procedure may generate additional tension on each end of an isolated 

segment that may exacerbate shunting. 

A particular advantage of D-type over L-type ST maps is that they avoid problems that arise from anterior 

curvature of the surface under study. This curvature results in a gradation of the angle at which the surface is 

viewed within the video frame which influences the magnitude of any surface displacement caused by a given 

contraction. When gut segments such as the small intestine are mapped on a basis of surface displacement 

i.e., undergo L- or A-type mapping (see sections below), the curvature is generally insufficient to produce 

significant reduction in the apparent magnitude of a contraction except at the extreme periphery. However, 

when larger structures such as the urinary bladder are mapped using L- or A- techniques, the sites where there 

is significant reduction in magnitude will extend for greater distances from the edges. Hence, D-type maps are 

better able to accurately determine the magnitudes of movements around the edges of such structures than 

are L-type or A-type ST maps. 
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4.3.2 Video spatiotemporal maps of strain and strain rate  

4.3.2.1 Method and interpretation 

A number of workers have used a method for assessing local changes in length based on the distances between 

sets of evenly spaced markers i.e., strain (G. W. Hennig et al., 1999; Schreiber et al., 2014). However, as with 

D-type ST maps, the distance between any two markers will be that from shortening of smooth muscle at 

various sites, minus that from lengthening at other sites from active relaxation and from passive elastic 

stretching. However, the plotting of the rate of change in strain i.e., strain rate, between multiple randomly 

and finely distributed marker points, along a user defined LOI (Fig 4-1 E, F and G) can distinguish local areas of 

negative strain rate that result either from contraction of smooth muscle, or from recovery after stretching 

from areas of positive strain rate that result from muscular relaxation or from passive stretching, and from 

sites where neither contraction or elastic changes are occurring where strain rate is zero.  

Anatomical markers that are distributed along the LOI, such as distinctive junction points in vascular arcades, 

can be used as reference points along the LOI. Alternately, at sites where such natural markers do not occur, a 

variety of  particulate inert substances such as India ink (Melville, Macagno, & Christensen, 1975), silk knots 

(G. W. Hennig et al., 1999), dots of soot (W. J. E. P. Lammers, Dhanasekaran, Slack, & Stephen, 2001) and 100 

µm flecks of glitter (G. W. Hennig et al., 2010) have been applied to the gut wall as artificial markers.  

Early researchers used changes in the distances between successive artificial markers that had been placed at 

regular intervals along the LOI to estimate longitudinal shortening or lengthening (G. W. Hennig et al., 1999; 

Melville et al., 1975). Recently, more sophisticated algorithms based on cross-correlation (P.W.M Janssen & 

Lentle, 2013) have been developed that do not depend on determination of changes in distance between 

equally spaced markers. Briefly, the movement of a reference point within a characteristic pattern of randomly 

distributed markers is detected in a 21 × 21 pixel square surrounding it. This dimension is adequate for use 

with vascular markers when these are evident e.g. in the small intestine in vivo (Lentle et al., 2007) or when 

particles of carbon black are applied to the surfaces of less vascular structures (Lentle et al., 2015b). The 
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that tends to accumulate errors over long periods of time. This can be avoided by less frequent sampling of the 

video frames so that the time interval between successive frames is increased. 

The fact that strain rate mapping is able to distinguish contractile states within surfaces gives it several practical 

advantages over D-mapping. Firstly, the fact that it does not depend on the identification of edges, allows it to 

be used to map localised sites that are distant from the edges of the organ, obviating the need to visualise the 

entire organ. This attribute could be particularly useful in analysis of laparoscopic video data so as to detect 

propulsive dysrhythmias in sites where loops of bowel adjacent to the area under study would confound edge 

detection. Secondly, given that the site of the LOI can be chosen by the operator, a number of L maps based 

on a sequence of longitudinal LOIs that are positioned longitudinally at various points across the radial 

dimension of the segment, can be prepared from the same video and the patterns of longitudinal contraction 

along the various LOIs quantified and compared. The use of this technique has allowed the pattern, amplitude 

and timing of longitudinal (pendular) contractions at mesenteric and ab-mesenteric sites on the duodenum to 

be compared and sites of differences identified (Lentle et al., 2012). Again, as with D-type ST maps, the 

preparation and comparison of a range of L-maps based on linear and non-linear LOIs orientated at various 

angles is useful in determining the principal direction of propagation of a patch contraction on the surface of a 

sacculate structure such as the bladder (Lentle et al., 2015b). As discussed hitherto, the LOI yielding the 

greatest amplitude and most consistent slope will generally be aligned with the true direction of propagation 

(Lentle et al., 2015b).  
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Figure 4-6 D- and L-type ST Maps showing variation in circumferential (A) and longitudinal (B) strain rate in the 
terminal ileum of the pig in situ at laparotomy, before and after dosage with remifentanyl. 

The markers are the vascular arcades which are prominent in vivo. Areas of circular (A) and longitudinal (B) 
contraction (negative strain rate) are shown in yellow and areas of circular and longitudinal relaxation in purple and 
blue respectively note colour codes and magnitudes at the base of each map. Note that the contractions i.e., the 
discrete patterns of negative circular (a) and longitudinal (b) strain rate typical of segmentation (Fig 5 and the upper 
region of the D- and L-type ST maps) briefly become aligned i.e., in staggered phase, during the period after the 
administration of remifentanyl. Hence the contraction appears to propagate along the length of the ileum. Figure 
adapted from (P.W.M Janssen et al., 2014).  
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The high degree of resolution obtained when mapping strain rate along an LOI allows minor changes in the 

pattern of contraction through time to be distinguished. Hence, the use of L-type ST maps has allowed the 

temporal changes in the disposition of small areas of stationary longitudinal contraction that occur during 

pendular movements and their phasic relationship to each other to be distinguished, both in the duodenum 

(Lentle et al., 2012) (Fig 4-5) and in the ileum (P.W.M Janssen et al., 2014). Further, the technique is capable of 

distinguishing subtle changes in the pattern of contraction in vivo, such as the commencement of coherent 

distal propagation in a static array of segmentative or pendular contractions when pro-kinetic agents such as 

remifentanyl are given (P.W.M Janssen et al., 2014) (Fig 4-6). Similarly, those effects of pharmacological agents 

which aid in the distinction of myogenic from neurogenic contractions (Lentle et al., 2012). 

The ability of strain rate mapping to accurately determine the site, speed of propagation, duration and 

frequency of cycles in strain rate in a succession of events over a set period of time enables sequences of real 

time data to be incorporated into mathematical models that assess their effects on wall movement and mixing 

and transport of the lumen contents (Clément de Loubens et al., 2014; C. de Loubens, Lentle, Love, Hulls, & 

Janssen, 2013). Moreover, the veracity of the model may subsequently be checked by comparing the predicted 

mixing outcome with that determined from dilution of a bolus of tracer dye perfused through the preparation 

over the same time period during which the map was derived (Clément de Loubens et al., 2014). 

4.3.2.2 Drawbacks 

L-type ST maps may underestimate the amplitude of strain when LOIs are orientated on curved surfaces, for 

example when the LOI is orientated at right angles to the long axis of a tubular structure such as the intestine. 

In areas at the periphery of a large spherical structure where angulation of the surface is high, strain rate may 

be significantly underestimated. In such situations the problem of distortion at the edges of the image can be 

avoided by the use of multiple cameras, located in such positions that the central parts of the various images 

cover all aspects of the organ. Alternatively, it may be possible to determine the curvature of the surface on 
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which the LOI is located directly with a laser profiler (Hennessy, Kinsella, & Waddington, 2002; Strobl et al., 

2004) and mathematically weight the strain rates along the LOI accordingly. 

4.3.3 Composite plots and plots derived from video spatiotemporal maps 

The positioning of a vertical line at a given lengthwise point on D- or L-type ST maps, and the recruitment of 

pixel data from the column coincident with that line, can provide quantitative information regarding 

component frequencies. Fast Fourier transformation of the ST data is commonly used to identify and quantify 

these frequencies (Neal, Parry, & Bornstein, 2009) and enable their quantitative comparison before and after 

the application of various pharmaceutical agents (R.R. Roberts et al., 2010). 

Where a contractile pattern such as peristalsis contains both longitudinal and circumferential components, the 

judicious use of synchronous vertical ST transects to show the phasic relationship between the two 

components at a particular point along the length of the preparation (Fig 4-2B) can shed addition light on their 

causation. Hence, in synchronous D-type and L-type ST maps of peristalsis, a forerunning band of negative 

longitudinal strain rate and a following region of circumferential contraction can be distinguished (Lentle et al., 

2007). Comparison of their synchronous vertical (temporal) transects taken at the same site (Fig 4-2B) showed 

that the onset of the longitudinal shortening component was synchronous with that of circular contraction 

presumably reflecting synchronous neural signalling.  

Again, where L-type ST maps of cylindrical structures such as the small intestine show longitudinally distributed 

arrays of stationary contractions within successive domains, similar comparisons of a sequence of vertical map 

transects can distinguish their phasic relationships and relative amplitudes (Fig 4-5) (Clément de Loubens et 

al., 2014; C. de Loubens et al., 2013). 

In respect of D-maps, it is noteworthy that, if the arrays of longitudinal strain rate values obtained from the 

cross correlation techniques used in the preparation of L-type ST maps are integrated with respect to time, 

they can be used to derive displacement maps that track the lengthwise position of fixed points on the gut 
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segment. While such maps are of little physiological interest per se, they can be used to systematically correct 

a D-map so that a column of the D-map corresponds to a fixed point on the segment surface rather than a 

certain distance along the segment i.e., to defeat shunting in D-maps. 

Whilst both D- and L-maps give an incomplete picture of the mechanical state of the muscle, recent work has 

identified local changes in the mechanical states of the intestinal wall during intestinal contraction on a basis 

of the relationship between local changes in length distinguished on D-maps and concurrent local pressure 

within the lumen determined by fibreoptic catheters (Costa, Wiklendt, et al., 2013). These workers were able 

to distinguish sites of isovolumetric and isobaric contraction and relaxation, passive shortening and elongation 

and auxotonic contraction and relaxation (where the muscle changes force and length simultaneously). Areas 

of passive dilatation and shortening contributed to less than 4% of the map and two dimensional plots of active 

muscle contraction vs active relaxation were of broadly the same configuration as the corresponding D-maps 

(Costa, Wiklendt, et al., 2013). Given that the interpretation of the mechanical states of areas that abut regions 

of active contractile shortening was likely to be confounded to some extent by shunting, and that fine pressure 

resolution would be to some extent compromised by the low density of pressure sensors (one per cm), these 

results indicate that, despite of their shortcomings, ST-maps can provide a useful overview of contractile 

patterns.  

A number of parameters can be mathematically derived from D- or L-maps by application of a suitable 

algorithm e.g. to derive maps of frequency and velocity (G.W Hennig et al., 2010). A number of conventional 

image processing operations can be applied to the ST maps including high, low and band pass filters, 

mathematical operations with scalars or other images, autocorrelation and 2D Fourier transforms (Jähne, 2004; 

Russ, 2006).  

The difference between two maps may be mapped by simple subtraction of arrays of values on one map from 

the corresponding values of the other. This technique has been used to highlight the limited coordination of 
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the ripple contractions that occur in adjacent intertaenial domains in the haustrated proximal rabbit colon 

(Lentle et al., 2008).  

Again the correlation of a particular D-type or L-type ST image, with itself when it is displaced over an array of 

known distances in an array of known directions (i.e., autocorrelation), or with the synchronous ST image of 

contraction in another dimension (cross correlation), can be useful in identifying and quantifying repeating 

features within the map (Russ, 2006) (Fig 4-7). The operation has the effect of averaging the individual 

repeating features and removing noise. The central event in the autocorrelation image represents the distance 

that the second image can be displaced before the features no longer lie on top of each other, and thus 

provides the best measure of the size of the repeating elements in the two images. Other less bright repeating 

events at particular angles and distances from the centre of the autocorrelation image indicate correlation 

between the points in the original image with those that are displaced by a particular distance and direction 

i.e., rhythmicity. The form of the repeating elements on the auto correlograms of ST maps can also be used to 

better distinguish hydraulic distension induced by regular contractions at other sites, from the direct effects of 

propagating contractions. Hence the repeating points generated by (instantaneous) hydraulic distension 

appear as parallel horizontal lines whilst those formed by (more slowly) propagating phasic contractions appear 

as parallel angled lines, the speed of their propagation being inversely proportional to their slope.  
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Figure 4-7 Auto-correlogram (A) and cross-correlogram (B) of data from D-type and L-type ST maps during 
pendular/segmentative activity in the terminal ileum of an anesthetised pig.  

White indicates high levels of correlation and darker shades lower correlation. The cross indicates the geometric 
centre of each correlogram.  

The auto-correlogram (A), which is from a subsection of an L map of ileal motility, shows a pattern in which a 
longitudinal contraction at a particular point along the gut occurs with every second or third wave of the base 
frequency (centre). Hence, the variability in the spacing between lighter (contraction) bands at all points around the 
single central band of the base frequency, indicates local variability in contractile responses to slow waves.  

The cross correlogram (B) (bottom) is derived from synchronous subsections f of D-type and L-type ST maps of ileal 
motility. It shows an underlying pattern of regular spacing between contractile events at all points around the central 
band of the base frequency indicating that the two events likely result from a common initiating signal. Figure 
adapted (P.W.M Janssen et al., 2014). 

 

4.3.4 Spatiotemporal maps of luminous intensity (I-maps) 

A further technique that is useful for tracking movements that are not necessarily related to contraction or 

strain is based on the detection of movement of light, reflected from or transmitted through, the tissue under 

study. The rows of the I-type ST map therefore correspond to the light intensities along a user-specified LOI.  

The mapping of changes in patterns of light intensity is useful for the detection of the incidental movement of 

passive structures such as the displacement of mucosal folds as a result of changes in the internal dimensions 

of the lumen (Lentle, Janssen, et al., 2013). I-mapping can also be used to track light that is generated within 

the preparation. Hence, the intensity map methodology can be used to track the movement of local florescence 
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changes in area strain rate (A-type maps), can subsequently be overlaid onto the corresponding video image 

so as to provide real time record of changes in the sites of contraction (negative area strain rate) and expansion 

(positive area strain rate) (Fig 4-9).  

Direct synchronous overlays real time of A-type maps also enable the shapes and extents of areas of 

contraction (or relaxation) on the surface of an organ or compartment e.g. the body of the stomach, (Lentle et 

al., 2010) to be determined. Again, comparison of overlays on successive frames, allows the principal direction 

of propagation of patches of contraction to be directly visualised and an appropriately orientated linear or 

curved LOI to be identified for subsequent unidimensional (L-type) strain rate mapping. This can also allow 

circular (re-entrant ) paths of contraction that may follow from disturbances in slow wave propagation 

associated with conditions such as gastroparesis (O'Grady et al., 2012) to be identified. The dynamics of the 

development and involution of contractions may also be quantified by appropriate use of algorithms that 

compute mean number of contractile sites, patch area and CV , perimeter to area ratio, shape index and 

perimeter area fractal dimension  (McGarigal, 2014) on successive frames. Again, the use of algorithms that 

sum the total areas of contraction within successive frames (core area%) can be used to assess cyclic contractile 

behaviour and its co-variation with lumen pressure on an organ scale (Lentle et al., 2015b).  

The use of an algorithm that stacks successive A-type ST maps over a given period of time and sums the number 

of occasions that contractions, i.e., periods of negative area strain rate, occur at each pixel location allowing 

the effect of time to be directly incorporated into a single map (Fig 4-10). The resulting stacked A-type 

contraction density plots with colour coded rates of occurrence of contractions at each pixel (Fig 4-10D) may 

be viewed as similar to the stacked sequence of the lengthwise location of contractions over time seen on D-

type ST maps (Fig 4-2) save that the direction of propagation is visualised over 3600. 
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 A) 

 

B) 
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Figure 4-8 The use of I-maps in determining the frequency of ladder contractions in the rabbit caecum.  

Photo sequence (A) shows a sequence of video frames of lengthwise ladder contractions (dark lines) in three 
successive spiral turns of the mid caecum at 0.4 s intervals.  

The I-type ST map (B) is taken from of a single spiral turn during the transit of ladder contractions. The X axis 
represents the width of the turn (Turn number 2 on the photo sequence) with the proximal end of preparation to 
the right. Note that the arrays of contractions do not occupy the proximal third of the turn and that the slope of the 
largely regular sequence of contractions indicates that they are propagating from the proximal to the distal end of 
the turn. Figure adapted from (Corrin Hulls et al., 2012). 

 

Hence the highest number of contractile pixels will occur at sites where contractions repeatedly propagate or 

originate, the number decreasing in the surrounding zones according to the direction of propagation. Such 

maps can also be  useful in factoring out lateral expansion and determining the mean direction of propagation 

of a patch of contraction across a surface and hence in identifying an appropriate LOI (Roger Graham Lentle et 

al., 2016; Lentle et al., 2015b).  

4.3.5.2 Disadvantages 

A-type strain rate area maps and stacked A-type ST contraction density plots suffer from similar disadvantages 

to those of linear strain rate maps i.e., L-type ST maps, in that they record only the strain rate and cannot 

distinguish the negative strain rate of contraction from that of elastic recovery. 

4.3.6 Other technical matters 

The principal arbiter of high-quality video spatiotemporal mapping is definition. Hence wherever possible the 

use of colour video cameras should be avoided as the local grouping of sensor cells in arrays of three different 

colour sensitivities decreases the overall level of resolution.  

The contraction rates of gastrointestinal, arterial, and urinary smooth muscle are relatively slow. Thus, 

sampling rates of 15 frames per second, are adequate for the mapping of most phasic contractions in the GI 

tract. However, studies of certain neurogenic contractions such as the fast phasic contractions found in the 

colon (Lentle et al., 2008) may require faster rates. Again, mapping algorithms may fail to detect changes in 
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distances between surface markers in successive frames when the rate of change is low. Hence, the mapping 

of tonal contractions may require appropriate down sampling of the stream of video frames.  

 

Figure 4-9 An A-type ST map of area strain rate from antral peristalsis in the stomach of the rat.  

The pylorus lies on the right and the (cannulated) oesophagus is situated at the top slightly to right of the midpoint. 
The area strain rate map is overlaid onto, and synchronous with, the image from which it is derived.  Note the 
randomly dispersed carbon particles on the areas to the side of the A-map which are also in the area under the map 
and were used as reference points. The succession of areas of high negative strain rate (yellow and red) are sites 
undergoing antral peristalses. The areas of positive strain rate (blue) correspond to areas of relaxation. The dotted 
line marked DL indicates the position of the line of demarcation between the fundus and body, which is anatomically 
evident in rats. Note the increase in the magnitude of area strain as the contractions near the pylorus and the failure 
of antral peristalses to extend to the lesser curve in the proximal corpus and antrum. Modified figure from (R. G. 
Lentle, G. W. Reynolds, C. M. Hulls, & J. P. Chambers, 2016). 
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Figure 4-10 Method of construction of A-type contraction density plots.  

A) Successive Area Spatiotemporal maps were thresholded to include all sites at which strain rate exceeds a 
chosen value (in this case less than -4 % strain s-1).  

B)  Frames were suitably subsampled at chosen time intervals.  

C) The subsampled frames, taken over a chosen time span, were stacked and the number of frames within 
each pixel of the stack with strain rates in excess of the chosen threshold counted. The results were then 
plotted as a colour coded percentage total to produce a stacked A-type contraction density plot. 

D) Typical stacked A-type contraction density plot covering over 45% of the anterior surface of the bladder. 

Adapted from (C M Hulls, Lentle, King, Reynolds, & Chambers, 2017). 

 

4.4 Conclusion  
The judicious use of video spatiotemporal mapping techniques has, and will, enable significant advances in our 

understanding of the physiological basis of contractile activity in the various compartments of the gut and the 

effects of these on the mixing and propulsion of their contents. There are nevertheless a number of limitations 

with which the operator should be familiar so as to avoid incorrect interpretation. The technique has great 
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potential for the diagnostic assessment of motility during laparoscopic examination when suitable small, high 

definition video cameras become available. 
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Preface Chapter 5 
The proceeding chapter describes the normal myogenic activity of the ex vivo tetrodotoxinzed rabbit 

bladder. Applied spatiotemporal mapping techniques describe the motility of contractions including 

frequency, duration, velocity, area, and origin of activity. Further, the chapter provides a quantitative 

evaluation of bladder contractile motility. Ultimately, two types of contractile phenomenon are identified 

which are broadly similar to those based on published electrophysiological recordings but provide 

additional insight into the organisation of contractile behaviour in the whole organ and ultimately tonal 

accommodation.  
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All further work beyond this section will be citing the work presented in this section where appropriate.   
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5 Spatiotemporal analysis of spontaneous myogenic 
contractions in the urinary bladder of the rabbit; timing and 
patterns reflect reported electrophysiology. 

 

5.1 Abstract  
The temporal and spatial dynamics of propagating myogenic contractions in the wall of the resting ex vivo 

urinary bladder of the rabbit were characterised by spatiotemporal maps of area strain rate and of linear strain 

rate and A-type contraction density plots and related to cyclic variation in intravesical pressure (pves).  

Patches of propagating contractions (PPCs) enlarged and involuted with a frequency of 6.33 ± 0.67 cycles per 

minute (cpm), in near synchrony with peaks in intravesical pressure (pves) (3.85 mean ± 0.3 cpm). PPCs were 

generally preceded by regions of positive strain i.e., stretch. The maximum percentage of the anterior surface 

of the bladder undergoing contraction (55.28 ± 2.65 %) and the sizes of individual PPCs (42.61 ± 1.65 mm2) also 

coincided with the peak in pves.  

PPCs, originated and propagated within temporary patch domains (TPDs) and comprised groups of near 

synchronous cyclic individual contractions (PICs). The TPDs were located principally along the vertical axis of 

the anterior surface of the bladder, either to the left or the right of midline and changed in location from one 

side to side and from side to tip or base. The sites of origin of PICs within PPCs were inconsistent, consecutive 

contractions often propagating in opposite directions along linear maps of strain rate. Similar patterns of 

movement of PPCs within TPDs of the same form occurred in areas of the anterior bladder wall that had been 

stripped of mucosa. 

Intravesical pressure (pves) varied cyclically with total area of contraction and with the indices of the size and 

aggregation of PPCs, indicating that PPCs grew and involuted by a combination of peripheral enlargement or 

shrinkage and by coalescence or fission with other PPCs, their areas being maximal at or around the peak in 

pves.  
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The synchronisation and extended propagation of PICs within PPCs and the concurrent variation in pves were 

sometimes lost or diminished, uncoordinated PICs then occurred irregularly (between 4 and 20 cpm), 

propagated shorter distances, and had little effect on pves. There was no evidence that any influence of bladder 

shape on stress influenced the principal direction of propagation of either PCCs or PICs or the disposition of 

TPDs. 

Hence the authors postulate that that the formation and involution of PPCs within a TPD resulted from cyclic 

variation of excitation, likely from excitation of a field of intramuscular ICCs, that increased the incidence and 

distance over which component PICs propagated but did not influence their inherent frequency or direction of 

propagation.  
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& Kotlikoff, 2002), local contraction engendering stretch (+ve strain) that activates either ICCs or adjacent 

myocytes (Elbadawi, 1995; G. Ji et al., 2002). It is known that myogenic contraction (-ve strain) may be elicited 

in isolated strips of detrusor in response to quick stretch (Geoffrey Burnstock & Prosser, 1960). Further, it is 

known that stretch influences cytosolic Calcium levels via L-type calcium channels (Davis & Hill, 1999) and non-

selective ion channels (M.-C. Wellner & G. Isenberg, 1993), notably stretch dependent ryanodine receptors (G. 

Ji et al., 2002) and Rho kinase activity (Poley et al., 2008). Again, a 20% stretch of C-kit positive interstitial cells 

cultured from the guinea pig bladder evoked calcium transients in addition to the regular baseline frequency 

(1.22 ± 0.52 cpm) indicating that ICC may facilitate the response to stretch (Y. Wang et al., 2010). Further, 

similar cells cultured from partially obstructed bladders displayed significantly more lateral branching and a 

higher frequency of calcium transects than those cultured from unobstructed bladders (Y. Wang et al., 2010).  

Thus, coordination of contraction within a patch, and expansion or migration of a patch, could result from a 

local increase in strain in the bladder wall (Poley et al., 2008) in a similar manner to that in the distended gastric 

fundus (Roger Graham Lentle et al., 2016), or may locally augment the growth of a patch once contraction and 

surrounding tension are established (Elbadawi, 1995; G. Ji et al., 2002). However, it is noteworthy that the 

overall vectoring of strain, and the local response to it, may be influenced by other factors, notably the 

orientation of myocytes within the bladder wall, the mechanical properties of the bladder wall and the shape 

of the bladder.  

Given the ellipsoidal shape of myocytes, the total strain that accrues in each cell will be greater when a given 

stress is applied along their longitudinal axes. The distribution of the orientation of myocytes, in the rat bladder 

at least, is biased with a predominance of myocytes having their long axes orientated parallel with the vertical 

axis of the bladder (Nagatomi, Toosi, Grashow, Chancellor, & Sacks, 2005). Given the greater longitudinal than 

transverse electrical coupling, propagation between adjacent myocytes (Hikaru Hashitani & Alison F Brading, 

2003a) will be similarly biased.  
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Biomechanical studies indicate that normal bladder tissue is isotropic when loaded, with equal stress in both 

radial and vertical directions (Gloeckner et al., 2002), but can behave in an anisotropic manner under unequal 

stress loading i.e., exhibit differing mechanical properties according to the direction in which the stress is 

applied (Gloeckner et al., 2002).  

The overall shape of the bladder may also influence the magnitudes of the stresses in the various dimensions. 

Hence, if the bladder is viewed as an inverted solid cone, stress in the horizontal (circular) dimension i.e., hoop 

stress, will be greater than that in the vertical dimension (Thompson & Little, 1970). Further, hoop stress will 

be greater toward the dome where the radius is greatest (Thompson & Little, 1970). If tension receptors are 

equally sensitive to tension throughout the bladder wall, then the likelihood of stress induced activation will 

similarly increase, and contraction will be more likely to commence in the upper half of the bladder. 

Alternatively, the distribution of ICCs and the possibility of their forming an interconnected network or 

responding to local stretch in a coordinated manner may vary regionally with local stress (Y. Wang et al., 2010) 

so that contractions will tend to be initiated and their propagation facilitated at sites where the density of ICC 

is high (Ahmed Shafik, El-Sibai, Shafik, & Shafik, 2004) or where their morphology is elongated in a particular 

dimension.  

The current work applies the two-dimensional spatiotemporal mapping of strain rate and adjunct techniques, 

developed by our unit, to map spontaneous contractions in the bladder of the rabbit maintained ex vivo by 

super-perfusion. This was undertaken to evaluate the patterns of genesis and propagation of patches of 

myogenic contractions (PPCs) and their co-ordination with cyclic changes in intravesical pressure, with a view 

to identifying any effects of local or general wall tension on the behaviour of these patterns and on the level 

of coordination between contractions at various sites in the wall of the bladder.  

5.3 Materials and Methods 
All the experimental procedures were approved by the Massey University Animal Ethics Committee (MUAEC 

approval number 14/50) and complied with the New Zealand Code of Practice for the Care and Use of Animals 

for Scientific Purposes. Ten New Zealand White rabbits were obtained from a commercial breeder and 
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equally spaced points within a rectangular region of interest (ROI). The area strain rate (ASR) for each reference 

point was determined from the local displacement rates using the same technique that was described in a 

previous paper (Lentle et al., 2015b). Briefly, ASRs were expressed as the percentage change in muscle area 

per unit time, i.e., % s-1. The sensitivity of the ASR mapping method is well established. ASR maps derived from 

myocardial MRI has been shown to  provide better discrimination between normal and ischemic zones than 

other indices of strain (Azhari, Weiss, Rogers, Siu, & Shapiro, 1995). 

Two dimensional maps of local ASRs i.e., successive A-type ST maps were each superimposed on corresponding 

video images of the bladder to enable the patterns of motility on its surface to be visualised. The area of 

superimposition was limited by a user-specified ellipsoidal mask which occupied 45% of the anterior surface 

and excluded sites that were close to the edge of the organ profile where artefacts from minor rotation of the 

organ and foreshortening from angulation of the surface could occur (Fig 5-1). The ASRs were colour-coded 

such that rapidly contracting areas appeared yellow (-ve ASR), more slowly contracting areas appeared red and 

expanding areas appeared blue (+ve ASR). 

L-type Spatiotemporal maps i.e., plots of the variation in linear strain rate at all points along a line of interest 

(x axis) over time (y axis) were also generated from the video (Figs 5-1A and B). Hence LOIs were positioned 

vertically, traversing the right- and left-hand sides of the bladder, and horizontally, traversing the upper 

(lowermost in frame) and lower (uppermost in frame) halves of the bladder.  
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Figure 5-1 Methods for ST mapping of the bladder. 

The position of the bladder in the organ bath with urethra uppermost after carbon black has been randomly applied 
to the anterior face. A) the ellipse applied to cover a defined percentage of the anterior surface (green). The positions 
and directions of analysis of the vertical LOIs in the left and right halves of the bladder and the horizontal LOIs in the 
uppermost (lower half) and lowermost (upper half) halves of the bladder. B) showing overlay of area (A) type ST map 
onto the image of the bladder with positions of transects for L map ST maps as in A. 

 

The speed and direction of propagation of a contraction or group of contractions could be directly determined 

from these maps as it was inversely proportional to the angle of the contraction stripe to the horizontal axis. 

This technique also allowed for identification of the propagating individual contractions (PICs) that made up 

PPCs by their varying (minor) degrees of deviation from the LOIs. Cyclic variation in strain rate over time was 

assessed by Fast Fourier transforms of vertical transects of the L-type ST maps, derived in Excel. 
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Figure 5-2 Showing method of construction of A-type contraction density maps.  

A) Successive Area Spatiotemporal maps are thresholded to include all sites at which strain rate exceeds a chosen 
value (less than -4 % strain s-1). B) Frames are suitably subsampled at chosen intervals; C) Subsampled frames are 
stacked over a chosen time span and the number of frames within the stack with strain rate in excess of the chosen 
threshold counted for each pixel stack and plotted as a colour coded total i.e., stacked A-type contraction density 
plot. D) Typical stacked A-type contraction density plot covering over 45% of the anterior surface of the bladder. 

 

5.3.1.4 Further data processing and Statistics 

To facilitate the determination of the locations of groups of propagating patches of contraction (PPCs) we 

stacked A-type ST maps from video frames taken at one second intervals over successive minutes and plotted 

the frequency that area strain rate in each component pixel decreased below -4% s -1 during that minute, on a 

yellow to colour blue scale, to produce a graphic that we term an A-type contraction density plot (Fig 5-2). The 

resulting graphic allowed us to determine the size, shape, and position of sites on the anterior surface of the 

bladder at which PPCs occurred most frequently during a set time interval (60 s), which we termed a temporary 

patch domain (TPD). Thus, the lines of interest (LOIs) of the L-type spatiotemporal maps that were used to 

determine the rates of propagation of PPCs traversed the TPDs in the vertical and horizontal dimensions. The 

variation in mean total areas of PPCs and in Pves over time were explored in Curve Expert Professional® V2.62 
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analyses. The converted values were subject to two-way ANOVA (contractile state and animal) to determine 

the effect of contraction (values taken during the peak in pves) i.e., during the period between 25 and 75% of 

the cycle in Pves and values taken at times between these peaks i.e., in excess of 75% and below 25% of the 

cycle in Pves and for the effect of preparation i.e., between animals.  

Unless otherwise stated, all results are presented as the mean ± SE of the mean observation for each animal. 

5.4 Results 

5.4.1 Intact bladder 

5.4.1.1 Pressure traces 

Cyclic changes in pves continued throughout the bulk of observations in the bladder in all 10 rabbits (Fig 5-3). 

The mean frequency of pves cycles in the resting bladder was 3.85 ± 0.3 cpm (n = 7 rabbits, 3 observations), the 

mean amplitude was 0.353 ± 0.01 mm Hg (n = 7 rabbits, 3 observations). The large standard deviations in both 

of these parameters resulted from spontaneous changes from time to time in the amplitude and frequency of 

peaks in pves. The amplitudes but not the frequencies of cycles in Pves temporarily increased after the insertion 

of further 15 ml aliquots of fluid into, and fell after removal of fluid from, the cavity of the bladder. 

The amplitudes of pves cycles were generally greatest, and their frequency most stable, during periods when 

PPCs were in a quasi-stable rhythm and were lowest during periods of inconstancy in the grouping and pattern 

of propagation of PICs (see below) within PPCs (Fig 5-3). Hence, from time to time, the cyclic changes in pves 

ceased whereupon the mean pressure fell and fluctuated in a random manner (Fig 5-3). 
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Figure 5-3 Composite of variation in intracystic pressure, A-type contraction density maps and L-type ST maps 
during propagation of PPCs across the anterior surface of a single preparation of rabbit bladder.  

Left column; variation in intra-cystic pressure (pves); right column; A-type contraction density plots taken over 
consecutive 60 second periods (marked with horizontal dotted lines). The plots indicate the colour coded number of 
frames in which -ve strain rate is less than -4 % strain s-1 at a given pixel in a given 60 second sequence with yellow 
indicating highest count and blue lowest count expressed as a percentage of sixty frames. 

Centre right pair of columns vertically L maps taken along vertically orientated LOIs on the left-hand side (LHS) and 
the right-hand side (RHS) of the bladder.  

Centre left pair of columns L maps taken along horizontally orientated LOIs on the upper (upper left to right) and 
lower (lower left to right) halves of the bladder The slopes of the stripes on the L maps that mark PPCs, or PICs are 
inversely proportional to their propagation speed. Vertical dotted lines are positions of transects shown in Fig 6. 

Note that these positions are with respect to the organ in its position in the bath not its anatomical position. 
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5.4.2 Spatiotemporal mapping  

5.4.2.1  A-type maps of contraction density  

Stacked A-type ST maps (Fig 5-3) showed that propagation of PPCs appeared to be restricted largely to vertically 

orientated sites, which we term temporary patch domains (TPDs), located on one or the other side of the 

anterior face of the bladder. Hence, the TPDs contained points at which high numbers of contractions 

commenced and subsequently propagated largely vertically whilst expanding laterally. The TPDs shifted in 

position spontaneously and erratically over time to other locations. The timing and locations of these shifts 

varied between preparations (Fig 5-4). 

  

 

Figure 5-4 Serial A-type contraction density maps of five preparations of rabbit bladders.   

Red areas of high frequency of contraction occur in distinct regions i.e., temporary patch domains (TPDs) and do not 
occupy the entire anterior surface of the bladder. TPDs spontaneously change in position from left to right and from 
top to bottom of the anterior surface with reciprocal changes in areas where contraction density is low (blue). 
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5.4.2.2 A-type ST maps  

The number of pixels under negative strain on the anterior surface of the bladder varied sinusoidally over time 

(mean 55.28 ± 2.65% of area analysed; 6 rabbits, 3 replicates) rising to a maximum of 66.17 ± 1.63% and falling 

to a minimum of 18.7 ± 0.89% (2 rabbits, 30 observations each rabbit) of the total available area. Spontaneous 

rhythmic propagating patches of contraction (PPCs) (mean patch size 42.61 ± 1.65 mm2) were visible in the 

anterior and anterolateral regions of the bladder wall when the bladder contained in excess of 15 ml of liquid 

(Fig 5-5 and Film 1). Their amplitudes increased with increase in volume of fluid rising to a maximum at a 

volume of 45 mls. No static PPCs were seen. 

 

Figure 5-5 Sequence of A-type ST maps overlaid onto the anterior surface of the bladder during the transit of a 
PPC. During their transit across the surface of the bladder PPCs increase in size by peripheral growth and by 
aggregating with smaller PPCs and decrease in size by the reverse process. 
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The PPCs varied in size, the largest occupying up to 80.2% of the anterolateral surface of the bladder within 

the ellipsoidal mask. Whilst there was some variation between preparations in the speed at which PPCs 

propagated, there was no significant variation in the speeds of propagation according to their site of origin or 

their direction of propagation.  

5.4.2.3 L maps based on vertical and horizontal transects through TPDs 

PPCs propagated through axes that vertically transected TPDs in cyclic quasi-stable paths (Fig 5-3) at a mean 

frequency of 6.33 ± 0.67 cpm (7 rabbits 3 observations). The mean velocity of propagation of PPC measured 

along an LOI orientated on the long axis of TPDs was 4.5 ± 0.27 mm s-1 (5 rabbits, 5 observations) and the mean 

duration was 1.66 ± 0.06 s (5 rabbits, 5 replicates). 

The cyclic bands of the PCCs on the L-maps each consisted of groups of propagating individual contractions 

(PICs) that, judging by the lack of angulation of these events to the horizontal axis, propagated at a higher 

velocity (in excess of 40 mm/s) than that of the PPC (Fig 5-3). Hence, the durations of PPCs (mean 1.66 ± 0.06 

s; 5 rabbits 5 observations) varied according to the number of component PICs The mean duration of PICs was 

0.64 ± 0.06 s (5 rabbits 5 replicates) hence, the average PPC would contain around 3 PICs. The timing and 

direction of propagation of the component PICs within a TPD varied locally along the LOI of the L-map so that 

they sometimes sloped in concert with the overall direction of propagation of the PPC i.e., travelled in the same 

direction, and sometimes sloped in the other i.e., travelled in the opposite direction (Fig 5-3).  

On occasion the grouping of PICs into PPCs broke down, single PICs then occurring irregularly at higher 

frequencies (4-20 cpm) (Fig 5-6) than PPCs, each propagating over shorter distances than those within PPCs. 

Hence while the majority of PPCs propagated over the entire length of the vertical LOI, isolated PICs propagated 

between the mean distance of propagation (18.43 ± 1.05% of the length of the vertical LOI) (5 rabbits, 5 

replicates) (Fig 5-3). Fast Fourier transforms of vertical transects though regions of the L-type maps where 

regular PPCs occurred, showed a dominant frequency of around 4 cpm with harmonics arising from variable 

grouping of component PICs within PPCs.  
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Figure 5-6 Vertical transects (right) and corresponding fast Fourier transforms (left) of L-type strain rate maps 
(right) taken along vertical LOIs at times and locations where PICs were grouped into PPCs (A) and during a period 
when PPCs were not evident (B).  

The sites of the two L-type maps are marked as vertical lines on Figure 3. Note the sequence of harmonic frequencies 
starting at 4 cpm in A) results from the varying patterns of successive groups of PICs within each PPC and that the 
regular progression of harmonics is lost at times and locations where PICs were not grouped into PPCs. 

 

Conversely those of vertical transects through regions in which PPCs broke down, gave an array of larger peaks 

at less regular frequencies that varied between 4 and 20 cpm.  

Similar patterns of grouping of PICs into PPCs, and areas with loss of grouping of PICs into PPCs, were seen on 

L-type ST maps taken along LOIs on horizontal axes orthogonal to the main vertical axis of the TPD (Fig 5-3). 

However, whilst the propagation of the PPCs was sometimes maintained over the entire length of the vertically 

orientated LOIs, it was generally more limited on the horizontal LOIs (Fig 5-3). Similarly, the distance over which 

PICs propagated was relatively reduced on L-type ST maps with horizontal LOIs compared to those with vertical 

LOIs, both in the lower and upper halves of the bladder (Fig 5-3). Hence, the width wise spread of PPCs was 

reduced in the transverse axis compared with that along the main axis of the TPD. During periods on horizontal 
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LOIs, when the organisation into PPCs was lost, the distances that PICs propagated were reduced in a similar 

manner to those that occurred in the vertical LOIs.  

Band like regions of local increase in strain rate i.e., rapid stretching, preceded but did not immediately follow, 

the PPCs (Fig 5-3). This arrangement tended to break down in sites where coordination of PICs into PPCs did 

not occur, thin i.e., short bands of relaxation sometimes preceded, sometimes followed, and sometimes 

occurred both before and after bands of contraction formed by PICs (Fig 5-3). Hence, PPCs tended to propagate 

into sites where stretching had recently occurred but without generating local stretch in their immediate wake 

whilst isolated PICs that were not within PPCs tended to propagate into, and to generate areas of stretch both 

in front of them and in their wake.  

5.4.2.4 The development and involution of PPCs 

Plots of variation of pves, of the % total area undergoing contraction and of the LPI over time with LOWESS 

smoothing showed that both parameters varied broadly sinusoidally. Best curve fits were pves = a + b cos 

(c*time + d), where a = 5.29E+01, b = 3.47E+01, c = 6.87E-02 and R2 = 0.64 total area of contraction = a + b*cos 

(c*time + d), where a = 1.74E+01, b = 8.7E+00, c = 6.50E-02 and R2 = 0.19 (Fig 5-7A and B). Those of the % total 

area undergoing contraction being almost identical to those of LPI. 

Regression of Pves against LPI was highly significant (df 1,184, F = 89.5; p <0.0005) though correlation was low 

(R= 0.32) presumably from high levels of random variation in the data. 

The mean total areas of PPCs were significantly higher during the peak in pves (49.14 ± 0.87 mm2) on two-way 

ANOVA of Johnson converted values (df 1,805, f= 23.7, p<0.0005) compared with those during in the trough in 

pves (34.55 ± 0.86 mm2). Likewise, LPI values during the peak in the sinusoidal variation (19.29 ± 0.79%) in pves 

were significantly higher than those during the trough in pves (14.48 ± 0.65%) on two-way ANOVA (df 1,805, f = 

45.14; p<0.0005) of Johnson converted values.  

The total edges of PPCs that occurred during the peak in pves (59.86 ± 0.15 mm) were significantly longer on 

two-way ANOVA (df 1,804, f = 45.14; p<0.0005) of Johnson converted values than those that occurred during 



152 
 

the trough in pves  (54.80 ± 0.15 mm) indicating that the PPCs were either increasing in size or in complexity of 

shape aggregation index scores during the peaks in pves (98.86 ± 0.05%) were significantly higher than those 

during the troughs in pves  (98.51 ± 0.105) on two-way ANOVA (df 1,805, f= 14.76; p<0.0005) of Johnson 

converted values. Hence, it is likely that aggregation and subsequent fragmentation of PPCs, as well as simple 

increases in their total areas, both contributed to the increase in edge length during the rise in pves. 

 

Figure 5-7 Variation with time of the largest patch index (LPI) and of Pves during periods when PICs were 
synchronised within PPCs. The lines are from LOWESS smoothing of plots of normalised Pves and LPI against the 
percentage of mean cycle time of Pves. 

 

5.4.2.5 Bladder with mucosa removed 

Spontaneous PPCs commenced shortly after warming to 37oC in the organ bath in all three bladder 

preparations. Spatiotemporal mapping showed that the PPCs propagated across the rectangular defect in the 

of the mucosa at the same rate and amplitude as in the adjacent intact bladder wall (Fig 5-8).  
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5.5 Discussion 
Whilst the general characteristics and disposition of patches of propagating contractions (PPCs) on the surface 

of the bladder have been described in previous publications (Lentle et al., 2015b), quantitative evaluation of 

their genesis and involution and accompanying changes in their area and distribution have not. The frequency 

and speed of propagation of PPC in the intact urinary bladder of the rabbit maintained ex vivo are broadly 

similar to those reported in the intact bladders of pigs in vivo and ex vivo (Lentle et al., 2015b). Further, the 

results from ST mapping are broadly similar to those based on published electrophysiological recordings 

(Hammad et al., 2014) but provide additional insight into the organisation of contractile behaviour in the whole 

organ. Hence, like the PPCs and PICs, the occurrence, and amplitudes of patches of spontaneous variation in 

electrical potential i.e., electrical waves, increased with stretch of the bladder wall. Further, as in this study the 

predominant direction of propagation of the changes in electrical potential was along the vertical axis, in line 

with the predominant orientation of myocytes and associated ICCs (Hammad et al., 2014). Similarly, TTX had 

little if any effect, either on the propagation of PICs and PPCs, or on electrical propagation (Hammad et al., 

2014). Again, the mean frequencies of PPCs found in transversely and vertically orientated L-maps were close 

to those reported for bursts of action potentials and synchronous grouped contractions in sheets of guinea pig 

bladder wall denuded of mucosa (4.2 ± 2.2 min -1) (Hikaru Hashitani & Alison F Brading, 2003a; Hikaru Hashitani, 

Brading, et al., 2004), moreover, the numbers of separate action potentials and accompanying contractions 

reported within each burst (5-20 events) was similar to that of PICs within PCCs on transverse and vertical ST 

maps. However, the characteristics of PPCs differed from those of electrical waves in a number of respects. 

Hence, as PPCs propagated vertically, they simultaneously enlarged in the transverse dimension whereas 

electrical waves were reported to rarely propagate in the transverse dimension (Hammad et al., 2014). 

Although the rates at which PPCs propagated in the rabbit bladder (4.5mm ± 0.27 s-1) were similar to those 

reported in a previous ST study of the pig bladder (6.4 mm s-1) (Lentle et al., 2015b) they were significantly 

slower than those of electrical waves in the guinea pig bladder (between 3 and 5 cm s-1) (Hammad et al., 2014). 

However, the latter workers observed that electrical activity could occur either in single isolated spikes or in 

associated bursts and their estimates of the propagation velocity were based on propagation of the former, no 
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However, the fact that the overall frequency of PPCs found in the current work was higher than the electrical 

frequency reported in individual ICC (0.66 ± 0.27 cpm) (Hikaru Hashitani, Yanai, et al., 2004a) supports the 

hypotheses that the predominant frequency of patch contractions results from the action of inherent 

pacemakers within the myocytes (Berridge, 2008) and that ICCs may aid propagation by inducing patches of 

change in potential in or around successive myocyte syncytia (A. Brading, 2006) that increase coordination and 

distance of propagation but do not subvert the inherent frequency.  

The occurrence of TPDs, and of PPCs and PICs within them, has not been previously reported. The sudden shifts 

in the locations of TPDs and changes in the direction of propagation of PICs within PPCs lead us to postulate 

that such behaviour is more likely to result from changes in the organisation and linkage of spontaneous 

oscillation in chains of loosely coupled ICCs (Jan D Huizinga et al., 2015; Specht & Bortoff, 1972) than from 

linkage with permanent sites where populations of ICCs or myocytes have an inherently more rapid rhythm 

i.e., pacemakers (W. J. E. P. Lammers & Stephen, 2008). 

The finding that the forms, frequencies, and rates of propagation of PPCs were identical in areas of the bladder 

that had been stripped of mucosa, with those in adjacent areas in which the mucosa was intact, suggests that 

PPCs and their component PICs are mediated by populations of ICCs within the detrusor muscle rather than by 

ICC within the lamina propria of the mucosa. This conclusion is also in line with the fact that the synchronised 

and desynchronised patterns of PICs seen in our work on bladders with intact mucosa match the two patterns 

of contractions reported in sheets of guinea pig detrusor that had similarly been stripped of mucosa (Hikaru 

Hashitani, Brading, et al., 2004). It is noteworthy in this regard that two types of intramuscular ICC have been 

identified, those positioned along the longitudinal axes of smooth muscle bundles, that do not form 

interconnected networks, and more stellate ICCs typically found in interstitial spaces between SM bundles 

(Johnston et al., 2010). It is tempting to speculate that the latter may be involved with cyclic regional activation 

leading to PPCs whilst the former activate individual PICs.  
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Whilst transverse (hoop) stress is generally higher than vertical stress in conical structures, the extent of 

propagation of PICs within PPCs was lower in the transverse than in the vertical dimension. Again, PICs within 

PPCs could originate either at the base or the apex of vertically orientated TPDs rather than being limited to 

the uppermost region, the site that would be expected to have the greatest hoop stress. Further, the rates of 

lateral spread of PPCs did not differ in the top half of the bladder from that in the bottom half of the bladder. 

Hence it appears that the overall geometry of the bladder, and any consequent gradation in hoop stress, had 

little effect on the disposition of PPCs. Rather, the propensity for PPC and their component PICs to originate 

and propagate along the right or left vertex, and the corresponding reported predominance of propagation of 

electrical waves along the vertical axis (Hammad et al., 2014) may result from morphological or physiological 

rather than mechanical bias i.e., the orientation of the long axes of myocytes (Nagatomi et al., 2005) and the 

processes of ICCs in the vertical dimension (Johnston et al., 2010) and the greater resistance of smooth muscle 

to conduction in a direction orthogonal to the long axis of myocytes (Hikaru Hashitani & Alison F Brading, 

2003a). Nevertheless, areas of transient strain adjacent to local contraction may have a role in promoting 

excitation via local mechanoreceptors (Elbadawi, 1995; G. Ji et al., 2002). Localised bands of positive strain rate 

were found to precede PPCs on L-maps based on vertical LOIs through TPDs and thus could promote their 

formation. However, the pattern of disposition of strain around isolated PICs is more difficult to explain as 

bands of positive strain occurred both before and after these events.  

Our observations on the morphology of developing and involuting PPCs (Fig 5-5) and our quantitative studies 

of the variation in area and shape of PPCs during cycles in intracystic pressure indicate that the sizes of PPCs 

increase and decrease by a combination of peripheral enlargement and agglomeration. Hence, that an increase 

in excitation within TPCs may lead to growth of PPCs by incremental extension of chains of coupled oscillators 

and to interlinking of such chains when smaller PCs approximate and fuse, whilst the reverse processes occur 

at times when the excitation and size of PPCs are declining. 

In sum, analyses of the origin and transit of macroscopic patches of negative strain rate (PPCs) across the 

anterior surface of the bladder supports a hypothesis that PPCs result from the facilitation of the inherent 
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6 Pharmacological modulation of the spatiotemporal disposition 
of micromotions in the resting urinary bladder of the rabbit; 
their pattern is under both myogenic and autonomic control.  

 

6.1 Abstract  
The disposition and dynamics of microcontractions i.e., propagating patches of contraction (PPCS) and their 

component individual myogenic contractions (propagating individual contractions - PICs) in the wall of the 

resting ex vivo tetrodotoxinized urinary bladder of the rabbit were characterised by spatiotemporal maps and 

related to cyclic variation in intravesical pressure (pves) before and after the administration of carbachol, 

isoprenaline, carbenoxolone, and the RhoA inhibitor Y-27632.  

The results confirm that the bladder wall can exhibit two contractile states that are of similar frequencies to 

those of the two types of electrophysiological discharge described by previous workers. In the first of these 

large low frequency cyclic PPCs predominate. In the second, small irregular, higher frequency PICs 

predominate. The addition of carbachol increased the size, frequency, and speed of propagation of PPCs, 

causing the total area undergoing contraction and intravesical pressure to increase, whereas the addition of 

isoprenaline temporarily halted the incorporation of PICs into PPCs, reduced patch size, total area undergoing 

contraction and intravesical pressure. Comparison of the effects of the gap junction blocker carbenoxolone 

and the RhoA inhibitor Y27632 on the timing and disposition of contraction indicated that the local spatial 

spread of contractions in PPCs was governed largely by myocytes, whilst the propagation, frequency, and 

duration of PPCs was likely governed via gap junctions between ICC-IM and myocytes. 
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6.2 Introduction 
The bladder acts as a temporary repository for inflowing urine by appropriate and ongoing adjustment of wall 

compliance i.e., baseline tone, to mitigate any consequent rise in luminal pressure (A. Brading, 2006). Bladder 

urine storage is regulated by local mechanoreceptors in conjunction with elements of the autonomic nervous 

system (K.-E. Andersson & Arner, 2004).  

Myogenic contraction (-ve strain) induced by quick stretch in isolated strips of detrusor (Geoffrey Burnstock & 

Prosser, 1960) likely results from mechanosensitivity of a number of their cellular components. Hence, both 

myocytes (Bülbring, 1955; Kirber, Walsh, & Singer, 1988) and the recently identified (Johnston et al., 2010) C-

kit positive interstitial cells (IC) have been shown to be mechanosensitive (Kraichely & Farrugia, 2007b; Strege 

et al., 2003; K. J. Won, K. M. Sanders, & S. M. Ward, 2005), a 20% stretch being sufficient to augment the regular 

baseline frequency (1.22 ± 0.52 cpm) of calcium transients in the latter (Y. Wang et al., 2010). The cellular sites 

of such mechanosensitivity (Setoguchi, Ohya, Abe, & Fujishima, 1997; X. Wu & Davis, 2001) are thought to be 

at or near gap junctions that link ICC (Rasmussen, Rumessen, Hansen, Smedts, & Horn, 2009) and myocytes 

(Thuneberg & Peters, 2001). Moreover, a body of work indicates that mechanosensitivity ultimately results 

from the mechanical disruption of certain ion channels within the plasma membranes. Hence, stretch of 

myocytes is reported to effect L-type calcium channels and calcium levels within the cytosol (Davis & Hill, 1999) 

as well as non-selective ion channels (M.-C. Wellner & G. Isenberg, 1993), notably stretch dependent ryanodine 

receptors (G. Ji et al., 2002; Poley et al., 2008).  

Such mechanosensitivity and baseline tone may by modulated by beta adrenergic (Frazier, Peters, Braverman, 

Ruggieri, & Michel, 2008), and M2 (Braverman, Tibb, & Ruggieri, 2006) and M3 (Kories et al., 2003) mediated 

cholinergic as well NANC (purinergic, nitrergic and peptidergic) neurotransmitters (K.-E. Andersson & Arner, 

2004). Further, bladder wall compliance may be modulated intracellularly via phosphatidyl inositol 

phospholipase C (Makhlouf & Murthy, 2006), and Rho kinase (ROCK), inhibitors of the latter causing a reduction 

in the potency of the muscarinic response (Braverman, Doumanian, & Ruggieri, 2006).  
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(frequency 4 - 20cpm) (C M Hulls et al., 2017). Hence, we postulated that ICC may periodically coordinate PICs 

into PPCs (C M Hulls et al., 2017). This hypothesis was indirectly supported by reports that the agent imatinib 

(Glyvec®), a c-Kit tyrosine kinase inhibitor that inactivates c-kit positive ICs in strips of bladder muscle, 

progressively reduced the amplitudes of concerted bursts of action potentials, ultimately converting them into 

arrays of randomly firing single action potentials (Kubota et al., 2006a). 

Currently, it is not known whether micromotions result from spontaneous, stretch-induced myogenic activity 

unrelated to the control of tone i.e., bystander activity (Lentle et al., 2015b), or whether they are a product of 

regulation of bladder tone (Lentle et al., 2015b). The observed progressive decline in overall intravesical 

pressure associated with a simultaneous increase in the amplitude and frequency of excursions in intravesical 

pressure, after a sudden increase in the fill of the isolated bladder (J. I. Gillespie et al., 2012b; Klevmark, 1974; 

Charles S Sherrington, 1892a; Streng, Hedlund, Talo, ANDERSSON, & Gillespie, 2006) suggests the latter. 

Similarly, morphological, and biomechanical considerations suggest that tone is likely to be maintained in 

hollow, roughly spherical structures, such as the bladder, by localised rather than global contraction. Hence, 

the maintenance of tone is complicated by the fact that myocytes, like other cells, are incompressible i.e., 

cannot change in volume as they consist largely of water. Hence, lengthwise contraction of a myocyte in 

response to a given strain will be accompanied by width-wise expansion which latter could relieve such strain 

in laterally adjacent tissue and inhibit stimulation of any contained mechanoreceptors. Such an effect could 

persist in the resting bladder, even if autonomic nervous elements globally adjusted the mechanoreceptor 

threshold, and magnitude of contractile response. 

To date little is known of the way autonomic neurotransmitters, and agents that interfere with smooth muscle 

contraction at a cellular level, influence the patterns of contraction in the bladder wall and the consequent 

adjustment of tone and compliance. The current work investigates the direct effects of several such agents on 

the timing and disposition of the various patterns of micromotions, with a view to further elucidating their role 

in the maintenance of bladder tone and capacity. 
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6.3.2 Image acquisition and processing 

In all cases case the bladder was positioned with its anterior surface facing the camera with the point of 

junction of the (1 cm) ureteric remnants with the posterior surface (which could be seen projecting to each 

side of the anterior surface) positioned 1/3 of the way from the top of the video frame.  

Image sequences were captured on a video camera mounted to the side of the organ bath and saved as an 

uncompressed AVI video file for off-line processing. 

The pattern of motility over the bladder surface was evaluated by extending cross-correlation techniques 

(P.W.M Janssen & Lentle, 2013) to two dimensions. In this method, the local movement of the distinctive visual 

textural features or spatially distinct arrays of carbon particles between successive frames were used to 

quantify the displacements of reference points on a grid of equally spaced points within a rectangular region 

of interest (ROI). The area strain rate (ASR) for each reference point was determined from the local 

displacement rates using the same technique that was described in a previous paper (Lentle et al., 2015b). 

Briefly, ASRs were expressed as the percentage change in muscle area per unit time, i.e., % s-1. The sensitivity 

of the ASR mapping method is well established. ASR maps derived from myocardial MRI has been shown to  

provide better discrimination between normal and ischemic zones than other indices of strain (Azhari et al., 

1995). 

Successive two-dimensional spatiotemporal maps of local ASRs (A-type ST maps) were each superimposed on 

corresponding video images of the bladder to enable the patterns of motility on its surface to be visualised. 

The area of superimposition was limited by a user-specified ellipsoidal mask which occupied 45% of the anterior 

surface and excluded sites that were close to the edge of the organ profile where artefacts from minor rotation 

of the organ and foreshortening from angulation of the surface could occur (Fig 1C). The ASRs were colour-
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largest patches of contraction in each frame as a percentage of the total area (LPI) (McGarigal et al., 2002). 

Each was determined in FRAGSTAT (McGarigal, K., SA Cushman, and E Ene. 2012. FRAGSTATS v4: Spatial Pattern 

Analysis Program for Categorical and Continuous Maps) from 180 video frames taken at successive one second 

intervals at points before and after the time of administration of the various pharmaceutical agents that are 

marked on the various composite diagrams.  

The following parameters of PPCs were derived directly from relevant L-type spatiotemporal maps taken along 

the right vertical transects (3rd column of composite figures) i.e., the principal (right) axis of their propagation  

�x the mean vertical rates of propagation determined from the mean of the slopes of all PPCs on L maps 

during the designated 180 second period.  

�x the distance of propagation i.e., the percentages of events that propagated over greater than half the 

lengths of the L maps.  

The following parameters of PPCs were derived from vertical transects of L-type spatiotemporal maps taken 

along the right vertical transects (3rd column of composite figures)  

�x the mean duration of all PPCs during the 180 second period of the transect i.e., the mean of the widths 

of the peaks at 10% of the peak value,  

�x the dominant frequencies of cyclic variation in strain rate were determined from fast Fourier 

transforms of variation in strain rate taken over the 180 second period of the transect. 

All these values were determined for each of the three animals before and after the various treatments and 

were subsequently compared by repeated measures ANOVA in the SYSTAT statistical suite (SYSTAT Software 

Inc.© SYSTAT 13 v13.1)). Unless otherwise stated, all results are presented as the mean ± SEs of the means of 

three separate preparations.  

To aid in the visualisation of the principal locations and sizes of areas of negative strain rate i.e., contraction 

on the anterior surface of the bladder, we stacked A-type ST maps from 60 video frames taken at successive 
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Table 1 Comparison of various parameters of overall contraction and parameters of PPCs derived from L maps for rabbit bladders maintained ex vivo before 
and after the administration of various agents.
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6.4 Results 

6.4.1 Carbachol 

The addition of 0.1 µM (bath concentration) of Carbachol caused the total area of contraction, largest patch 

size, and mean patch size to increase significantly (Fig 6-1 and Table 1). Similarly, it caused the frequency, 

speed, and distance of vertical propagation of PPCs to increase significantly (Table 1) with concomitant 

reduction in the occurrence of PICs (Fig 6-1). However, the mean duration of PPCs was significantly reduced 

and the number of contractile patches was unchanged (Table 1). These changes in spatiotemporal 

characteristics were accompanied by a significant rise in baseline intravesical pressure (Fig 6-1). Thus, at any 

given time, the overall area of myocytes undergoing contraction was greater than those in the resting bladder. 

It is noteworthy that, at the dose used, carbachol did not, at any time, cause generalised sustained contraction 

of the entire detrusor. 

Dosage with 1 µM (bath concentration) of atropine (n=2) had no significant effect on the spatiotemporal 

organisation of either PPCs or PICs in the tetrodotoxin-dosed bladder, or on mean intravesical pressure, 

showing that tetrodotoxin had completely inhibited any cholinergic drive from elements of the 

parasympathetic or endogenous nervous tissue, and that there were no pre-existing changes from residual 

endogenous cholinergic transmitters. Hence, any effects of cholinergic agents on motility of the tetrodotoxin-

dosed bladder would have resulted solely from their direct stimulation of tissue cholinergic receptors.  
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Figure 6-1 Composite of spatiotemporal maps showing the effect of carbachol (0.1 µM bath concentration) on 
resting contractile activity of the tetrodotoxinized ex-vivo rabbit bladder. 

First (left) column, intravesical pressure; second column, L-map on the left vertical transect; third column, L-map on 
the right vertical transect; fourth column serial spatiotemporal two-dimensional maps of cumulative changes in 
strain rate over sixty seconds. Vertical white lines show regions used for extracting quantitative data prior to, and 
after, administration of the agent.  
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6.4.2 Isoprenaline 

The addition of 1 µM (bath concentration) of isoprenaline caused prompt and marked reduction of PPCs with 

PICs then predominating (Fig 6-2). Hence, the percentage mean total area of contraction, mean patch size and 

largest patch index all decreased significantly (Table 1) whilst the number of patches was unchanged. Similarly, 

the propagation of remaining larger areas of contraction appeared to cease (Table 1). These changes were 

accompanied by a general decrease in mean basal intravesical pressure and a prompt decrease in the 

amplitude of its oscillation (Fig 6-2) (Table 1). Fragmentation of PPCs into component PICs was evident on 

vertical L-maps (Fig 6-2) shortly after dosage, as was re-association of PICs into PPCs at the commencement of 

recovery (180-300 minutes). 

Dosage with 100 µM (bath concentration) of propranolol had no effect on the organisation of PPCs or PICs in 

the tetrodotoxin dosed bladder, showing that tetrodotoxin had completely inhibited any adrenergic drive from 

elements of the sympathetic or endogenous nervous tissue and that there were no pre-existing changes from 

residual endogenous adrenergic transmitters. Hence, any effects of adrenergic agents on the motility of the 

tetrodotoxin-dosed bladder would have resulted solely from their direct stimulation of tissue adrenergic 

receptors. 
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Figure 6-2 Composite of spatiotemporal maps showing the effects of Isoprenaline (1 µM bath concentration) on 
resting contractile activity of the ex-vivo tetrodotoxinized rabbit bladder. 

First (left) column, intravesical pressure; second column, L-map on the left vertical transect; third column, L-map on 
the right vertical transect; fourth column serial spatiotemporal two-dimensional maps each of cumulative changes 
in strain rate over sixty seconds. Vertical white lines show regions used for extracting quantitative data prior to, and 
after, administration of the agent. White arrows on left vertical transect show point fragmentation of PPCs into PICs, 
yellow arrow point of re-association into PPCs.  
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6.4.3 Carbenoxolone 

The addition of 0.05 mM (bath concentration) of carbenoxolone caused no change in either the PMTA, the 

number of contractile patches, the largest patch index, or the mean patch size. However, the durations of PPCs 

decreased significantly whilst both their frequency and velocity of propagation increased significantly (Table 

1). There was no discernible increase in the numbers of PICs nor was there any significant change in baseline 

pressure, although one preparation showed a transient low-grade increase (Fig 6-3). 

Thus, whilst the gap junction blocker did not influence any of the general characteristics of contraction or 

inhibit the organisation of PICs into PPCs, it reduced the duration of PPCs and increased their frequency and 

velocity of propagation.  
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Figure 6-3 Composite of spatiotemporal maps showing the effects of the gap junction blocker carbenoxolone (0.05 
mM bath concentration) on resting contractile activity of the tetrodotoxinized ex-vivo rabbit bladder.  

First (left) column, intravesical pressure; second column, L-map on the left vertical transect; third column, L-map on 
the right vertical transect; fourth column serial spatiotemporal two-dimensional maps each of cumulative changes 
in strain rate over sixty seconds. Vertical white lines show regions used for extracting quantitative data prior to, and 
after, administration of the agent. 
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6.4.4 Rho A blockade 

The addition of 1 mg RhoA Y-27632 (10µM bath concentration) caused a significant decrease in PMTA, mean 

patch size and largest patch index (Table 1). Correspondingly there was a decrease in the durations of PPCs, a 

reduction in their distance of propagation, an increase in their frequency (Table 1) and an increase in the 

numbers of PICs (Fig 6-4). The baseline intravesical pressure was significantly decreased (Table 1).  
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Figure 6-4 Composite of spatiotemporal maps showing the effects of Rho A inhibition (10 µM bath concentration 
of Y-27632) on resting contractile activity of the tetrodotoxinized ex-vivo rabbit bladder.  

First (left) column, intravesical pressure; second column, L-map on the left vertical transect; third column, L-map on 
the right vertical transect; fourth column serial spatiotemporal two-dimensional maps each of cumulative changes 
in strain rate over sixty seconds. Vertical white lines show regions used for extracting quantitative data prior to, and 
after, administration of the agent. 
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6.5 Discussion  
As in our previously published work (C M Hulls et al., 2017), two patterns of contraction were identified on 

two-dimensional spatiotemporal mapping of the untreated tetrodotoxinized bladder, the first consisting of 

large patches of propagating contraction (PPC) and the second consisting of irregularly-distributed small, 

localised contractions (PIC). These contractions and the responses to the various pharmaceutical agents that 

globally influenced the excitability and ease of transmission between the cellular components of the bladder 

wall, were not globally uniform, indicating that at any given time the distribution of compliance across the 

surface of the bladder was similarly inhomogeneous. The pattern of this inhomogeneity, with greater vertical 

than width wise propagation of PPCs, is in line with the reported predominance of vertically-orientated 

myocytes (Nagatomi et al., 2005), the bias in orientation of the processes of ICCs along the long axes of 

myocytes (Johnston et al., 2010) and the possible width wise expansion of contracting myocytes and 

consequent reduction of circumferential strain. Hence, regardless of any neurally mediated release of 

transmitters, volumetric accommodation to inflowing urine likely results from dynamic localised, rather than 

static global changes. 

The results from dosage with parasympathetic and sympathetic agonists indicate that the relative proportions 

of the two contractile regimes over the surface of the bladder may be influenced by autonomic nervous input. 

Hence, the rate of formation of PPCs i.e., their frequency and the distance of their propagation, and the 

consequent general increase in the area of myocytes undergoing contraction at any given time, are promoted 

by cholinergic receptors, presumably the M2 type in the rabbit (Schneider, Fetscher, Krege, & Michel, 2004). 

Similar increases in contractile activity with cholinergic agonists have been reported in thin sheets of bladder 

muscle (Hikaru Hashitani, Brading, et al., 2004) and in entire bladders maintained ex vivo that had not been 

treated with tetrodotoxin (Gevaert, Ost, & De Ridder, 2006; Brian A Parsons, Marcus J Drake, Andrew Gammie, 

Christopher H Fry, & Bahareh Vahabi, 2012) where it may have resulted from a combination of activation of 

myogenic and intrinsic neurogenic receptors. The result demonstrated that any rise in intravesical pressure or 

wall compliance was a consequence of an increase in overall areas and numbers of PPCs at a given time as well 
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between ICC-IM and myocytes that bear connexin -43 (Hikaru Hashitani, Fukuta, Takano, Klemm, & Suzuki, 

2001) and those between myocytes that bear connexin-45 (Christopher H Fry et al., 2004), and the responses 

to RhoA antagonists, which act directly on bladder myocytes attenuating their contraction (Wibberley et al., 

2003), sheds some light on these three spatiotemporally distinct processes.  

If we consider that  

1) the overall duration of a PPC is proportional to the number of PICs that are successively incorporated 

into it,  

2) that mean patch size is an index of synchronous local spread,  

3) that the velocity of the PPC is an index of directional facilitation of propagation, 

if ICC-IM associated gap junctions were responsible for all three actions, then they would all decrease on 

blockade of connexin-43 mediated gap junction. Conversely if the three actions were solely due to the 

electrotonic behaviour of myocytes, we would expect that the actions of gap junction blockers (which block 

connexin-45 mediated gap junctions) and RhoA antagonists (which generally decrease excitability of myocytes) 

would both cause these parameters to decrease. Again, if the three actions were solely due to the electrotonic 

behaviour of myocytes, and if the gap junction blocker acted only on connexin-43 mediated gap junctions, we 

would expect that RhoA antagonists alone would cause all three parameters to decrease. Hence the results 

showing that carbenoxolone had no significant effect on largest patch index or patch size, whilst RhoA 

significantly reduced both these parameters, suggest that, at the dose used, this agent had little effect on 

connexin-45 mediated gap junctions and that the synchronous local spread of contraction was governed solely 

by myocytes. Conversely, the fact that both carbenoxolone and the RhoA inhibitor Y-27632 decreased the 

durations of PPCs suggests that the former agent influenced connexin-43 mediated gap junctions, and that the 

electrotonic action of ICC-IM contributed to the successive incorporation of PICs into PPCs. This finding is in 

line with work showing that carbenoxolone reduced the coherence of propagation of ICC-MY engendered 

electrotonic effects in the terminal ileum (Park et al., 2006) and impaired the synchronicity of calcium (Ca2+) 
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wave transit across smooth muscle bundles (Hikaru Hashitani, Yanai, et al., 2004a) from the urinary bladder of 

the guinea pig. Hence in the intact bladder carbenoxolone appears to act on connexin-45 mediated gap 

junctions. The resultant dyssynergia could account for its effect in increasing the apparent overall frequency of 

ICC-IM engendered PPCs. It could also account for the increase in their velocity of propagation given that the 

likelihood of coupled oscillation (Parsons & Huizinga, 2015) may increase when a number of signals of similar 

frequency but differing coherence are present. 

The failure of carbenoxolone to influence LPI and mean patch size (Table 1) at the dose used suggests that, in 

spite of its reported action in impairing the transit of dye between myocytes via gap junctions in muscle strips 

(Hikaru Hashitani et al., 2001), it has relatively little effect on electrotonic coupling between adjacent myocytes 

in intact bladders. A similar lack of myogenic effect has been reported in the isolated bladder of the adult rat 

(Ikeda et al., 2007). It is noteworthy in this respect that some of the prior work was conducted on muscle strips 

rather than the intact organ and used insoluble glycyrrhetinic acid derivatives that were dissolved in DMSO 

(Hikaru Hashitani et al., 2001) an agent known to induce pore formation in cell membranes (Gurtovenko & 

Anwar, 2007; Notman, Noro, O'Malley, & Anwar, 2006).  

The suggestion that carbenoxolone has different effects on connexin-43 and connexin-45 mediated gap 

junctions fits in with evidence from strips of gallbladder smooth muscle, that contains numbers of ICCs (Lavoie, 

Balemba, Nelson, Ward, & Mawe, 2007), although the effects were opposite to those reported here. Hence, 

carbenoxolone interfered with the development of Ca2+ waves in smooth muscle but not within ICC (Lavoie et 

al., 2007).  

Again, the finding that the disposition of contractions on A-type contraction density plots (Fig 5-3 column 4) 

changed markedly on addition of carbenoxolone suggests that different regions of the bladder may vary in 

their sensitivity to the agent. This is supported by findings that 18-beta-glycyrretinic had differing effects on 

trigonal and detrusor muscle strips taken from the guinea pig bladder (Roosen et al., 2009). 
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The finding that that the Rho A inhibitor Y27632 generally inhibited local spread of myocyte contraction fits in 

with its reports of inhibition of electrical field stimulation induced, bethanechol-induced (Jezior et al., 2001; 

Wibberley et al., 2003) and stretch-induced (Poley et al., 2008) contraction in isolated strips of smooth muscle 

from the rabbit bladder. Again its effect on the duration of PPCs fit in with its reported effect in reducing the 

amplitude and the regularity of burst type contractions in strips of guinea pig detrusor (Hikaru Hashitani, 

Brading, et al., 2004).   

In summary: the results of this study shed further light on the manner in which adrenergic and cholinergic 

agents reciprocally influence the different types of contractile activity in the resting whole bladder. They also 

shed light on the contributions of ICCs and myocytes to the initiation, local spread and the propagation of 

contractions and the formation of microcontractions. The ability of two-dimensional spatiotemporal mapping 

to highlight subtle differences in the pathways and timings of contractions in the isolated bladder following 

treatment with pharmaceutical agents, offers good prospects for its use in further functional pharmacological 

assays.   
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spermatozoa (Eytan, Jaffa, Har-Toov, Dalach, & Elad, 1999) and during early pregnancy to secure the proper 

placement of the conceptus in the uterine cavity (SUSAN Wray, 1993). Currently we can find no definitive 

evidence that these events are organised to propagate in the appropriate direction. 

Conversely, if the uterus were to act primarily on a basis of mechanotransduction and the movement of the 

contents to be consequent on changes in volume or intrauterine pressure, then the direction of their 

movement could be determined by concomitant reciprocal variation in the level of occlusion of the proximal 

i.e., tubal, or the distal i.e., cervical openings of the cavity rather than by change in the spatial organisation and 

sequence of contraction. This would obviate any need for changes in direction of contraction via neural or 

myogenic means. 

In the current work we use various video spatiotemporal mapping (VSTM) techniques to directly quantify and 

statistically evaluate the temporal and spatial form, area, and coordination of spontaneous contractions in the 

wall of the pregnant uterus of the rabbit maintained in situ prior to and at term and after dosage with increasing 

quantities of oxytocin and after subsequent dosage with salbutamol. This, with a view to comparing the spatial 

and temporal characteristics of contractions during the accommodative and expulsive phases of uterine action 

during pregnancy with those obtained from multi-electrode electro-physiological and other studies. Further, 

to determine whether in the latter phase the spatial pattern of contractions are consistent with direct 

propulsion of contents by peristalsis, or by expulsion from the resetting of uterine tone. 

7.3 Materials and Methods 
All the experimental procedures were approved by the Massey University Animal Ethics Committee (MUAEC 

approval number 17/100) and complied with the New Zealand Code of Practice for the Care and Use of Animals 

for Scientific Purposes.  
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electrodes (see below). Note that it was not possible to insert electrodes into the area of the uterus undergoing 

VSTM as the presence of the wire interfered with the video image and hence the subsequent analysis.  

Image sequences were recorded on a video camera mounted above the organ bath to capture the three most 

distal foetuses in the left cornua of the uterus and saved as uncompressed AVI video files for off-line processing. 

Hence the motility pattern over the surface of each cornua was subsequently evaluated by cross-correlation 

techniques in one or two dimensions using the techniques described below.  

An intravenous line was inserted through which requisite doses of the pharmaceutical agent oxytocin was given 

(Phoenix. Vetpharm (NZ) Ltd).   Oxytocin is a known specific activator of uterine contractility at term (A.-R. 

Fuchs, Fuchs, Husslein, & Soloff, 1984). Salbutamol (GlaxoSmithKline (NZ) Ltd)  is known to inhibit contractions 

in the gravid uterus (McDevitt, Wallace, Roberts, & Whitfield, 1975).  Salbutamol was added directly to the 

organ bath super perfusate to give a bath concentration of 174 nmol/L. The latter route was chosen to minimize 

the generation of any systemic e.g., cardiovascular effects that could have a confounding effect on uterine 

motility.  

At the conclusion of the recordings the anesthetised animal was euthanised with an IV bolus of pentobarbitone 

(125 mg/Kg) (National Veterinary Supplies Ltd. Auckland, New Zealand). The crown rump lengths of the 

foetuses from the eight pregnant rabbits were subsequently determined post mortem and used to determine 

their gestational age (Evans & Sack, 1973) and hence the duration of the pregnancy. This enabled the 

preparations to be categorised on a basis of their gestation. 

The temporal correlations of the various parameters derived by spatiotemporal mapping were subsequently 

correlated with those of the electrophysiological recordings. The variations in the various quantified temporal 

and spatial parameters of uterine contractions were subsequently compared according to gestational age so 

as to identify any significant cross correlation.   

Video spatiotemporal mapping (VSTM) allows the local movement of the distinctive visual features, (in this 

case formed by the carbon particles) between successive frames to be quantified by the displacements of 
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reference points on a grid of equally spaced points within a rectangular region of interest (ROI). Linear strain 

rates can be recorded either along the longitudinal or the radial dimensions of the uterine cornua. 

Conventionally, strain rates have a negative value when the distance between a given pair of markers is 

decreasing i.e., the tissue is contracting, and a positive value when the distance between markers is lengthening 

i.e., the tissue is expanding. Thus L-type spatiotemporal (ST) maps i.e., unidimensional plots of the variation in 

linear strain rate at all points along an appropriately curved longitudinal line of interest (LOI) and along a 

straight radial LOI (x-axis) over time (y-axis), were generated from the video recordings (Fig. 7-1). The 

longitudinal LOIs were positioned along the central axis of the anterior surface of the cornua and the radial 

LOIs orthogonal to this i.e., vertically across the anterior surface overlying the mid-point of the foetus.  

The speed and direction (radial or longitudinal) of propagation of a burst of contractions, or of its component 

individual contractions, across the surface of the uterus can be directly determined from these unidimensional 

maps. Hence, the (acute) angle formed between the front of a propagating contraction and the horizontal axis 

is inversely proportional to its speed of propagation, a shallow angle indicating a faster speed. The direction of 

movement of the propagating front is indicated by the direction of the acute angle i.e., left to right or right to 

left. The frequencies of the burst type contractions can be determined from the points of intersection of 

successive bursts on a vertical line on the ST map in the time dimension. Further, the profile of frequencies 

between 1 and 10 cycles per minute (cpm) of all contractile events including burst contractions could be 

assessed from Fast Fourier transforms taken along the same vertical transects of the L-type ST maps over a 

period of 300 seconds, derived in Microsoft Excel. The Fast Fourier transforms could then be compared 

between the two gestational age groups and between the three doses of oxytocin within each group. The 

amplitudes and durations of the individual and burst contractions can be determined from vertical transects 

and similarly compared.  

Area strain rates (ASR) at each reference point on the ellipses can determined from the local displacement 

rates of markers using the same technique that was described in a previous paper (Lentle et al., 2015b). Briefly, 

ASR are expressed as the percentage change in muscle area per unit time, i.e., % s-1. Like linear strain rates, 
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ASRs have a negative value when area is decreasing and a positive value when area is increasing. 

Unidimensional plots of the variation in ASR over time (A-type plots) can be plotted in the same manner as L-

type maps. Alternatively, two-dimensional plots of variation in ASR can be overlaid onto real time video frames 

to produce two-dimensional A-type plots. The sensitivity of the ASR mapping method is well established. 

Hence, for example, ASR maps derived from myocardial MRI have been shown to provide discrimination 

between normal and ischemic zones than other indices of strain (Azhari et al., 1995).  

A sequence of uni-dimensional (A-type or L-type) and two-dimensional (A-type) ST maps, were prepared. The 

latter were superimposed on corresponding video images of the uterine cornua to enable the patterns of 

motility on its surface to be directly visualised. The area of superimposition was limited by a user-specified 

standardised ellipsoidal masks with their longitudinal axes located on and aligned with the longitudinal axis of 

the cornua and their radial axis position across the midline of the foetal outline. Each data set was taken from 

ellipse that occupied 45% of the anterior uterine surface. This proportion was chosen in order to exclude all 

sites that were close to the edge of the organ profile in which artefacts from rotational movement of the organ 

and parallax could occur (Supplementary Data 1). Hence the 45% area of the 18-21 day gestation group (110 

mm2) was significantly smaller than that of the 28-day gestation group (695 mm2). Thus, comparisons of data 

between the two gestational ages could be confounded by differences in total area. Hence a further data set 

was taken in which the area of the ellipse on the 28 day group identical to that on the 18 day group i.e., 110 

mm2 with the longitudinal axis of the ellipse similarly located on the longitudinal axis of the cornua so as to 

standardise for area. The resulting ASRs were colour-coded such that rapidly contracting areas appeared yellow 

(-ve ASR), more slowly contracting areas appeared red and expanding areas appeared blue (+ve ASR). 

The two-dimensional parameters of groups of propagating patches of contraction (PPCs) within the ellipse of 

A-type ST maps of controls and following the various treatments were each determined from 300 video frames 

taken at one second intervals over a five-minute period. Each original video image was imported into ArcGIS 

(v10.4 1999-2015 Esri Inc). In this analysis component pixels in which the strain rate was below 
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7.4 Results 
Spontaneous local uterine contractile activity was successfully recorded in four rabbits at mid gestation (18-21 

days) and four at late gestation (28 days) and after increasing IV doses of oxytocin and subsequent dosage with 

salbutamol at various sites across the left uterine cornua.  

7.4.1 Mid gestation (18-21 days) 

7.4.1.1 Unidimensional plots 

Unidimensional plots of variation in linear (see later) and area strain rate (Fig 7-1) each showed short-lived 

contractions that occurred over a range of frequencies from 0.5 and 10 cpm and propagated rapidly over short 

distances in the radial and in the longitudinal plane. Consequently, they were angled slightly to the left or right 

of the ST map. There was no tendency for the direction of propagation of an individual contraction to change 

(Fig 7-1).  

There were no significant differences, on repeated measures ANOVA, in the durations or the frequencies of 

contractions or their direction of propagation (Fig. 7-2) (Table 2), following the IV administration of increasing 

doses oxytocin.   

7.4.1.2 Two dimensional plots 

Two dimensional plots of variation in area strain rate showed spontaneous short- lived contractile activity 

occurred in pleomorphic patches at all sites on the uterine cornua in all rabbits of 18-21 days gestation 

(Supplementary Data 2). These patches increased in size by peripheral growth and by aggregation with smaller 

contractions and decreased in size by the reverse process. The sites of such intermittent contraction were 

randomly distributed across the entire radial surface of the cornua overlying and around each foetus.  

Following treatment with increasing IV doses of oxytocin there were no significant increases, on repeated 

measures ANOVA, either in the densities of contractions within the 45% ellipse i.e., contraction density, or in 

mean number of patches, the largest patch index or the mean patch area (Fig. 7-3) (Table 3A). 
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Figure 7-1 Unidimensional plots of temporal and positional variation in area strain rate, vertical transects, and their fast Fourier transforms before and 
following IV administration of increasing doses of oxytocin from a rabbit uterus at day 18 of gestation.
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7.4.2 Late gestation (28 days) 

7.4.2.1 Unidimensional plots 

Unidimensional plots of variation in linear (Fig 7-4) and area (Fig 7-5) strain rate showed no evidence of 

spontaneous emergence in late gestation of consecutive, radially disposed, bands of circular and longitudinal 

contractions, such as are seen in peristalsis, either in the radial or the longitudinal transects of plots of variation 

in area strain rate. Similarly, there was no evidence of temporal or spatial coordination after increasing doses 

of oxytocin (Fig 7-5). Thus, localised longitudinal and circular components of contractions continued to occur 

irregularly, and on occasion concurrently, with no evidence of temporal or regional (Fig 7-5) organisation.  

At 28 days gestation the mean frequency of contractions was significantly increased, and the durations 

significantly reduced, on one-way ANOVA compared with those at 18-21 days gestation (Fig. 7-3A and B) (Table 

2). 

Conversely, increasing IV doses of oxytocin (from 8 to 16 IU) caused local contractions to become grouped into 

broader, more regular, composite bands of significantly longer duration and lower frequency on one-way 

ANOVA (Figs 7-3, 4, 5) (Table 2). The changes in mean frequency were also reflected in the fast Fourier 

transforms of the vertical transects of the unidimensional maps of variation in area strain rate, by an increase 

in the lower frequencies around 10 cpm (Fig 7-5). There was also an increasing tendency for the composite 

burst contractions to propagate proximally rather than distally and to propagate across the entire length of the 

unidimensional plot (Fig 41).  

Unidimensional area strain rate plots taken with LOIs traversing two successive foetuses and spanning the 

region between the two (Fig 7-6), showed that on occasion, composite contractions propagated from the wall 

that overlay one foetus onto the wall overlying the neighbouring foetus. However, the bulk of the data showed 

no consistent correlation of the activities in the two sites (Fig 7-6). 

 



210 
 

 

Figure 7-2 Effects of gestational growth, oxytocin, and salbutamol on durations (A) and frequencies (B) of uterine 
contractions in the gravid rabbit at 18-21 days and at 28 days on parameters derived from unidimensional VSTM.  

Differences from control on repeated measures ANOVA following dosage with IV oxytocin; *p < 0.05, **p < 0.01, 
***p < 0.001. 
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Figure 7-3 Effects of gestational growth, oxytocin and salbutamol on parameters derived from two dimensional 
VSTMs of the gravid rabbit uterus using A) an ellipse of 110mm2 at 18-21 days and at 28 days and B) an ellipse of 
vs 695mm2 at 28 days only.  

Differences from control on repeated measures ANOVA following dosage with IV oxytocin; *p< 0.05, **p <0.01, ***p 
< 0.001. Differences between controls on one-way ANOVA; ## p < 0.02.  
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7.4.2.2 Two dimensional plots 

The same spontaneous short-lived contractile activity occurred in pleomorphic patches at all sites on the 

uterine cornua in all rabbits of 28 days gestation (Fig 7-7A) (Video 1 and 2) as did at 18-21 days gestation 

(Supplementary Data 2). When the patterns of spontaneous contractile activity in the controls at 28 days 

gestation were compared with those at 18-21 days gestation, using an ellipsoid mask of identical size (110 

mm2) there were no significant differences either in the number of patches or areas of largest patches (LPI) 

(Fig. 39A) (Table 3A). Again, with the smaller mask, both the densities of contraction (%PLAND) and mean patch 

size (MPS) were significantly lower on ANOVA at 28 days gestation than at 18-21 days gestation (Fig.7-3A) 

(Table 3A). However, the values for MPS were significantly greater when contraction data obtained with the 

(larger) 695 mm2 ellipse taken at 28 days gestation was compared with the data from the (smaller) 110mm2 

ellipse taken at 18-21 days (Fig. 7-3B) (Table 3B), indicating that patch size increased with the uterine 

enlargement, but there was not a significant decrease in contraction density (%PLAND). 

Whilst none of these parameters changed significantly after treatment with increasing doses of oxytocin at 18-

21 days gestation, they increased significantly following dosage at 28 days gestation (Fig 7-3B) (Video 2) (Table 

3B). Hence, there was a significant increase in the contraction density (%PLAND) on repeated measures ANOVA 

within the 695 mm2 ellipses in rabbits of 28 days gestation (p<0.05, df 3,9, f = 18.46) (Fig 7-4) (Table 3B). 

Similarly, there were significant increases on repeated measures ANOVA in the largest patch index and in MPS 

(Fig 7-3B) (Table 3B). Similar results were obtained with data from the smaller mask size (110 mm2) (Fig 7-3A) 

(Table 3A).  

7.4.3 Effects of salbutamol after oxytocin 

Addition of salbutamol directly to the organ bath superperfusate, to a concentration of 174 nmol/L, following 

treatment with increasing doses of oxytocin at 20 days caused the contractions to fragment into their short-
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lived, component, individual micro-contractions (Figs. 7-2, 7-3 and Supplementary Data 3) (Tables 2 and 3) with 

corresponding reduction in their duration and distance of propagation despite the lack of effect of oxytocin. 
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Figure 7-4 Component unidimensional plots of radial and longitudinal strain rate and area strain rate in the cornua of a rabbit uterus at 28 days of gestation.  

Consecutive columns in (A) are concurrent. The plots of linear strain rate in the longitudinal (red) (1st column) and radial (blue) (2nd column) direction, the 
overlay of the two (with longitudinal shown as pink) (3rd column) and the concurrent map of area strain rate plot (4th column) show no tendency to form 
consistent sequences contraction. Superimposition of plots from vertical transects of first and second columns (B) demonstrates the lack of synergy between 
contractions in radially and longitudinally orientated smooth muscle.
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Figure 7-5 Unidimensional plots of variation in area strain rate, their vertical transects, and fast Fourier transforms of contractile activity in a uterine cornua 
of a gravid rabbit of 28 days gestation, before and following increasing intravenous doses (4, 8 and 16 IU) of oxytocin.  

Note the increase in duration and decrease in predominant frequencies at the higher doses of oxytocin.
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Figure 7-6 Temporal sequence of unidimensional maps showing variation in area strain rate from contractile activity in adjacent foetuses in a rabbit uterine 
cornua of day 28 gestation, following intravenous administration of 16 IU oxytocin.  

The circles (right) represent the sites of VSTM sampling for L Maps (Left) site 1 overlies the distal pole of the first foetus in the cornua, site 2 the interval between 
the foetuses (distended with displaced amniotic fluid), site 3 the proximal pole of the next foetus and site 4 the distal pole of that foetus.  
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Hence there were significant reductions on ANOVA in duration (F (4, 15) = 17.77, p = 0.004) %PLAND (F (4, 15) 

= 19.72, p = 0.0003), largest patch index (LPI) (F (4, 15) = 49.14, p = 0.0005) and the number of patches (F(4, 

15) = 11.22, p = 0.0005) and compared to those after dosage with oxytocin. 

Addition of salbutamol directly to the organ bath superperfusate, to a concentration of 174 nmol/L, following 

treatment with increasing doses of oxytocin at 28 days caused the relatively prolonged contractions of lower 

frequency and longer duration that formed after dosage with oxytocin to fragment into their short-lived, 

component, individual micro-contractions (Figs 7-2, 7-3 and Supplementary Data 3) (Tables 2 and 3) with 

corresponding reductions in their duration and distance of propagation. Hence there were significant 

reductions on ANOVA in duration (F (4, 15) = 22.28, p = 0.002) and %PLAND (F (4, 15) = 130.02, p = 0.0005) and 

number of patches (F (4, 15) = 27.37, p = 0.0005) and compared to those after dosage with oxytocin. Hence, 

salbutamol had similar effects after dosage with oxytocin regardless of gestational age and the lack of any 

significant effects of oxytocin at 20 days gestation. 

7.4.4 Electrophysiology  

The electrophysiological recordings taken at sites adjacent to those of VSTM (a total of four rabbits) had overall 

frequencies of burst type events that were of a similar order of magnitude to those of micro-contractions with 

a similar relative increase following dosage with IV oxytocin (Supplementary Data 4). Hence the mean 

frequencies during control periods (N=4) were 1.72 ± 0.86 Hz, that following 4 IU of oxytocin was 2.39 ± 1.20 

Hz, that following 8 IU was 2.75 ± 1.37 Hz and that following 16 IU was 3.48 ± 1.74 Hz. Likewise, the frequencies 

in these recordings decreased to 0.51 ± 0.29 Hz following addition of salbutamol.  
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Figure 7-7 Temporal sequence of two-dimensional maps showing changes in area strain rate from spontaneous contractions in a representative rabbit uterus 
at 28 days gestation before (A) and after dosage with oxytocin (B) overlaid onto the anterior surface of the uterus. 

Decrease in size from active contraction shown as red (high) and yellow (medium) levels of negative strain rate with stasis or relaxation shown in blue. Green 
Scale bar at time 0 sec of each contractile sequence represents 10 mm.
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The pattern of aggregation of adjacent patches of contraction and their subsequent decay by the reverse 

process (Fig. 7-7 & Supplementary Data 2) (Videos 1 and 2) suggests that their disposition is governed primarily 

by local myogenic rather than concerted neurogenic activity. This statistically supported conclusion, based on 

the direct quantitative spatiotemporal data, fits in with reported electro-physiological events i.e.,  irregular, 

sometimes re-entrant, patterns of propagation of excitation (Wim JEP Lammers, 2013). 

The significant overall decrease in the density of patch contractions and their duration, and the increase in  the 

frequencies of contractions with the length of gestation, together suggest that the concomitant increase in  

uterine size and cavity volume from smooth muscle hypertrophy (Owens & Schwartz, 1982) results in a 

decrease in  connectivity between adjacent myocytes (Fig 7-8). This in turn causes the compliance of the uterine 

wall and its mechano-sensitivity to progressively decrease, allowing the uterine cavity to accommodate the 

growing foetus (Fig 7-8). Whilst it is possible that such accommodation could result from extrinsic neurogenic 

signalling, our results suggest that it is myogenic in origin (see below). This fits in with the findings that the 

capacity of the uterus to accommodate the growing foetus is preserved in uterine transplants in which extrinsic 

neural connections have necessarily been severed (Brännström et al., 2015), and the fact that no functional 

intrinsic neutral network has yet been identified in the uterine wall.  

Given the reported increase in densities of oxytocin receptors in late pregnancy (A.-R. Fuchs et al., 1984),  the 

tendency at late gestation for component patches of contraction to be larger, of longer duration and to 

propagate over greater distances after dosage with oxytocin, fit in with the electrophysiological findings that 

electrical connectivity between myocytes increases in later pregnancy  (R. Garfield, Yallampalli, Chard, & 

Grudzinskas, 1994) and the progressive recruitment of action potentials to form more sustained, faster moving, 

composite bursts of contractions (Caldeyro-Barcia & Alvarez, 1952; WJ Lammers, Arafat, el-Kays, & el-

Sharkawy, 1994; W. J. Lammers, 1996a; J. M. Marshall, 1962a) (Video 2). 

The finding that contractions that originate at sites on the uterine wall which overlie one foetus may on 

occasion propagate to neighbouring foetuses, indicates the extent of such increased connectivity and mitigates 
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against a hypothesis of a single localised peri-placental origin of excitation (W Lammers et al., 2013) i.e., 

pacemaker in this species. 

Together the findings regarding the spatiotemporal distribution of uterine contractions after the 

administration of increasing doses of oxytocin render it unlikely that the reorganisation of contractile activity 

during late gestation could induce concerted direct distal-ward propulsion of a contained foetus and thus could 

be classified as peristaltic. Hence, uterine contractile activity in late gestation continued to consist of 

pleomorphic patches that were  randomly distributed across the surface of the uterus around and overlying 

each foetus, did not form distally progressing bands, and did not comprise synchronous separate longitudinal 

and circumferential patches of contraction such as have been reported in peristalsis (N. J. Spencer, M. Walsh, 

& T. K. Smith, 1999) (Fig. 7-6). Further, the overall trend of direction of propagation of patches was from distal 

to proximal, rather than from proximal to distal. It is therefore more likely that late gestational reorganisation 

progressively reduces the mean compliance of the uterine walls and thus promotes expulsion by volumetric 

reduction. The lack of any consistent site of origin of contractions, notably in regions adjacent to the placenta 

(Lutton et al., 2018b) suggests that under our experimental conditions, where the uterus was maintained in 

situ, there was no pacemaker induced coordination of contractile activity. The trend of distal to proximal 

progression of patches of contraction possibly results from uterine smooth muscle being drawn from the 

proximal pole of each foetus toward the distal pole.  

The reorganisation of smaller individual patches of uterine contraction into larger, more numerous, 

pleomorphic propagating patches of lower frequency and longer duration following dosage with oxytocin at 

28 weeks gestation is similar to the changes that occur in the isolated urinary bladder following administration 

of cholinergic agents and promotes expulsion of urine (Corrin Murray Hulls, Lentle, King, Chambers, & 

Reynolds, 2019; Lentle et al., 2015b). Hence, in both cases it appears that the changes in the patterns of 

contraction accompany a change in function from accommodation to expulsion and may involve a local 

resetting of myogenic connectivity, although that of the bladder occurs more promptly than that of the uterus.  
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The effect of salbutamol in reducing the duration and overall distance of propagation of composite 

contractions and inducing their fragmentation into component individual contractions regardless of the length 

of gestation, fits in with its reported pharmacological action in reducing the excitability of myocytes via the 

generation of cAMP (Hajagos-Tóth, Falkay, & Gáspár, 2009; Zingg & Laporte, 2003) and the connectivity of 

myocytic tight junctions (Ou, Orsino, & Lye, 1997). Whilst it is possible that it could act to reduce the excitability 

of intermediary cells such as interstitial cajal-like cells,  their reported electro-physiological characteristics do 

not fit in with such a role (Duquette et al., 2005). The overall effects of salbutamol in reducing the overall 

incidence of contractions and hence overall uterine tone are in line with the reported effects on general 

contraction (Abel & Hollingsworth, 1986) and cavity pressure (Abel & Hollingsworth, 1985) in the intact uterus 

of the rat. 

Apart from providing a greater understanding of uterine function, the reciprocal changes in the frequency 

duration, area and density of uterine contractions that were found to occur with increasing gestation, and 

following dosage with oxytocin at 28 days, may provide a useful means for identifying the switching of uterine 

function from accommodation to expulsion, although further work is needed to confirm that similar changes 

occur in human subjects. Again, the demonstration that the VSTM methodology is able to directly quantify 

changes in the development and disposition of uterine contractions in the rabbit preparation following 

administration of pharmaceuticals lays the ground for statistically based assays of other agents that influence 

myometrial contractility at various stages of uterine function.  
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Figure 7-8 Possible mechanism for variation in the distribution, size and number of spontaneous uterine contractions in the gravid uterus rabbit with gestation, 
oxytocin, and salbutamol.
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Supplementary Data 2 Temporal sequence of two-dimensional maps showing variation in area strain from 
spontaneous contractions in a representative rabbit uterus at 20 days gestation before (A) and after (B) 
dosage with 16 IU of oxytocin.  

Decrease in size from active contraction shown as red (high) and yellow (medium) levels of negative strain rate 
with stasis or relaxation shown in blue. Green scale bar at time 0sec in each contractile sequence represents 10 
mm. 
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Supplementary Data 3 Temporal sequence of unidimensional maps showing variation in area strain rate from 
component contractions after commencement of continuing maximal dosage with oxytocin a rabbit uterus at 
18-21 and 28 days gestation and subsequent dosage with salbutamol (174 nmol/L).  

  




































































































