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ABSTRACT 

Intracellular signal transduction involves multiple interactions between signaling 

molecules. For efficient signal transduction, signaling components are spatially organized 

into complexes by scaffolding proteins. Among these is caveolin-1, identified in 1998 as 

the structural protein component of the plasma membrane caveolae. These are flask-

shaped invaginations that were later shown to be enriched in a number of signaling 

proteins whose function is regulated by caveolin-1. The roles of caveolin-1 in the 

regulation of signaling pathways that control small intestinal motility are currently 

unknown. In this thesis, I used caveolin-1 knockout mice to elucidate the role of 

caveolin-1 in the regulation of some signaling pathways in mouse small intestine. 

First, I examined how the nitric oxide-mediated relaxation changed in caveolin-1 

knockout mouse small intestine. This tissue showed reduced relaxation to endogenous 

and exogenous nitric oxide. I showed that this reduction was due to an increased activity 

of phosphodiesterase 5, which metabolizes cGMP, a mediator of nitric oxide effects. 

Another pathway leading to intestinal smooth muscle relaxation was also affected by 

caveolin-1 loss. cAMP-dependent relaxation downstream of P-adrenoceptor stimulation 

was reduced in caveolin-1 knockout mice compared to their wild type controls. I showed 

that this reduction was likely due to the redistribution of the downstream mediator of 

cAMP relaxation, protein kinase A, away from its downstream targets. 

Furthermore, wild type mice expressed a splice variant of neuronal nitric oxide 

synthase in small intestinal smooth muscle. This was activated in response to calcium 

entry into smooth muscle cells to produce nitric oxide that counteracted the contraction. 



The caveolin-1 knockout tissues lacked this splice variant and the effect it exerts on 

smooth muscle contraction. 

Finally, I found that calcium extrusion from intestinal smooth muscle through the 

plasma membrane calcium ATPase isoform 4 was reduced in caveolin-1 knockout mice. 

This was probably due to the loss of the close association between the plasma membrane 

and the sarcoplasmic reticulum at the caveolae domains. To conclude, my observations 

suggest that the alteration in the examined functions due to the loss of caveolin-1 is likely 

a result of the loss of organization of key signaling molecules closely related to caveolae. 
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CHAPTER I 

INTRODUCTION 
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1.1 Regulation of gastrointestinal motility 

The gastrointestinal tract (GIT) is a complex multi-organ system with tissues that 

differ structurally and functionally. The interactions among neuronal, muscular, 

immune, and glandular tissues allow the GIT to perform its main physiological 

functions. These include digestion and absorption of ingested food in addition to 

protection against the ingested microbes and finally the expulsion of the undigested 

residues1. Movements of the GIT provide for the mixing of the ingested food with the 

digestive secretion, the propulsion of the nutrients to be digested together with the 

undigested remains along the length of the alimentary canal, and also for the 

determination of the length of time available for digestion and absorption in each of 

the GIT sections1. The mixing and propulsive movements of the GIT are generated 

by an interaction between an intricate network of neurons located within the wall of 

the alimentary canal, termed the enteric nervous system, and an intrinsic pace-maker 

system distinct from the neuronal tissue and inherent to the contractile tissue2. In the 

following sections I will describe the structure of the wall of the GIT and the 

components of GIT movement in more detail with more focus on the small intestine. 

1.1.1 A simplified overview of the structure of the GIT wall3: 

The GIT is a hollow tubular structure that has varying diameters along its length. 

However, it has much the same basic structural organization in the different regions 

2 



with 4 distinct layers forming the wall of the alimentary canal from the lumen 

outwards: 

- the mucosa, formed of specialized epithelial cells (exocrine and endocrine 

secretory cells) covering a layer of connective tissue {lamina propria) and 

smooth muscle {muscularis mucosae), 

the submucosa, formed of dense connective tissue, 

the muscularis externa, formed of two layers of smooth muscle, circular 

muscle (CM) running along the diameter of the tube, and longitudinal muscle 

(LM) running along the length of the tube, and 

- the serosa, formed of simple squamous epithelium and small amounts of 

underlying connective tissue. 

These different tissue layers provide the structural and functional basis for the GIT 

physiology. The epithelial layer in the mucosa, through tight junctions among 

individual cells, forms a barrier that separates the GIT lumen from the internal body 

environment. Epithelial cells secrete the constituents of the digestive juices in 

addition to hormones and other antimicrobial components. Absorption of nutrients 

takes place across the epithelium and into the connective tissue region in the lamina 

propria that is rich in blood vessels and lymphatics. The lamina propria also acts as 

an immune barrier consisting of diffuse lymphatic tissue, lymph nodules, and 

macrophages. This barrier protects the body against pathogens and other antigens that 

might be ingested with food. The muscularis mucosae offers mucosal movement that 

is independent of the movement of the whole intestinal wall. The submucosa layer 

contains the larger blood vessels and lymphatics that send branches to the mucosa 

3 



layer in addition to neuronal tissue that regulates motility and secretion. The mixing 

and propulsive movement necessary for the digestion and absorption of luminal 

content in addition to expulsion of the undigested residues is brought about by the 

contraction of the muscularis externa layers. Finally, the serosa layer binds the GIT 

components to the mesentery and the lining of the abdominal wall. 

In addition to the previously mentioned layers, a large amount of neural tissue is 

contained within the wall of the digestive tract arranged in two ganglionated plexuses, 

the myenteric plexus and the submucosal plexus(es)4. The myenteric plexus lies 

between the CM and LM layers of the muscularis externa and extends the full length 

of the GIT from the esophagus to the rectum. The submucosal plexus extends along 

the small intestine and colon. At least 17 types of intrinsic neurons are found in both 

plexuses constituting the enteric nervous system5 that regulates the different motility 

and secretion functions of the GIT. The neuron types involved in the regulation of 

the GIT motility will be discussed in more detail in the next section. Fig 1.1 depicts 

the different layers of the GIT wall. 

1.1.2 The neuronal circuits of the enteric nervous system: 

The movement and secretory functions of the GIT are controlled by the intrinsic 

enteric nervous system that can function even in absence of extrinsic neuronal 

influence . Neurons in the enteric nervous system are generally classified as motor 

neurons, interneurons, and intrinsic primary afferent neurons5. 
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Fig 1.1 Different layers comprising the GIT wall from the luminal side 

(below) to the serosal side (above). (From Furness. The enteric nervous 

system, p.2. Blackwell Publishing, Massachusetts, 2006) 
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1.1.2.1 Motor neurons: 

These neurons innervate the circular and longitudinal muscle layers in addition to 

the glandular epithelium (secretomotor neurons). The CM and LM layers are 

independently dually innervated by excitatory and inhibitory neurons, whose cell 

bodies are in the myenteric plexus in the GIT wall5. These neurons can be activated 

by the appropriate electrical stimuli applied across or around the gut wall5. The main 

class of excitatory neurons release acetylcholine in addition to tachykinins that are 

released at higher frequencies of stimulation6. M2 and M3 receptors are the main 

muscarinic receptors of the gastrointestinal muscle . NKi and NK2 receptors mediate 

the excitatory transmission by tachykinins7. Excitatory motor neurons project to the 

muscle cells adjacent to their cell bodies and a short distance in the oral direction . 

Similar to excitatory neurons, inhibitory neurons have more than one transmitter. 

These include nitric oxide (NO), adenosine triphosphate (ATP), vasoactive intestinal 

peptide (VIP), and pituitary adenylate cyclase-activating peptide. Of these, NO is 

implicated as the primary transmitter9. Inhibitory motor neurons project to muscle 

cells either adjacent to or lying anal to their cell bodies10. It is now generally accepted 

that the effects of excitatory and inhibitory neurons on smooth muscle are relayed at 

least in part via the intramuscular interstitial cells of Cajal (ICC) - see below. 

A third type of motor neurons innervates the mucosa to stimulate glandular 

secretion and vasodilatation to increase the supply of water and electrolytes to the 

exocrine tissue5. These are called secretomotor or secretomotor/vasodilator neurons 

and their cell bodies are mainly present in the sub-mucosal plexus. These neurons 

produce acetylcholine and VIP. 
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1.1.2.2 Interneurons: 

Structural studies show the existence of neurons with cell bodies lying in the 

myenteric ganglia and projecting into other ganglia lying oral or anal2. These are 

interneurons which are either ascending or descending. The transmission in the 

ascending interneuron pathway, which relays into excitatory motor neurons, is mainly 

cholinergic occurring via nicotinic receptors11. In contrast, the descending interneuron 

pathway, which relays into inhibitory motor neurons, is resistant to nicotinic 

antagonists . The main neurotransmitter in this pathway is thought to be ATP acting 

on P2-purinergic receptors13. 

1.1.2.3 Intrinsic primary afferent neurons: 

These are sensory neurons with endings in the mucosa that initiate reflexes in the 

intestine in response to mechanical, chemical, and stretch stimuli5. They are the first 

type of neurons to be activated during the digestive process in the intrinsic nerve 

circuits and are responsible for the maintenance of intestinal reflexes in isolated 

tissues in which extrinsic nerves had been cut and sufficient time was allowed for 

their endings to degenerate14. These neurons possess mechanosensitive ion channels 

that allow them to respond to mechanical distortion in their processes by firing action 

potentials15. They can also respond to chemicals such as inorganic acids, short chain 

fatty acids and glucose ' ' . Upon the distortion of the mucosa or change in the 

chemical environment, enteroendocrine cells can release mediators, primarily 

serotonin, to activate the intrinsic primary afferent neurons and trigger a reflex 
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response ' . Fig 1.2 depicts the arrangement of the neurons of the enteric nervous 

system. 

1.1.3 Myogenic (muscle-dependent) motility patterns: 

Gastrointestinal smooth muscle shows regular rhythmic contractions that persist in 

isolated tissues and thus are not initiated by circulating mediators and are not 

suppressed by atropine, suggesting that they are not driven by the excitatory 

neurons . These rhythmic contractions also persist following ganglion blockade 

and inhibition of nerve activity by tetrodotoxin22, indicating that they are independent 

of neuronal activity (Fig 1.3). The rhythmic contractions are driven by slow waves of 

depolarization in smooth muscle, which coincide with and initiate these 

contractions . In some GIT smooth muscles action potentials superimpose on these 

depolarizing waves leading to contraction24. Although these slow electrical waves 

•ye 

were shown to be non-neural in origin , single smooth muscle cells from the GIT do 

not spontaneously produce rhythmic depolarizing waves26, indicating that these 

waves are characteristic to the full thickness of the tissue rather than an automatic 

property inherent to single smooth muscle cells. A variety of experiments showed that 

the slow waves are generated at the outer surface of the circular muscle layer of 
97 

stomach and intestine , which corresponds to the location of the ICC. Strips of 

muscle from the small intestine showed slow waves only in preparations with ICC but 

not in others where the ICC had been removed28. 
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Fig 1.2 Arrangement of neurons in the enteric nervous system in 

myenteric (MP) and submucosal (SM) plexuses. 1 & 2, excitatory motor 

neurons to longitudinal muscle (LM) and circular muscle (CM), 

respectively; 3, ascending interneuron; 4, intrinsic primary afferent 

neuron with cell body in the MP; 5, descending interneuron; 6 & 7, 

inhibitory motor neuron to LM and CM respectiviely; 8, intrinsic 

primary afferent neuron with cell body in the submucosal plexus; 9, 10 

& 11, secretomotor neurons supplying the mucosa (Muc); 12, 

secretomotor vasodilator neuron; and 13, enterendocrine cell that 

secretes mediators that activate the intrinsic primary afferent neuron. 

(Adapted from Furness. The enteric nervous system, p.30. Blackwell 

Publishing, Massachusetts, 2006) 

Note: the designation of interneurons as ascending and descending is in 

the sense of their direction towards the oral side (ascending) and the anal 

side (descending). 
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Fig 1.3 Spontaneous rhythmic contractions of longitudinal (LM) and 

circular (CM) muscle layers. Contractions were recorded from isolated 

intact tissue segments of mouse small intestine in presence of tetrodotoxin 

(1 uM) to block the nerve activity. The dotted line represent the passive 

basal tone of the tissue. (Adapted from Daniel et al. A new model of 

pacing in mouse small intestine. Am J Physiol 286: G253-G262, 2004) 
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ICC were first identified histologically by Cajal and others in the 1890s by the use 

of methylene blue and silver staining . Cajal decribed these cells as neuron-like cells 

which were present between nerve fibres and smooth muscle cells30. However, later 

on, ultrastructural examination showed that ICC are not neurons since they do not 

contain neurotransmitter vesicles, do not possess axons, and cytoplasmic components 

of their cell bodies do not resemble those of neurons ' . ICC can now be recognized 

by the expression of the receptor tyrosine kinase ckit33 that is necessary for their 

development. ICC of the myenteric plexus and smooth muscle cells have a common 

precursor since smooth muscle cell markers, e.g. heavy chain of smooth muscle 

myosin, are co-expressed with kit during the development of the GIT34 and in vivo 

blockade of kit with antibodies causes the ICC to transdifferentiate into smooth 

muscle cells . 

ICC are generally regarded as the pacemakers of the nerve-independent rhythmic 

contractions of the GIT36. However, not all the ICC that can be found in different 

tissue layers in the GIT are primary pacemaker cells. Three main groups are 

important for the regulation of GIT motility, namely ICC in the myenteric plexus, 

ICC in the CM layer (intramuscular ICC), and ICC in the deep muscular plexus37. In 

mouse GIT, the importance of myenteric plexus ICC as pacemakers was shown with 

the development of the W/W mutant mice which lack the myenteric plexus ICC and 

do not produce slow waves of depolarization detected upon recording from intestinal 

smooth muscle of control mice ' . They also do not show rhythmic contractions in 

the CM layer in experiments with isolated muscle strips ' . 
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In addition to the initiation of the slow depolarization waves, ICC also propagate 

and conduct these waves through a continuous network and are then passively spread 

to the surrounding smooth muscle cells along the length of the GIT . The frequency 

of rhythmic contractions is not the same along the length of the intestine, but rather 

there is a decrease in the pacing frequency in local regions towards distal parts ' . 

However, because the consecutive regions are electrically coupled, the occurrence of 

slow waves in one region triggers the adjacent regions to follow with the higher 

frequency in the proximal areas, driving the lower frequency in the more distal 

parts \ This pattern continues until the difference between the driving frequency and 

the intrinsic frequency of the region is too large for the distal region to follow. At this 

point a region of irregular activity is created at which the frequency of pacing falls off 

to a new plateau . Distal to this point, regular pacing activity at a lower frequency is 

established and the pattern continues until another frequency plateau is reached, 

followed by a frequency drop41. 

Furthermore, ICC, especially the intramuscular ICC and ICC of the deep muscular 

plexus, are thought to act as mediators of neuronal signals. ICC interpose between 

nerve axons and smooth muscle cells in a position that allows them to receive the 

neuronal input and relay it to the smooth muscle cells36. Specialized junctional areas 

exist between the motor neuron varicosities and the intramuscular ICC42 which 

possess receptors for a variety of neurotransmitters and circulating hormones43. The 

post-junctional responses induced by the neurotransmitters in the ICC are thought to 

be conducted to the surrounding smooth muscle cells via gap junctions43. In the 

absence of ICC both the nitrergic44 and the cholinergic45 components of the post-
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junctional response are lost or markedly reduced, becoming dependent on mediator 

diffusion form nerve endings. 

1.1.4 Nerve-dependent motility patterns: 

In this section I will describe the nerve-dependent events that take place in the 

motility of the small intestine. The patterns of small intestinal motility in humans and 

carnivores, that take food intermittently, differ in the unfed (fasted or between meals) 

I T 

and fed (following a meal) states . 

1.1.4.1 Motility in the fasted state: Migrating myoelectric complexes: 

The fasted state in humans and carnivores is characterized by the occurrence of 

migrating myoelectric complexes which are recurring regional intense contractile 

activity that starts at the lower esophageal sphincter and slowly traverses the stomach 

and the full length of the small intestine 6. On the other hand, in herbivores and 

ruminants migrating myoelectric complexes happen at all times which may be related 

to a continuous release of stored food material from the stomach(s) of these animals 

to the intestine47. In humans and carnivores the recurrent activity that occurs during 

the unfed state is divided into four phases: Phase I, quiescent phase; Phase II, an 

irregular activity phase; Phase III, intense regular contractions; and Phase IV, a brief 

cycle of irregular activity at the end of Phase III . This pattern of movement is solely 

dependent on the activity of the enteric nervous system where the local blockade of 

the enteric neurons with tetrodotoxin49 or systemic administration of atropine or 
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hexamethonium blocked the contractile phase of these complexes. Even complete 

extrinsic denervation of the small intestine did not block the initiation or progress of 

migrating myoelectric complexes51. On the other hand, the mechanism of initiation of 

this pattern of movement is still unexplained. A role for the gastric hormone, motilin, 

cry 

was suggested in the initiation of the migrating myoelectric complexes in humans 

and dogs53. The physiological function of the migrating myoelectric complexes is the 

removal of the epithelial cells shed from the intestinal mucosa together with any 

remaining secretions and undigested food from the small intestine . 

1.1.4.2 Motility in the fed state: Segmental movement: 

Following feeding in humans and carnivores the pattern of activity is converted 

first into a continuous irregular contractile activity that pushes intestinal contents both 

orally and anally55. Following the relaxation of the contracted area, the contents 

return to their original position. This contractile movement that segment the intestinal 

content (and hence the name segmental movement) serves to mix the chyme with the 

digestive juices and expose it to the absorptive surface of the mucosa37. 

1.1.4.3 Peristalsis: 

Once mixing of the intestinal content has occurred, the peristaltic reflex begins. It 

is the simplest type of intestinal movement that reflects the requirement for the 

integrative activity of the enteric nervous system neurons. This reflex consists of a 

polarized contraction of the CM oral to the food bolus (stimulus) and a relaxation on 

the anal side56 (Fig 1.4). The peristaltic reflex can be evoked by the stimulation of 
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Fig 1.4 Polarized peristaltic reflex in preparations with intact (A) and 

severed (B) myenteric plexus. The neuronal reflex conducts through the 

myenteric plexus to cause contraction on the oral side and relaxation on 

the anal side of the stimulus. The time interval where the stimulus was 

given is indicated on the line below the tracings. (From Furness. The 

enteric nervous system. P.86. Blackwell Publishing, Massachusetts, 

2006) 
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isolated tissue segments in vitro and in vivo by mechanical or chemical stimuli ' 

after all connections with the central nervous system are cut56 indicating that they are 

independent of extrinsic neuronal input. The simplest description of the neuronal 

circuit involved is that the intrinsic primary afferent neurons in the enteric nervous 

system pick up the mechanical or chemical signals and relay them to ascending and 

descending interneurons which in turn impinge onto excitatory and inhibitory motor 

neurons, respectively, leading to contraction on the oral side of the stimulus and 

relaxation on the anal side . The dependence of this reflex on the enteric ganglia in 

the myenteric plexus can be demonstrated by the loss of the response in the muscle 

after the myenteric plexus had been severed between the points of stimulus and 

response (Fig 1.4). In vivo a combination of mucosal movement, changes in the 

intraluminal chemical environment, and slight distension on the intestinal wall 

stimulates clusters of rhythmic contractions that travel from the oral side to the anal 

side for variable distances at a speed of about 2 cm/min37. 

1.1.5 The relationship between the slow wave myogenic activity and enteric 

neural input: 

Physiologically significant contractions secondary to slow wave activity only occur 

if the slow waves are of amplitude sufficient to generate enough depolarization either 

during the slow wave or during action potentials initiated by the slow wave in smooth 

muscle cells61 to activate L-type calcium channels. In tissues where action potentials 

are initiated, contractions are graded according to the number of action potentials 
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produced . Thus the activity of the enteric excitatory motor neurons brings the slow 

waves to threshold for peristaltic contractions62. As mentioned earlier, there is a 

gradient in the frequency of occurrence of spontaneous slow waves and 

contractions along the intestine36'39. This leads to the regions of lower intrinsic 

frequencies being driven by regions of higher frequencies , thus the slow waves will 

be conducted from the oral to the anal side. Therefore, when slow waves are brought 

to threshold by nerve activity they function to push the intestinal content to the anal 

direction37. On the other hand, the large increase in intestinal contractile activity 

observed when the synthesis of NO is blocked41'64 provides some evidence that the 

inhibitory motor neurons could also be continuously active, providing an inhibitory 

tone in the intact intestine. 

1.1.6 The relationship between contraction of the CM and LM layers: 

Contractile phases of peristalsis, segmental movement, and migrating myoelectric 

complexes involve contraction and shortening of the CM so as to occlude the lumen. 

This occlusion is counteracted by the simultaneous contraction of the LM layer which 

leads to the shortening of the intestinal segment length and reduction of the 

occlusion37. Slow waves28 and propulsive contractions56 occur simultaneously in both 

regions. In addition, calcium transients recorded from both layers show that they are 

excited at the same time65. Thus, the instances in which recordings show that one 

muscle layer elongates while the other contracts66'67 can be explained on the basis that 
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a sufficiently strong contraction of one layer can overcome the contraction of the 

other layer and force it to elongate. 

1.2 Caveolae and caveolin proteins 

1.2.1 History: 

The first description of caveolae was based on their morphological appearance 

during the examination of the ultrastructure of the cell. They were first described in 

1953 by George Palade as morphologically distinct plasma membrane invaginations 

in electron micrographs of endothelial cells . However, the term caveolae or 

caveolae intracellulare was coined in 1955 by Eichi Yamada to reflect their little 

cave-like appearence69. For the following 40 years, the literature regarding caveolae 

remained limited mainly due to the lack of any biochemical marker to allow their 

isolation and study70. It was not until 1989 when caveolin, the signature protein of 

caveolae, was identified as a 21-22 kD tyrosine phosphorylated substrate in chick 

fibroblasts71. Three years later, caveolin was identified as a protein component of the 

caveolae membrane72. 

Since that time, the field of caveolae/caveolin research has grown exponentially 

with caveolae being implicated in many cellular and tissue functions including, but 

not limited to, endocytotic processes, cholesterol and lipid homeostasis, signal 

transduction, and tumor suppression73. The physiological functions of caveolae and 

caveolins vary greatly in different cells or tissues. While endocytotic and 
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vasoregulatory functions predominate in the vasculature, roles related to the 

maintenance of structural integrity are important in the musculature . The 

identification of the functions of caveolae/caveolins in different cell and tissue types 

has been extended and clarified by the availability of caveolin-deficient mouse 

models. A caveolin-1 knockout mouse model was used in this thesis to investigate the 

effects of the absence of caveolin-1 on some aspects of GIT motility. 

1.2.2 Caveolae: 

1.2.2.1 Morphology: 

In electron micrographs, caveolae appear as "smooth" 60-80 nm flask-shaped 

invaginations of the plasma membrane that have no obvious coat74, as opposed to the 

other coated vesicles e.g. clathrin-coated pits. The stomatal diaphragm, a 

characteristic structural feature at the neck of caveolae, appears in some tissues75. 

However, caveolae can appear in other shapes as vesicles detached from the plasma 

membrane. They can appear as grape-like clusters (common in developing skeletal 

muscle), rosettes (in adipocytes), and fused detached vesicles/tubules (endothelial 

cells) . Fig 1.5 shows the classical shape of caveolae. 

1.2.2.2 Tissue distribution: 

Caveolae are found in the plasma membrane of most cell types with different 

abundances. Cell types which have a high abundance of caveolae include 

adipocytes76, endothelial cells68, smooth muscle cells77, and skeletal muscle cells78. 
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Fig 1.5 Electron micrograph showing the characteristic flask shape of 

caveolae in the plasma membrane of an adipocyte. (From Parton RG and 

Simons K. The multiple faces of caveolae. Nat Rev Mol Cell Biol 8: 185-

194, 2007) 
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On the other hand, some cell types are devoid of caveolae invaginations in their 

plasma membrane e.g. lymphocytes79 and central nervous system neurons80. The 

difference in the abundance of caveolae expression in different cell and tissue types is 

postulated to be related to the proposed function of caveolae in each of the cell 

types73. 

1.2.2.3 Biochemical properties: 

Research in recent years changed the traditional view of the plasma membrane as a 

fluid mosaic81. In that model, membrane proteins are regarded as islands floating 

freely in the membrane lipid bilayer. The lipids are assumed to exist in a "liquid-

disordered" or a "liquid-crystalline" state in which they can undergo rapid lateral 

diffusion. Currently, however, the plasma membrane is thought to contain discrete 

"liquid-ordered" domains in which the lipid movement is more restricted. These 

domains have relatively thicker and more rigid bilayers due to the coalescence of 

cholesterol and sphingolipids (glycosphingolipids and sphingomyelins)82. These 

assemblies were given the name "lipid rafts". Certain proteins accumulate in lipid 

rafts preferentially and can be even used as markers for their detection including 

floatilin and glycosylphosphatidylinositol-anchored proteins . Membrane domains 

with caveolae have the same membrane lipid structure as the lipid rafts but also 

contain the marker protein, caveolin-1 and thus are considered to be a subset of lipid 
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The characteristic lipid composition of lipid rafts and caveolae provides unique 

properties for these membrane domains. These allow for their separation and 

purification from other cellular and plasma membrane components. These properties 

include: a reduced density compared to the other non-lipid raft plasma membrane 

domains and resistance to solubilization by mild non-ionic detergents such as Triton 

X-100 at 4°C . Based on these properties, simple biochemical methods, e.g. sucrose 

density gradient fractionation, can be used to separate lipid raft/ caveolae domains 

from non-lipid raft membrane fractions and cytosolic proteins. 

1.2.3. Caveolin proteins: 

The discovery of caveolin-1, the first member of this family, was achieved through 

the work of a number of investigators from different research fields. While looking 

for tyrosine-phosphorylated substrates in Rous sarcoma virus transformed fibroblasts, 

Glenny came across a 22 kD protein whose phosphorylation is strongly correlated 

with the transformation71. Immunohistochemical staining with antibodies raised 

against this protein revealed a punctuate distribution pattern along the plasma 

membrane similar to that observed for the flask-shaped caveolae72. Ultrastructural 

examination showed that caveolae are formed of series of concentric striations that 

stained with antibodies raised against this protein, which was then termed caveolin 

due its close association with caveolae72. 

Following the identification of the first caveolin protein family member, caveolin-

1, two additional related proteins were identified. Caveolin-2 was discovered and 
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cloned upon the examination of proteins in caveolae-enriched adipocyte 

membranes83. The third member, caveolin-3, was discovered by cDNA library 

screening for caveolin-1 homologous genes84. A stretch of amino acids 

"FEDVIAEP" is conserved in all 3 caveolins in the majority of the species examined 

and is referred to as the "caveolin signature motif'73. Caveolin-1 and 2 have a and 0-

isoforms, the latter being a smaller truncated isoform resulting from an alternative 

translational start site85. A high degree of sequence identity is seen between caveolin-

1 and 3 while caveolin-2 is the most divergent (Fig 1.6). In the following sub­

sections, I will discuss each of the three caveolin proteins in more detail. 

1.2.3.1 Caveolin-1: 

Caveolin-1 is most abundantly expressed in terminally differentiated cells e.g. 

epithelial and endothelial cells, adipocytes, fibroblasts, and smooth muscle cells73. 

Caveolin-1 is integrally associated with the plasma membrane, a property indicated 

by its resistance to extraction by sodium carbonate . The overall structure and 

membrane association of caveolin-1 are unusual. Both the N and C termini of 

caveolin-1 are cytoplasmic since antibodies raised against them can bind caveolin-1 

only when the cells are permeabilized with a detergent87, the membrane-associated 
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caveolin-1 remains sensitive to proteolysis , and cell-surface biotinylation shows no 

labeling of caveolin-1 . Thus caveolin-1 inserts as a hair pin loop into the plasma 

membrane. The membrane spanning domain is composed of a hydrophobic amino 

acid region (residues 102-134)73. However, the membrane spanning domain is not 

sufficient for membrane attachment, which is instead dependent on two regions in the 
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Fig 1.6 Aligned sequences of human caveolin-1, 2, and 3. Identical 

residues are highlighted in red. The membrane-spanning region is 

highlighted in green, the oligomerization domain is highlighted in blue, 

and the scaffolding domain is indicated by the hatched blue bar. (From 

Razani et al. Caveolae: from cell biology to animal physiology. 

Pharmacol Rev 54: 431-467, 2202) 
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N and C termini of caveolin-1 - the N-terminal membrane attachment domain 

(residues 82-101) that directs caveolin-1 specifically to caveolar membranes and 

the C-terminal membrane attachment domain (residues 135-150)9 . The interaction of 

caveolin-1 with the membrane is stabilized by palmitoylation at 3 cysteine residues 

(C133,C143,andC156)91. 

Caveolin-1 molecule contains a 41 amino acid region (oligomerization domain, 

residues 61-101) that mediates the formation of caveolin-1 homooligomers (14-16 

molecules) in the endoplasmic reticulum . Upon transport through the Golgi 

apparatus, the oligomers increase in size by interacting with one another through 

contacts between the N-terminal and the C-terminal regions in a side-by-side packing 

scheme, thereby forming a caveolar coat92 that is a high molecular weight complex 

(350-400 kD)89. Caveolin-1 can also form a stable heterooligomeric complex with 

caveolin-2 by the interaction between the respective membrane- spanning domains . 

However, caveolin-1 alone is sufficient to trigger caveolae formation94 that is not 

affected by the absence of caveolin-295. 

A 20 amino acid domain in the cytosolic N-terminal region of caveolin-1 (residues 

82-101) has been shown to bind to and modulate the function of a number of 

signaling molecules . This region is called the caveolin scaffolding domain. The 

importance of caveolin-1 and specifically this domain in the regulation of signal 

transduction pathways will be discussed in detail in a later section. 

1.2.3.2 Caveolin-2: 
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Caveolin-2 is expressed in all cell types expressing caveolin-1 . It may function as 

an accessory protein to caveolin-1 since its intracellular transport requires the 

presence of caveolin-1 and, unlike caveolin-1 and 3, it lacks the capacity to form 

caveolae on its own and has no effective scaffolding domain93'96'97. In absence of 

caveolin-1, caveolin-2 is retained intracellularly at the level of the Golgi apparatus 

07 

where it undergoes proteasomal degradation . 

1.2.3.3 Caveolin-3: 

Caveolin-3 expression is specific to all types of muscle cells (cardiac, skeletal, and 

smooth muscle)98. Owing to the close sequence similarity to caveolin-1 (Fig. 1.6), 

caveolin-3 is thought to have similar structural properties. Caveolin-3 undergoes 

homooligomerization in vivo and in vitro to form 350-400 kD complexes that can 

trigger caveolae formation98. However, unlike caveolin-1, caveolin-3 cannot form 

heterooligomers with caveolin-293. Caveolin-3 also has a scaffolding domain similar 

to that of caveolin-1, which is similarly involved in protein-protein interactions99. 

Caveolin-3 was shown to interact with p-dystrophin, an important component of the 

plasmalemmal dystroglycan complex that links the cytoskeleton to the extracellular 

matrix98 and is lacking in models of Duchene muscle dystrophy that also show 

caveolin-3 upregulation70. In addition, caveolin-3 abnormalities are linked with other 

skeletal muscle pathologies as Limb Girdle Muscle Dystrophy is associated with 

mutations in the membrane spanning region and the scaffolding domain of caveolin-3 

leading to reduction of plasmalemmal caveolin-3 and caveolae70. 
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1.2.4 Caveolae formation: 

Caveolae formation is dependent on the availability of two factors: cholesterol and 

caveolin-1 and/or 3. Following treatment of endothelial cells with cholesterol binding 

agents e.g. nystatin, filipin, and cyclodextrin, caveolae are ablated"'1"" and the 

striations seen in electron micrographs corresponding to the caveolin oligomers are 

dissociated from the membrane72. Moreover, the absolute cellular levels of 

cholesterol are required to be above a certain threshold value before caveolae 

formation starts100. Caveolin binds very strongly to the lipid raft membrane 

components cholesterol and sphingolipids101'102. As mentioned previously, caveolin-1 

has the ability to organize into large complexes by associating with other caveolin 

molecules through the C-terminus89. This local high concentration of lipids bound to 

the meshwork of caveolin protein complexes is thought to elicit the bending of the 
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plasma membrane to form the invagination characteristic of caveolae . An 

alternative hypothesis explains the formation of caveolae on the basis of an 

interaction between caveolin recruited to the lipid rafts and cytoskeletal proteins as 

actin and tubulin103. Caveolin interacts with tubulin directly and with actin through 

filamin or through the dystroglycan complex. Interaction with these cytoskeletal 

components pulls the plasma membrane region where caveolin-1 is present to form 

the characteristic invagination of the caveolae (personal communication). Fig 1.7 

depicts the formation of caveolae from lipid rafts. 
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Fig 1.7 Caveolae formation. A caveola is formed by the insertion of 

caveolin complexes formed from the interaction of a large number of 

caveolin molecules in the plasma membrane at lipid raft domains rich in 

cholesterol and sphingolipids. (From Razani et al. Caveolae: from cell 

biology to animal physiology. Pharmacol Rev 54: 431-467, 2002) 



Fig 1.7 
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1.2.5 Caveolins and signal transduction: 

The examination of the protein content of purified caveolae showed that a large 

majority of the co-segregated proteins were signal transduction molecules104,105. This 

led the investigators at that time to the hypothesis that caveolae serve as platforms for 

the concentration and aggregation of signaling molecules allowing cross-talk between 

signaling pathways105. So far, a wide array of proteins has been shown to 

preferentially localize in caveolae. Among those are G protein coupled receptors such 

as P-adrenoceptors106, bradykinin B2 receptors107, and M2 acetylcholine receptor108, 

the a subunit of heterotrimeric G proteins109, insulin receptor110, plasma membrane 

calcium pump111, membrane-type 1 matrix metalloproteinase112, matrix 

metalloproteinase 2113, non-receptor tyrosine kinases such as Src and Fyn104, non­

receptor serine/threonine kinases such as cAMP-dependent protein kinase (PKA)114, 

MEK and ERK115, eNOS116, and H-Ras117. Although not an absolute necessity, some 

of the proteins that are well-characterized residents of caveolae seem to be targeted 

there by having one or more lipid modifications109'116. 

Moreover, caveolae are not passive aggregates of signaling molecules, but rather 

play a functional role in the regulation and modification of the activity of these 

signaling molecules. Caveolin-1 acts as a scaffolding protein that binds to and 

modulates, usually inhibiting, the activity of caveolae-localized signaling molecules 

through the caveolin scaffolding domain mentioned earlier (residues 82-101)99'118'119. 

The caveolin scaffolding domain is capable of binding to a wide host of signaling 

molecules via interaction with a caveolin-binding motif on the target protein 
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containing at least three aromatic residues . The proposed structure of the caveolin-

binding motif is OXOXXXXO, d>XXXXO>XX<D, or OXOXXXXOXXO, where O is 

an aromatic residue (phenylalanine, tyrosine, or tryptophan) and X is any amino 

acid120. With a few exceptions, the interaction with the caveolin scaffolding domain 

leads to inhibition of the signaling molecule73. 

As mentioned earlier, caveolin-3 has a structure highly homologous to caveolin-1, 

whereas caveolin-2 has a more divergent sequence. Caveolin-3 also contains a 

scaffolding domain analogous to caveolin-1 and is thought to be able to act as a 

scaffolding protein when expressed in the absence of caveolin-1 . Caveolin-2, on the 

other hand has not so far been shown to modulate any signaling pathway. The 

functions of each of the three caveolin proteins were elaborated by the availability of 

mouse knockout models for each. I will present a brief overview of the phenotypes of 

these knockouts in the next section. 

1.2.6 Caveolin knockout mice: 

Mice models lacking each of the three caveolin proteins were generated by 

recombination techniques deleting the corresponding genes. Caveolin-1 knockout 

mice were generated in 2001 by the deletion of exons 1 and 2 in the caveolin-1 

gene121. Similarly caveolin-2 knockouts were developed in 200295 and caveolin-3 

knockouts in 2001122. All three mouse models are viable and fertile and do not show 

any overt phenotype. However, the most striking observation in these models was the 

total loss of caveolae in tissues expressing caveolin-1 or -3 in the respective knockout 
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model providing more support for the pivotal role of caveolin-1 and -3 in caveolae 

formation. In this thesis, I used a caveolin-1 knockout mouse model to study the role 

of caveolin-1 in the regulation of signaling events controlling small intestinal 

motility. 

1.2.6.1 Caveolin-1 Knockout mice: 

Caveolin-1 knockout mice lack any morphologically identifiable caveolae in 
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tissues expressing caveolin-1 . However, they also lack the expression of caveolin-2 

in the cell membrane and the residual amounts remaining become trapped in the 

Golgi apparatus70. Caveolin-1 knockout mice show a reduced life span that is related 

to hypertrophic cardiomyopathy and pulmonary dysfunction developing with 
*7fl TX 1 0"X —~ 

age ' ' . These conditions also render the caveolin-1 knockout mice exercise 

intolerant. As mentioned previously, caveolae are important in endocytosis and 

transport across the endothelial layer, however, caveolin-1 knockout mice still 

maintain a form of transport across the endothelium that is rather due to disrupted 

tight junctions between the endothelial cells and poor attachment to the basement 

membrane124. Caveolin-1 knockout mice also show a number of metabolic 

derangements including insulin resistance and post-prandial hyperinsulinemia, high 

serum triglyceride levels, atrophic adipose tissue, and resistance to diet-induced 

obesity . Defective urogential function has been reported in these mice with a high 

basal tone of urinary bladder, reduced carbachol and KCl-induced bladder 

contraction, and a high incidence of calcium calculi70. However, because caveolin-2 

is lacking in the caveolin-1 knockout plasma membrane the argument that some of 
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these defects might be due to the loss of caveolin-2 might become reasonable. 

However, the development of caveolin-2 knockout mice ruled out a role of caveolin-2 

in many of these defects. 

1.5.6.2 Caveolin-2 knockout m ice: 

Caveolin-2 knockout mice show normal caveolae expression in all tissues95. They 

appear normal in terms of their cardiovascular functions, lipid profile, and body 

weight70'95. The only defect in common with caveolin-1 knockout mice is the 

pulmonary dysfunction resulting from alveolar hypercellularity95. Thus the 

pulmonary defects appearing in the caveolin-1 knockout mice are more likely due to 

the lack of caveolin-2 in the plasma membrane of endothelial cells and pneumocytes 

in the alveoli. 

1.5.6.3 Caveolin-3 knockout m ice: 

Caveolin-3 knockout mice lack caveolae only in striated muscle tissue122. Skeletal 

muscle in caveolin-3 knockout mice shows a number of abnormalities including 

disorganized T-tubules and exclusion of the dystroglycan complex from lipid rafts122. 

Caveolin-3 mice show several skeletal muscle disorders consistent with moderate 

dystrophy with degeneration of the diaphragm and the soleus muscles starting at 

thirty weeks of age70. These mice also develop hypertrophic cardiomyopathy with 

dilation of the heart and reduced fractional shortening by four months of age125. 
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1.5.6.4 Caveolin-1 and-3 double knockouts: 

Caveolin-1 and -3 double knockout mice were generated by interbreeding caveolin-

1 and caveolin-3 knockout mice70. Although these mice lack caveolae in all of their 

tissues, they are viable and fertile. Since the expression of caveolin-2 in the plasma 

membrane requires caveolin-1, these mice lack all three caveolin proteins. They 

develop severe cardiomyopathy with left ventricular hypertrophy and dilation by two 

months of age70. Cardiac myocytes from these animals show severe signs of 

hypertrophy and degeneration, and microscopically, the heart shows signs of 

inflammation and perivascular fibrosis70. 

1.3 Signal transduction pathways leading to smooth muscle 

relaxation in mouse small intestine 

1.3.1. Overview of the regulation of smooth muscle contraction: 

The smooth muscle cells of the GIT possess properties that distinguish them from 

other visceral or vascular smooth muscle. Apart from the smooth muscle of the 

proximal stomach and sphincters, which possess sustained active tone, GIT smooth 

muscle cells develop spontaneous active tone on which rhythmic contractions 

occur126. These rhythmic contractions are driven by the slow depolarization waves 

initiated by the previously mentioned ICC. The depolarization waves leads to opening 

of L-type calcium channels, calcium entry and contraction. Activation of the receptors 
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on smooth muscle surface by neurotransmitters released from excitatory motor 

neurons (acetylcholine and tachykinins) results in a further increase in intracellular 

calcium levels by entry or release from intracellular stores and finally more 

contraction127. Smooth muscle contraction is brought about by the intracellular event 

of myosin light chain phosphorylation127. The contraction is either spontaneously 

terminated by the ending or desensitization of the process producing the contractile 

signal and the consequent dephosphorylation of myosin light chain or counteracted by 

the effects of relaxing neurotransmitters and/or processes127. This causes the level of 

intracellular calcium to decrease by the actions of the plasma membrane calcium 

pump and the sarco/endoplasmic reticulum calcium pump (SERCA) regulated by 

phospholamban leading finally to the reduction of myosin light chain 

phosphorylation127. In this section, I will focus on reviewing the mediators and the 

mechanisms of the processes leading to smooth muscle relaxation in the small 

intestine. As mentioned previously, the neurotransmitter released upon the activation 

of the inhibitory motor neurons in the GIT include: NO, ATP, pituitary adenylate 

cyclase-activating peptide, and VIP. In addition, another mechanism, which involves 

the activation of the NO synthase enzyme expressed in smooth muscle and was found 

to be involved in regulating and counteracting smooth muscle contraction, will also 

be discussed. 
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1.3.2 NO and cGMP pathway: 

1.3.2.1 NO production: 

Our laboratory was among the first to demonstrate that NO is an inhibitory 

neurotransmitter in the GIT . Since this early work, it has become acceptable that 

NO is the main inhibitory neurotransmitter in the different regions of the GIT1 9. NO 

is produced from inhibitory motor neurons in the GIT by the action of neuronal nitric 

oxide synthase (nNOS)129. Two other NOS isoforms perform different functions in 

the body, endothelial NOS (eNOS) and inducible NOS (iNOS). NOS enzymes act on 

the substrates, L-arginine and molecular oxygen converting them it to L-citrulline and 

NO in a several step reaction that requires the transfer of 5 electrons . NOS enzymes 

are composed of two domains, the C-terminal reductase and the N-terminal 

oxygenase domains131. The C-terminal reductase domain contains flavin adenine 

dinucleotide and flavin mononucleotine and binds the reduced form of the co-factor 

nicotinamide adenine dinucleotide phosphate, whereas the N-terminal oxygenase 

domain contains a heme group and binds the substrate L-arginine131. A hinge region 

between the reductase and the oxygenase domains contains the calcium/calmodulin 

binding site131. The electrons are transferred from the reduced nicotinamide adenine 

dinucleotide phosphate, which is an obligate two electron donor, to the flavin co-

factors in the reductase domain. These in turn transfer the electrons necessary for the 

oxygenation of L-arginine one at a time to the heme moiety of the oxygenase 

domain131. However, for the electron flow to occur, the two NOS domains require to 

be aligned in a certain structure. This alignment is thought to be brought about by 
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binding of calcium and calmodulin, which explains the dependence of eNOS and 

nNOS on calcium and calmodulin binding for NO production (Fig 1.8). In contrast 

iNOS, which is permanently bound to calmodulin, is continuously active131. In enteric 

neurons, the calcium necessary for the activation of nNOS to produce NO is brought 

into the cell by the depolarization signal that activates presynaptic N-type calcium 

channels129. The NO synthesizing activity of NOS can be inhibited by A^-substituted 

derivatives of L-arginine e.g. JV^-nitro-L-arginine and A^-methyl-L-arginine132. 

1.3.2.2 Mechanism of NO-induced relaxation in GIT smooth muscle: 

In many smooth muscles NO produces relaxation mainly by acting on soluble 

guanylate cyclase133. In GIT smooth muscle, NO produces relaxation not only by 

soluble guanylate cyclase activation but also by producing membrane 

hyperpolarization134. The membrane hyperpolarization is thought to be brought about 

by the activation of Ca2+-activated K+ channels128. Three mechanisms of action are 

proposed for the NO-mediated smooth muscle relaxation in the GIT. The first is 

through the activation of soluble guanylate cyclase and the production of cyclic 

guanosine monophosphate (cGMP). This produces relaxation by the reduction of the 

intracellular calcium concentration129. This could possibly be brought about by the 

activation of cGMP-dependent protein kinase (PKG) and the phosphorylation and 

modification of activity of several calcium handling proteins. These processes include 

the inhibition of L-type calcium channels and inositol triphosphate receptor (IP3) 

receptors and the activation of the SERCA pump127, in addition to the reduction of IP3 
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Fig. 1.8 Binding of calcium and calmodulin is necessary for the 

alignment of the two NOS domains and electron flow. (From Griffith 

and Stuehr. Annu Rev Physiol 57: 707-736, 1995) 
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Fig 1.8 
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production by stimulatory phosphorylation of RGS proteins that terminate the Gq 

signal135. The second proposed mechanism is via a cGMP-dependent activation of 

Ca2+-activated K+ channels and membrane hyperpolarization129 which could also 

occur through the activation of PKG followed by the phosphorylation and activation 

of K+ channels127. The third mechanism is through cGMP-independent effects of NO. 

NO was reported to activate Ca2+-activated K+ channels and produce 

hyperpolarization independent of cGMP production136. NO can also activate SERCA 

pump independent of cGMP137. However, it must be noted that the mechanisms of 

action of nitrergic nerve stimulation-mediated relaxation differ in different species 

and different regions of the GIT studied . 

1.3.2.3 Termination of the NO signal: 

NO is well known to be a free radical with high diffusion capacity and a limited 

half-life in a bioassay setting138. In addition to that, the generated signal leading to 

smooth muscle relaxation is regulated and terminated by the action of 

phosphodiesterase (PDE) enzymes that metabolize cGMP into the inactive GMP. 11 

different gene families encoding PDEs have been identified139. More than one type of 

PDEs are usually expressed in the same tissue. In general, cGMP breakdown in 

smooth muscle cells is mediated by PDE1 and PDE5140. Under low basal calcium 

levels, as assumed during smooth muscle relaxation, PDE5 performs almost all 

cGMP breakdown in the cell, whereas PDE1 is activated at conditions of higher 

calcium. Thus PDE5 can be considered as the main regulator of cGMP/PKG 

signaling pathway140. Three isoforms of PDE5A have been identified, PDE5A1, 
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PDE5A2, and PDE5A3. Of those PDE5A1 is the most predominant and is known as 

cGMP-binding, cGMP-specific PDE140. The activity of PDE5 is increased by its 

phosphorylation by PKG141 and also by cGMP binding to a site other than the 

catalytic site on PDE5 which was shown to increase its activity142. 

1.3.3 Apamin-sensitive mediators: ATP and pituitary adenylate cyclase-

activating peptide: 

Apamin is a bee venom-derived toxin that blocks a small conductance Ca -

activated K+ channel (SK3 channel) that is activated downstream of inhibitory 

mediators in the GIT143. ATP and pituitary adenylate cyclase-activating peptide are 

among the inhibitory mediators in the GIT. They are reported to produce relaxation 

by hyperpolarizing the smooth muscle cell membrane following the activation of SK3 

channels144'145. The evidence regarding the signal transduction downstream of 

pituitary adenylate cyclase-activating peptide in mouse small intestine is rather 

limited. One study showed that pituitary adenylate cyclase-activating peptide induces 

SK3 channel activation by producing localized calcium sparks. These are produced by 

the action of IP3 produced by phospholipase C on IP3 receptors145. On the other hand, 

the research work on ATP as a neurotransmitter in mouse small intestine is sparser. 

ATP is thought to bring about relaxation in mouse small intestine by acting on P2Y 
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receptors . 
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1.3.4 cAMP-dependent relaxation: 

VIP is among the mediators released by the inhibitory motor neurons in the GIT. It 
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is postulated to act on the VPAC2 receptor in GIT smooth muscle . This receptor is 

coupled to Gs and adenylate cyclase and its activation leads to an increased cAMP 

production and PKA activation127. Some of the myenteric neurons in mouse small 

intestine express VIP149 and VIP was partially implicated in the nerve-mediated 

relaxation of the jejunum of the ICR mouse150. In addition, cAMP production and 

PKA activation in intestinal smooth muscle cells can be evoked downstream of (3-

adrenoceptors151. Activation of PKA leads to smooth muscle relaxation by acting on 

several possible targets including the inositol triphosphate receptor, plasma 

membrane calcium pump, myosin light chain kinase, phospholamban regulating the 

SERCA pump activity152, and ATP-dependent K+ channels153. In addition, in higher 

concentrations cAMP can activate PKG and lead to relaxation via this pathway154. 

1.3.5 Regulation of contractile tone by NO produced in smooth muscle cells: 

Our laboratory showed that a splice variant of nNOS is expressed in the canine 

lower esophageal sphincter smooth muscle155. This enzyme is activated by an 

increase in intracellular calcium levels to produce NO that regulates the sphincter 

tone by opening Ca2+-activated K+ channels and providing membrane 

hyperpolarization156. This is thought to be a feed-back regulatory mechanism to 
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control the tone of the sphincter in response to the constitutive calcium entry through 

L-type calcium channels. 

Smooth muscle NOS was also shown to play an important role in the regulation of 

vascular tone157. Contractions in response to KC1 in vascular smooth muscle were 

increased when nNOS was inhibited or knocked out. In addition, nNOS in smooth 

muscle was shown to interact with another membrane protein, the plasma membrane 
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calcium pump in the regulation of vascular tone . Removal of calcium by the 

plasma membrane calcium pump decreased the capacity of nNOS in vascular smooth 

muscle to produce NO that counteracted the contraction due to KC1. 

1.4 Caveolin-1 and intestinal function: Hypotheses and objectives 

1.4.1 A guide to the development of the hypothesis: 

In this thesis, my main goal is to address the role of caveolin-1 and caveolae in the 

regulation of small intestine motility. The presence of caveolae in small intestinal 

smooth muscle and ICC has been documented by electron microscopy in mouse small 
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intestine since the early 1980s . However, despite the rich literature showing the 

regulatory roles of caveolin-1 in other visceral and vascular smooth muscle (reviewed 

in159), at the time I started this thesis project, the role of caveolin-1 in the regulation 

of the different signals and events affecting GIT smooth muscle contraction and/or 

relaxation had not been examined. One study used cultured smooth muscle cells 

49 



isolated from rabbit intestine to demonstrate the role of caveolin-1 in desensitizing G 

proteins160, however the implications of the findings on muscle movement were not 

studied. Apart from this study, two papers from our laboratory considered a possible 

role for caveolin-1 in regulating smooth muscle signaling in mouse intestine. The first 

examined the effects of disruption of caveolae by plasma membrane cholesterol 

depletion on the spontaneous pacing activity of mouse small intestine161 while the 

other looked at the key signaling proteins that are associated with caveolin-1 in the 

plasma membrane of mouse small intestinal smooth muscle cells . The former paper 

showed that caveolae disruption reduced the frequency of paced contractions 

indicating a possible role for caveolae and caveolin-1 in the regulation of GIT 

motility. On the other hand, the second paper clearly showed that caveolin-1 is co-

localized with a number of signaling molecules in the smooth muscle cells and ICC in 

mouse small intestine including sodium calcium exchanger 1, nNOS, plasma 

membrane calcium pump, and partially with L-type calcium channels. These results 

indicated that caveolin-1 in small intestinal smooth muscle and ICC could play an 

important role in regulating the signaling events regulating smooth muscle 

contraction/relaxation and hence GIT movement. 

1.4.2 Hypotheses: 

Since caveolin-1 is involved in the regulation of multiple signal transduction 

pathways, we expect that the absence of caveolin-1 (in tissues from caveolin-1 

knockout mice) will alter the functional responses to physiological or 

pharmacological stimuli presumed to act via these pathways. We elected to study the 
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effect of caveolin-1 knockout on some of the pathways leading to smooth muscle 

relaxation in mouse small intestine, in addition to a possible role for caveolin-1 in 

regulating calcium handling in smooth muscle cells. 

1. The neurotransmitters involved in nerve-mediated relaxation in 

mouse small intestine differ in CM and LM. 

NO is considered the main neurotransmitter mediating relaxation in the GIT9. 

Moreover, in C57BL/6 mice inhibition of NO synthesis abolished nerve-mediated 

relaxation163. However, there could be regional and strain differences in the identity 

and the mechanism of action of the nerve mediators involved in intestinal relaxation 

in the mouse150. In addition, the inhibitory mediators or their mechanisms of action 

might differ between the CM and LM layers as they were shown to differ in other 

aspects39. Thus, I will first evaluate the contributions of the different 

neurotransmitters in the nerve-mediated smooth muscle relaxation and the control of 

basal frequency of paced contractions in the intestine of the control mouse strain 

(Balb/C) that we use. 

The frequency of paced contractions will differ in CM and LM tissue preparations 

and will be affected differently by the blockade of different neurotransmitters. 

The relaxation response to electric field stimulation in presence of muscarinic 

and adrenergic blocking agents will be affected differently by the blockade of the 

different neurotransmitters in LMvs. CM tissue preparations. 

CM and LM tissue preparations will respond differently to exogenous NO donors. 
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2. Caveolin-1 knockout will alter the response to NO in mouse small 

intestine. 

Caveolin-1 is involved in the signal transduction pathways in different cell types 

and caveolae form signal transduction platforms for the organization of the molecular 

response to the different signals73. In a mouse model of muscle dystrophy where part 

of a protein complex known to interact with caveolin was disrupted, the relaxation 

response to exogenous and andogenous NO was impaired in the small intestine164. 

Therefore, I hypothesize that the relaxation response to the main inhibitory mediator, 

NO, will be altered in the small intestine of caveolin-1 knockout mice. 

The relaxation response to electric field stimulation will be altered in tissue 

preparations from caveolin-1 knockout mice and will not be affected similarly by 

NOS inhibition in tissues from control and knockout mice. 

The response of tissue preparations from caveolin-1 knockout mice to exogenous 

NO donors or cGMP analogues will be reduced compared to control tissues. 

The effect of the inhibition of the activity of guanylate cyclase or PDE5, both 

affecting the signaling pathway downstream of NO, on the response to electric field 

stimulation will be altered in tissue preparations from caveolin-1 knockout mice. 

The expression and distribution of the different signaling proteins in the NO 

pathway will be altered in caveolin-1 knockout intestinal tissue compared to control 

tissue. 
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3. Caveolin-1 knockout will alter the relaxation response to ft-

adrenoceptor stimulation. 

In other tissues caveolin-1 was shown to interact directly with and modulate the 

function of some adenylate cyclase isoforms108 and PKA114. Therefore, I hypothesize 

that caveolin-1 knockout will affect the cAMP-dependent relaxation response. I used 

the stimulation of P-adrenoceptors as a model for intestinal smooth muscle relaxation 

that is mediated by cAMP since their expression165 and coupling to cAMP 

production151 is well-documented in the GIT. 

The relaxation response to /^-adrenoceptor stimulation will be altered in caveolin-

1 knockout tissue preparations compared to control tissue. 

The relaxation response to exogenous cAMP analogues or activation of adenylate 

cyclase will be altered in caveolin-1 knockout tissue preparations compared to 

control tissue. 

The expression and distribution of PKA will differ in caveolin-1 knockout mouse 

small intestinal tissue compared to control tissue. 

4. The function of smooth muscle NOS will be altered in caveolin-1 

knockout mice. 

Caveolin-1 is co-localized with a splice variant of nNOS in wild type mouse small 

intestine smooth muscle and ICC . This splice variant was shown to control the 

developed tone of contraction in canine lower esophageal sphincter156. I hypothesize 

that this splice variant is also involved in the regulation of contraction in mouse small 
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intestine and that its expression and/or distribution and its function will be altered in 

absence of caveolin-1. 

5. Caveolin-1 knockout will alter calcium extrusion from the cell by the 

plasma membrane calcium pump. 

Caveolin-1 is co-localized with several calcium handling proteins in mouse small 

intestine among which is the plasma membrane calcium pump162'166. Caveolae and 

caveolin-1 are thought to play a role in calcium recycling between the cytosol and 

extracellular medium in smooth muscle cells166. Therefore, I hypothesize that the 

function of the plasma membrane calcium pump will be altered by caveolin-1 

knockout. 

The expression and distribution of plasma membrane calcium pump will be 

altered in tissues from caveolin-1 knockout mice. 

The function of plasma membrane calcium pump, as assessed by using a selective 

inhibitor in removing cytosolic calcium after treatment with carbachol, will be 

reduced in caveolin-1 knockout tissue preparations. 
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The methods that were common to all chapters are described in this section. 

Methods that were only unique to a certain study are mentioned in the corresponding 

chapter. These experiments were conducted according a laboratory animal protocol 

that conforms with the Guide to the Care and Use of Experimental Animals published 

by the Canadian Council on Animal Care (revised 1993) and approved by our 

institutional Animal Care and Use Committee. 

2.1 Animals: 

6-8 week old male mice were used for the studies in this thesis project. Three 

strains of mice were used. BALB/c mice were used as reference wild type mouse 

strain (Jackson Laboratories, Bar Harbor, MN). A breeding pair for caveolin-1 

knockout mice (Stock Cav <tm 1M 1S>/J, cavl"7") was obtained from Jackson 

Laboratories and bred in the University of Alberta Health Sciences Laboratory 

Animal Services facility. The offspring were regularly tested for the expression of 

caveolin-1 using immunohistochemistry and Western blotting. The third strain, B6 

129SF2/J (cavl+/+), was obtained from Jackson Laboratories and used as a control to 

correct for strain variations when comparing cavl"" to wild type mice. Cavl+/+ are 

second generation hybrids of B6 and 129S mouse strains, the two strains that make up 

the genetic background of cavl"" mice. The adult animals bought from Jackson 

Laboratories together with the cavl"" offspring after weaning were housed in a 

conventional animal housing facility under standard temperature, humidity, and light 

cycle conditions. On the morning of the day of experiment, the required number of 
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animals was brought into the laboratory. Animals were sacrificed by cervical 

dislocation prior to any experimental manipulations. 

2.2 Functional experiments on intact tissue preparations: 

2.2.1 Tissue isolation and setup: 

After opening the abdominal wall, the gastrointestinal tract, starting from the 

stomach to the rectum, was removed from the mouse and immediately placed into a 

beaker of Krebs-Ringer solution containing (in mM): NaCl (115.5), NaHCC>3 (21.9), 

D-glucose (11.1), KC1 (4.6), MgS04 (1.16), NaHP04 (1.16), and CaCl2 (2.5), at room 

temperature (21-22°C), and equilibrated with carbogen (95% O2 and 5% CO2). In a 

dissection dish filled with Krebs-Ringer solution and continuously bubbled with 

carbogen, small intestinal tissue was isolated and cut into approximately 0.5 cm 

segements for CM preparations and 1-1.5 cm segments for LM preparations. In case 

of LM, the intestinal content, if any, was pushed out by gently rubbing the segments 

with dissection forceps. Details of tissue setup were described previously1. To study 

the contraction of CM, the open side of a thin metal triangle was slid through the 

lumen of the tissue segment. The triangle was then hooked together so that its base 

passed axially through the lumen of the tissue segment. A stainless steel rod attached 

to the bottom of the electrode holder was also inserted to pass axially into the lumen 

of the tissue segment parallel to and beneath the base of the metal triangle. Silk 

suture thread, attached to the apex of the triangle opposite to the tissue, was tied to an 

isometric force displacement transducer (Grass FT-03, Astro-Med Inc., West 
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Warwick, RI). Two thin platinum rods, situated on both sides of and parallel to the 

tissue, were used for the electrical stimulation of the tissue. To study the contraction 

of LM, the tissue was placed between two platinum concentric electrodes and tied to a 

hook at the bottom of the electrode holder with suture thread. The top of the tissue 

was also tied with suture thread and attached to the isometric force displacement 

transducer. The CM and LM preparations are depicted in Fig 2.1. The muscle 

preparations were placed in jacketed tissue baths filled with 10 ml Krebs-Ringer 

solution, continuously bubbled throughout the experiment with carbogen, and 

maintained at a temperature of 37°C by a thermostatically controlled water stream 

flowing through the glass jacket. The tension on the tissue was increased or decreased 

slowly until the tension that produced the maximum phasic activity was reached 

(about 0.5 g). Tissue contractile activities were recorded on a Grass Model 7D 

Polygraph (Astro-Med Inc., West Warwick, RI). 

2.2.2 Experimental Protocols: 

Prior to any experimental procedures the tissues were equilibrated for at least 20 

min. In experiments where blockade of muscarinic and adrenoceptors was required, 

the corresponding blockers were added at the beginning of the equilibration period 

and incubated with the tissue for the full length of the experiment. Following the 

equilibration period, the tissue preparations were either treated with different agents 

or subjected to electric field stimulation (EFS) using a Grass Model S88 electrical 

stimulator (Astro-Med Inc., West Warwick, RI). Different frequencies of electric 
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Fig 2.1 Mounting CM and LM preparations on electrode holders, a. A CM 

preparation mounted on an electrode holder and a thin metal triangle attached to the 

force displacement transducer. Two platinum electrodes on both sides of the tissue are 

used for the electrical stimulation, b. A LM preparation mounted on an electrode 

holder and passing through two concentric platinum electrodes. 
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stimulation were used in different experiments. Generally, to study the effects of 

enteric nerve stimulation a cycle of four trains of different frequencies was used: 1, 3, 

10, and 30 Hz. In some experiments, a single stimulation of 5 Hz frequency was used 

to test the activity of the enteric nerves. A single train consisted of electrical 

stimulation lasting for 10 s using square pulses (50 mV and 0.5 ms duration). At the 

end of each experiment, all tissues were washed twice with 10 ml Ca2+-free Krebs-

Ringer solution with 1.0 mM ethylene glycol bis(2-aminoethyl ether)-N,N,N,N-

tetraacetic acid (EGTA) to relax the tissues to basal passive tension and to abolish 

spontaneous contractions. 

2.2.3 Data analysis: 

The basal passive tension, which is the lowest tension recorded from a tissue after 

incubation in calcium-free Krebs-Ringer solution, was used as the zero reference 

point for measurement of the spontaneous or evoked changes in tone or amplitude of 

phasic contractions. The tone was defined as the difference between the lowest points 

reached during the tissue phasic activity and the level of the basal passive tension. It 

is also the difference between the basal passive tension and the level of the tissue 

tension under conditions in which the phasic activity was suppressed. On the other 

hand, the amplitude of phasic contractions was measured as the difference between 

the basal passive tension and the crest of the phasic contraction. The amplitude of 

phasic contractions used in the present studies is actually a mean of amplitudes of at 
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Fig 2.2 Measurement of the amplitude of contraction of muscle 

preparations. The tone (tonic amplitude) or the amplitude of phasic 

contractions (phasic amplitude) were measured with reference to the 

basal passive tone brought about by incubation of the tissue in calcium-

free Krebs-Ringer solution containing 1 mM EGTA. 
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least 15 individual consecutive contractions. Fig 2.2 depicts the measured values of 

tone and phasic amplitude. All the measured values were normalized to regions of 

control activity selected according to the experimental protocol within the same 

muscle preparations. In all of the studies the value of control activity was expressed in 

absolute terms (mg tension) and compared statistically between the different mouse 

strains to ensure that there was no basal difference to affect the interpretation of the 

normalized results. The frequency of the spontaneously-paced contractions was 

determined by counting the number of contractions over a period of at least 20 

seconds. 

2.2.4 Statistical analysis: 

The obtained results were expressed as mean±SEM. The values were compared 

statistically using GraphPad Instat® software with the appropriate of the following 

tests: paired /-test, unpaired /-test, analysis of variance (ANOVA) followed by the 

Bonferroni post hoc test, and repeated measures ANOVA followed by the 

Bonferroni post hoc test. A P value < 0.05 was considered to be significant. The n 

values mentioned represent the number of animals from which tissues were obtained 

for the experiments. 

2.3 Electron microscopy: 

Freshly isolated mouse small intestinal tissue was fixed as described previously2. 

The segments were fixed with a mixture of 2.5% glutaraldehyde and 4% 
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paraformaldehyde in 0.075 M sodium cacodylate buffer (pH 7.4) (Marivac Inc, 

Montreal, QC) containing 3% sucrose and 1 mM CaCl2-2H20 for 2 hr at 4°C. The 

tissue was washed in 0.075 M sodium cacodylate buffer overnight at 4°C. The tissue 

was then dissected to prepare 1.0 x 4.0 mm segments and muscular layers were 

separated from mucosal layers. The tissue was stained en bloc in saturated (1%) 

uranyl acetate (Marivac Inc, Montreal, QC) in 70% ethanol for 1 hr at room 

temperature, post-fixed in 1% OSCM (Marivac Inc, Montreal, QC) in 0.05 M sodium 

cacodylate buffer (pH 7.4) for 2 hr at 4°C, dehydrated in graded solutions of ethanol 

(50%, 70%, 80%, 90%, 95%, and 100%) and then absolute propylenoxide, and 

embedded in TAAB 812 resin (Marivac Inc, Montreal, QC). Ultra-thin sections were 

cut, mounted on 100 or 300-mesh grids coated with 0.25% formvar solution in 

ethylene dichloride (Electron Microscopy Sciences, Hatfield, PA), and stained with 

13% uranyl acetate in 50% ethanol and lead citrate. The grids were examined using a 

Philips 410 electron microscope equipped with a charge-coupled device camera 

(MegView III) at 80 kV. 

2.4 Immunohistochemistry: 

2.4.1 Tissue preparation: 

The gastrointestinal tract was obtained from the mice as described under functional 

experiements and put into ice-cold oxygenated (95% O2 and 5% CO2) Krebs-Ringer 

solution. The small intestinal tissue was prepared for both cryosection and whole 

mount preparation. For cryosections, the small intestine was opened along the 
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mesenteric border, pinned to a petri-dish lined with Sylgard silicon rubber, and fixed 

with 4% paraformaldehyde in 0.1 M sodium phosphate buffer for 4 hr. The fixed 

tissue was rinsed with 0.1 M phosphate buffer eight times each hour and 

cryoprotected with 30% sucrose in 0.1 M phosphate buffer overnight at 4°C. The 

cryoprotected tissue was trimmed and put into peel-a-way disposable embedding 

molds filled with Tissue-Tek® O.C.T. compound (Sakura Finetek Inc., Torrance, CA) 

in order to obtain optimal sections. The embedding molds were frozen for 1 hr at -

28°C, peeled, and trimmed for cryosection. 6 pm cryosections were obtained by a 

cryostat (Leitz 1720 digital cryostat, Germany) and attached to a glass slide coated 

with 1.5% 3-aminopropyltriethoxysilane (Sigma, St. Louis, MO) in acetone. The 

cryosections were dried for 30 min at room temperature. 

For whole mount preparation, the small intestine was also opened along the 

mesenteric border, stretched to about 200% of original size, pinned on a petri-dish 

lined with Sygard silicon rubber, and fixed with 4% paraformaldehyde in 0.1 M 

phosphate buffer for 4 hr at room temperature. The fixed tissue was rinsed with 0.1 M 

phosphate buffer eight times each hour, cleared with dimethylsulfoxide three times 

every 10 min, and re-rinsed in phosphate-buffered saline three times every 15 min at 

room temperature. The tissue was trimmed to 1.0 x 1.5 cm (circular muscle 

dimension x longitudinal muscle dimension). In trimmed tissue, muscle layers 

(circular and longitudinal muscle layers) were separated from the mucosal and 

submucosal layers. To obtain myenteric plexus attached to the longitudinal muscle 

layer, muscle fibers of the circular muscle layer were peeled away using tweezers 

under a dissection microscope. 
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2.4.2 Immunolabelingofcyrosections: 

The dried cryosections were rinsed with 0.3% Triton-X 100 (VWR International, 

Edmonton, AB) in phosphate-buffered saline twice every 5 min to facilitate 

penetration of primary antibody and remove O.C.T. compound, followed by rinsing 

with phosphate-buffered saline once for 5 min. To reduce non-specific binding to 

proteins, 10% normal serum (from the host where the corresponding secondary 

antibody was raised) in phosphate-buffered saline was applied on the cryosection for 

30 min at room temperature. One or more primary antibodies were mixed together in 

1% serum in phosphate-buffered saline and incubated with the cryosections for 16 to 

17 hr. The cryosections were rinsed with 0.3% Triton-X 100 in phosphate-buffered 

saline twice every 5 min, followed by a wash with phosphate-buffered saline once for 

5 min. Fluorophore-conjugated secondary antibodies (1:20-1:40 Cy3- and 1:25-1:50 

Alexa Fluor® 488-conjugated) were mixed together in 1% serum in phosphate-

buffered saline and incubated with the cryosections for 1.5 hr. The cryosections were 

rinsed with 0.3% Triton-X 100 in phosphate-buffered saline twice every 5 min, 

followed by a wash with phosphate-buffered saline once for 5 min. Incubation 

procedures were performed at room temperature. To determine the specificity of 

immunolabeling, primary antibody was omitted, or when the antigen was available, it 

was incubated (at fivefold higher concentration) overnight with the primary antibody 

to saturate it prior to its application to the cryosection. 
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2.4.3 Immunolabeling of whole mount preparations: 

The myenteric plexus attached to the longitudinal muscle preparations were put 

into a 24-tissue well plate and rinsed with 0.5% Triton-X 100 in phosphate-buffered 

saline for 1 hr. 10% normal serum (of the secondary antibody host) in 0.5% Triton-X 

100 in phosphate-buffered saline was applied on the preparations for 1 hr at room 

temperature. Primary antibodies were mixed together in 1% serum in phosphate-

buffered saline and incubated with the whole mount preparations for 64 to 65 hr. The 

preparations were rinsed with 0.5% Triton-X 100 in phosphate-buffered saline three 

times every 15 min. Fluorophore-conjugated secondary antibodies were mixed 

together in 1% serum in phosphate-buffered saline and incubated with the whole 

mount preparations for 3 hr. The preparations were rinsed with 0.5% Triton-X 100 in 

phosphate-buffered saline twice every 15 min followed by a wash with phosphate-

buffered saline once for 15 min. Incubation procedures were performed at 4°C. To 

determine specificity of the immunolabeling, primary antibody was omitted, or when 

the antigen was available, it was incubated (at fivefold higher concentration) with the 

primary antibody at 4°C for 64 to 65 hr. 

2.4.4 Confocal laser scanning microscopy: 

The immunolabeled cryosections and whole mount preparations were examined by 

confocal laser scanning microscope (CLSM 1500, Zeiss, Germany) and saved as 

digital files by LSM 5 Image software. The images immunolabeled with Cy3-

conjugated secondary antibodies were captured by helium/neon laser (excitation 

wavelength 543 nm laser line) with long path 590 filter, and images immunolabeled 
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with FITC- or Alexa488-conjugated secondary antibodies were taken by Argon laser 

(excitation wavelength 488 nm laser line) with a band path 500-530 nm filter. The 

resolution of all images obtained from the confocal microscope was originally 512 x 

512 pixels. In the obtained cryosection images mucosa and submucosa were digitally 

eliminated, and the muscularis was extracted. In the images of whole mount 

preparation longitudinal muscle layer was digitally eliminated and the myenteric 

ganglia and plexus were extracted. All final images were enhanced by brightness, 

contrast, and the gamma tool of LSM 5 image and edited by Adobe PhotoShop 

Version 7.0. 

2.5 Western blotting: 

2.5.1 Sample preparation: 

Full-length mouse small intestine was obtained and kept in ice-cold oxygenated 

(95% O2 and 5% CO2) Krebs-Ringer solution. The tissue was cleaned from any 

adhering mesenteric blood vessels and connective tissues. The intestine was opened 

on the mesenteric border and the mucosa was removed by scraping with a scalpel 

blade. The remaining smooth muscle tissue was immediately frozen in liquid nitrogen 

and stored at -80°C until used. On the day of the experiment, frozen tissues were 

crushed in a mortar under liquid nitrogen and the produced fine powder was used for 

homogenization. When the whole tissue homogenate was required for blotting, the 

frozen powdered tissue was homogenized in 50 mM Tris buffer (pH 7.4) (1 mg tissue 

: 3 ul buffer) containing 3.1 mM sucrose, 1 mM dithiothreitol, 0.1% Triton X-100 and 
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1:1000 protease inhibitor cocktail (Sigma, Oakville, ON). The tissue was 

homogenized on ice with a polytron homogenizer (Pro 200, Diamed Lab Supplies 

Inc., Mississauga, ON) using three 20 s strokes separated by 1 min cooling periods on 

ice. Following homogenization, the crude homogenate was centrifuged at 12,000 g 

for 5 min to remove large debris. And the supernatant was used for Western blotting. 

In experiments where purified membrane fractions were required, membrane 

fractions were prepared using a detergent-free method as previously described3'4. 

Frozen intestinal tissues from single mice or pooled tissues were crushed in a mortar 

under liquid nitrogen. The produced fine powder was homogenized on ice in 150 mM 

Na2C03 (1 mg tissue: 2 ul solution) containing 1:1000 protease inhibitor cocktail 

using the Polytron homogenizer. Three 20 s strokes separated by 1 min cooling 

periods were used. 1 ml of the produced homogenate was mixed with 3 ml 60% 

sucrose solution in a centrifuge tube to reach a final concentration of 45%. 

Discontinuous gradients were prepared by overlaying 3 ml of 35% sucrose and 3 ml 

of 5% sucrose. Samples were subjected to ultra-centrifugation (Beckman L8-M 

Ultracentrifuge, Beckman Coulter Inc., Fullerton, CA) at 200,000 g for 18 hr at 4°C. 

Lipid raft-enriched (buoyant) fractions were collected from the light-dispersing layer 

at the interface of the 5% and 35% sucrose layers while heavy (non-raft) membrane 

fractions were collected from the lower half of the 45% sucrose layer. The purity of 

the separated fractions was assessed by Western blotting of certain protein markers as 

will be mentioned later. The protein concentration in the samples was determined by 

bicinchoninic acid assay using bovine serum albumin as a standard. 
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2.5.2 Immunoblotting: 

Sample aliquots diluted to contain equal amount of proteins were blotted as 

previously described6. Following electrophoresis, proteins were wet transferred to a 

polyvinylidene difluoride membrane (Bio-Rad Laboratories, Hercules, CA) using 

Towbin's transfer buffer. The membranes were blocked using 5% skim milk in Tris-

buffered saline for 2 hr at room temperature, incubated with primary antibody in 5% 

skim milk for 2 hr at room temperature, or overnight at 4°C. Horseraddish peroxidase 

(HRP)-conjugated secondary antibody was incubated with the membranes for 1 hr at 

room temperature and proteins were visualized using an ECL™ Plus 

chemiluminiscence kit (GE Healthcare, Piscataway, NJ). 

2.5.3 Assessment of membrane fraction purity: 

As mentioned in the Introduction the main biochemical marker for the 

caveolae/lipid raft domains of the plasma membrane is caveolin-1. Blotting for 

caveolin-1 showed its enrichment in the buoyant fractions isolated from wild type 

mouse small intestinal tissue. However, it was naturally lacking in the corresponding 

fractions isolated from cavl_/" tissues. The identity of the buoyant fractions isolated 

from cavl"" tissues was confirmed using another marker protein, flotillin, which 

associates with lipid rafts independent of caveolin . The purity of the buoyant 

fractions was determined by the exclusion of actin and P-adaptin . Fig 2.3 shows 

representative blots of flotillin and actin in different membrane fractions. 
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Fig 2.3 Expression of flotillin and actin in different membrane fractions, 

a. Buoyant fraction from cavl+/+ small intestine, b. Buoyant fraction 

from cavl7" small intestine, c. Heavy fraction from cavl+/+ small 

intestine, d. Heavy fraction from cavl"7" small intestine. 
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CHAPTER III 

NEUROTRANSMITTERS INVOLVED IN NERVE-

MEDIATED RELAXATION IN BALB/C MOUSE SMALL 

INTESTINE 

A version of this chapter lias been published. El-Yazbi, AF, Schulz R, and Daniel EE. 

Differential inhibitory control of circular and longitudinal smooth muscle layers of 

Balb/C mouse small intestine. Auton Neurosci 131: 36-44, 2007. 
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3.1 Introduction: 

The mixing and propulsive movements of the small intestine are controlled by 

interactions between the enteric nervous system and an inherent pacemaker system1. 

Enteric neurons control reflex and integrative activities that do not require neuronal 

influences from extrinsic sources2. This intrinsic neuronal control is exerted through dual 

innervation with excitatory and inhibitory nerve fibres extending from cell bodies present 

in the myenteric plexus1. These excitatory and inhibitory effects are, at least in part, 

relayed to the smooth muscles via ICC3'4. Excitatory neurons extend proximally5 and 

release acetylcholine and tachykinins '7, whereas, the inhibitory neurons extend distally8. 

These inhibitory nerves mediate relaxation of the GIT smooth muscles. 

The descending inhibitory neurons play a major role in the different physiological 

intestinal motor patterns. Enteric inhibitory neurons involved in descending inhibition 

release several neurotransmitters including NO9, ATP10'11, VIP12, pituitary adenylate 

cyclase activating peptide13, and carbon monoxide14. These neurotransmitters often relax 

smooth muscles by evoking inhibitory junction potentials15'16, resulting from the opening 

of potassium and/or closing of chloride channels15'17. However, whether a given 

transmitter acts on both LM and CM layers using the same mechanism of action is 

uncertain. LM and CM usually contract and relax simultaneously18'19 and receive 

synchronous excitatory and inhibitory inputs during the peristaltic reflex. Yet whether 

the different putative neurotransmitters have identical roles or mechanisms of action in 

the two layers has not been determined. 
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Previous research in our laboratory showed that CM and LM layers of mouse small 

intestine differ in their functional activities in terms of the paced contractions driven by 

the ICC and responses to some pharmacological agents, such as forskolin or 

cyclopiazonic acid21'22. In other species, different relative roles of NO have been 

suggested between intestinal LM and CM23. These variations could affect the regulation 

of peristaltic movement in the mouse small intestine. In the present study, we examined 

the role of NO, apamin-sensitive mediators, and VIP in smooth muscle relaxation in the 

CM layer, their mechanisms of action, and their relative importance in comparison to the 

LM layer of the mouse small intestine. 

3.2 Materials and Methods: 

3.2.1 Preparation of the tissue: 

Tissues from 6-8 week old male BALB/c mice were isolated and set up to record the 

contractile activity of CM and LM as described in Chapter II. 

3.2.2 Experimental Protocols: 

To study the responses to intrinsic inhibitory mediators, the tissues were equilibrated in 

the organ bath with a combination of atropine (10~7 M), timolol (10~6 M), and prazosin 

(10~6 M) for 20 min. In some experiments, EFS was carried out at 1, 3, 10, and 30 Hz, 

with a 10 min interval between consecutive trains. The LM segments were subjected to a 

cycle of EFS at the four frequencies following the equilibration period. Afterwards, either 

the NOS inhibitor, A^-nitro-L-arginine (LNNA, 100 uM), or the soluble guanylyl 
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cyclase inhibitor, lH-(l,2,4)oxadiazolo(4,3-a)quinazoline-l-one (ODQ, 1 |iM), was 

added and incubated with the tissue for 20 min followed by another cycle of electric field 

stimulation. The inhibitory effects of EFS were compared before and after the addition. 

In other experiments, the inhibitory effects of sodium nitroprusside (SNP, 100 U.M), VIP 

(0.33 p.M) and 8-bromoguanosine-3':5'-cyclic monophosphate (8-br cGMP, 100 |iM) 

were studied by adding SNP, VIP, or 8-br cGMP immediately after the equilibration 

period. Some tissue segments were pre-treated by ODQ (1 |iM) or apamin (1 |iM) at the 

beginning of the equilibration period. SNP, 8-br cGMP, and VIP were added in a single 

concentration (in the higher sub-maximal range-based on preliminary experiments) to 

produce a clear consistent effect that was lacking with lower doses whose repetition 

resulted in a reduced response. Experiments on CM segments were done following the 

same protocols used in LM with the exception of the experiments done to study the 

effects of different agents on EFS. In these experiments, the effects on EFS responses of 

LNNA (100 |iM), the SK3-channel blocker apamin (1 uM), ODQ (1 uM), or a 

combination of LNNA and apamin were studied. These agents were added at the 

beginning of the equilibration period followed by EFS at the four frequencies. The results 

were compared to time controls run side by side. We used an unpaired experimental 

design in the case of CM since their responses to EFS were not fully reproducible upon 

repeated stimulation in pilot experiments. 

3.2.3 Data Analysis: 

The frequency of paced contractions and the amplitudes of phasic contractions were 

determined and statistical analysis was done as described in Chapter II. 

101 



3.2.4 Materials: 

Atropine sulphate, timolol (as maleate salt), prazosin hydrochloride, ODQ, apamin, 

LNNA, SNP, 8-br cGMP, and VIP were purchased from Sigma (Oakville, ON, Canada). 

Dimethyl sulfoxide and EGTA were purchased from Caledon Laboratories (Georgetown, 

ON, Canada). Apart from apamin and ODQ, double distilled water was used to dissolve 

the drugs used in experiments in this study. Apamin was dissolved in 0.05 M acetic acid, 

while a stock solution of ODQ was prepared in dimethyl sulfoxide. Fresh dilutions were 

prepared on the day of the experiment by tenfold dilution of the stock solution with 

double distilled water. Neither dimethyl sulfoxide nor 0.05 M acetic acid affected the 

functional activity of the tissue in the amounts equivalent to that of the maximum drug 

concentrations used (1 |il in 10 ml bath and 10 |il in 10 ml bath, respectively). 

3.3 Results: 

3.3.1 Spontaneous contractile activity: 

Mouse small intestinal segments set up to record CM or LM activity showed 

uniformly paced spontaneous rhythmic contractions. The frequency of pacing was 

measured at the end of the equilibration period in tissue segments obtained from the mid-

jejunum to avoid errors resulting from the gradient of decreasing pacing frequency 

reported along the mouse intestine21. The frequency of spontaneous pacing was higher in 

LM than in CM (Fig 3.1a). However, LNNA (100 JJM) and ODQ (1 |iM) increased the 

pacing frequency in CM layer (Fig 3.1b). In LM, pacing frequency was unaffected by 

these agents (Fig 3.1b). 

102 



Fig 3.1 Spontaneous pacing frequency after block of muscarinic and adrenergic 

mediators in mouse small intestine, a. The frequency of pacing in longitudinal muscle 

(n=8) layer of mouse small intestine was higher than in circular muscle (n=17). b. The 

frequency of pacing in circular muscle was increased by 100 \±M LNNA and 1 flM ODQ. 

(n values: 8 and 12). c. The frequency of pacing in longitudinal muscle was affected by 

neither 100 (iM LNNA nor 1 \iM ODQ (n values: 6 and 8, respectively). Statistically 

significant differences were measured by /-test for a and ANOVA followed by 

Bonferroni test for b and c, and are denoted by *P<0.05 and ***P<0.001. 
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3.3.2 Response to EFS: 

LM and CM preparations responded to EFS by relaxation after inhibition of cholinergic 

and adrenergic responses. CM relaxation lasted for as long as the stimulus continued in 

most experiments, while in LM, EFS produced a brief relaxation followed by contraction 

(Fig 3.2a). The relaxation due to EFS in CM was followed by a rebound contraction, or 

an "off-effect" after the stimulus ended. The "off-effect" was more marked at higher 

frequencies of stimulation and appeared as an increase in the amplitude of phasic 

contractions without an increase in the frequency of pacing. For CM, the greatest 

relaxation was obtained at 3 Hz EFS (Fig 3.2b). In LM, the greatest relaxation occurred at 

10 Hz. 

3.3.3 Effects of agents blocking the action of neurotransmitters in LM and CM: 

Inhibition of nitric oxide synthase (NOS) activity with 100 |0.M LNNA abolished the 

EFS-evoked relaxation in LM at all frequencies (Fig 3.3a). On the contrary, LNNA did 

not produce a significant reduction of the extent of EFS-evoked relaxation in CM (Fig 

3.3a). In addition, blockade of SK3-channels which mediate the effects of ATP and 

PACAP by 1 jiM apamin did not affect the extent of the EFS-evoked relaxation in CM 

(Fig 3.3b). However, a combination of LNNA and apamin at the same concentrations 

used previously, significantly reduced the extent of EFS-induced relaxation of CM. 

Nevertheless, a residual inhibition of at least 25% persisted at all stimulation frequencies 

(Fig 3.3c). 
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Fig 3.2 Maximum inhibitory responses of the mouse small intestinal tissue segments to 

electric field stimulation in the presence of atropine (10~7 M), prazosin (10"6 M), and 

timolol (10~6 M). a. Representative tracings of the typical longitudinal muscle (LM) and 

circular muscle (CM) responses to EFS at a frequency of 10 Hz. b. The extent of 

inhibition in response to EFS at different stimulation frequencies in CM (n=10) and LM 

(n-1). The extent of EFS-induced responses is represented as the % inhibition of 

amplitude of phasic contractions. 
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Fig 3.3 Effects of agents blocking neurotransmitter action on EFS-induced relaxation in 

the presence of atropine (10"7 M), prazosin (10"6 M), and timolol (10"6 M) in LM (a) and 

CM (b, c, d). The effects on EFS-evoked relaxation in LM are shown before and after the 

addition of LNNA, while in CM comparisons are made with time controls, a. LNNA (100 

|iM) nearly abolished the relaxation in LM. b. LNNA (100 uM) did not show a 

significant reduction of the relaxation in CM. c. Apamin (1 |iM) did not have any effect 

on the relaxation in CM. d. A combination of LNNA (100 jxM) and apamin (1 |iM) 

reduced the relaxation at all frequencies in CM. n values were 7 for LM, and for CM, 10 

for control, and 6 for LNNA-, apamin- and the combination-treated tissues. Statistically 

significant differences were measured by ANOVA followed by the Bonferroni test and 

are denoted by *P<0.05 and ***P<0.001. 

108 



Fig 3.3 

a 

pl
itu

de
 

o
 

E 
< 
.£» -25-
w 
(0 

JZ 
Q. 

.E -50-

c 
(0 

5 -75J 
•-s 

*** 

0 10 20 

* * * 

I 

30 

after LNNA 

before LNNA 

Frequency of Stimulation (Hz) 

r -25 

-5CH 

-75H 

-100J 

-CTRL 
-LNNA 

10 20 30 
Frequency of Stimulation (Hz) 

•o 

i °' 
I -254 

-50' 

-75' 

-100' 

-CTRL 
-Apamin 

10 20 30 
Frequency of Stimulation (Hz) 

0 

-25 

-50 

-75 

-100' 

- • -CTRL 
-*-LNNA& Apamin 

0 10 20 30 
Frequency of Stimulation (Hz) 

109 



3.3.4 Effects ofODQ on EFS in CMandLM: 

In LM, the soluble guanylate cyclase inhibitor ODQ (lpM) nearly abolished the 

relaxation at all stimulation frequencies similar to LNNA (Fig 3.4a). On the other hand, 

in CM the same concentration of ODQ had no significant effect at lower stimulation 

frequencies (similar to LNNA), yet starting at 10 Hz, the EFS-evoked relaxation in CM 

was significantly reduced and was almost abolished at 30 Hz (Fig 3.4b). 

3.3.5 The effect of VIP in CMandLM: 

We examined a possible role of VIP in CM and LM relaxation. Addition of 0.33 |iM 

VIP produced an inhibition of the amplitude of the spontaneous contractile activity in CM 

preparations. This inhibition was reduced in side-by-side tissue segments pretreated with 

1 |iM ODQ (Fig 3.5). Under our experimental conditions, this concentration of VIP did 

not produce relaxation in LM. 

3.3.6 Effects of ODQ and apamin on relaxation due to SNP in CMandLM: 

Addition of the NO donor SNP (100 uM) produced a reduction in the amplitudes and 

frequencies of contraction of both CM and LM. In LM, either ODQ (1 |J,M) or apamin (1 

îM) nearly abolished the inhibitory response to SNP (Fig 3.6a). On the other hand, 

ODQ(l |iM) only reduced but did not abolish the relaxation due to SNP in CM, while 

apamin (1 |iM) had no effect on the SNP-induced relaxation (Fig 3.6b). A combination of 

ODQ and apamin at the previously mentioned concentration reduced the SNP-induced 

relaxation in CM in a manner similar to that with ODQ alone (data not shown). 
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Fig 3.4 Effects of ODQ (1 |iM) on the EFS-evoked relaxation in presence of atropine 

(10"7 M), prazosin (10"6 M), and timolol (10"6 M) in LM and CM. In LM the response to 

EFS is compared before and after the addition of ODQ, while in CM comparisons are 

made with time controls, a. ODQ abolished the EFS-induced relaxation at all stimulation 

frequencies in LM (n=6). b. The effect of ODQ (1 uM) in CM (n=9 for control, and 6 for 

ODQ-treated tissues). At lower stimulation frequencies, ODQ had no significant effect. 

At higher frequencies, ODQ caused a more marked reduction in the extent of EFS-

induced relaxation. Statistically significance was determined by ANOVA followed by 

Bonferroni test and is denoted by ***P<0.001. 
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Fig 3.5 Effect of ODQ (1 uM) on VIP (0.33 uM)-induced relaxation in CM of mouse 

small intestine. The extent of inhibition is represented as the % inhibition of the 

amplitude. 0.33 uM VIP induced a relaxation of CM that was reduced by 1 |lM ODQ. 

The results shown are mearrfcSEM of six experiments. Statistical significance was 

measured by Mest (**P<0.01). 
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Fig 3.6 Effects of ODQ (1 |iM) and apamin (1 |iM) on the inhibitory response to SNP 

(100 iiM) in LM and CM. The extent of inhibition is represented as the % inhibition of 

the amplitude. The values shown are mean±SEM of six experiments, a. In LM ODQ and 

apamin, independently, abolished the SNP-induced inhibition, b. In CM only ODQ, but 

not apamin, reduced the SNP-induced relaxation. Statistical significance was tested by 

ANOVA followed by Bonferroni test and is denoted by **P<0.01 and ***P<0.001. 
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3.3.7 Effects ofapamin on 8-br cGMP-induced relaxation in CM and LM: 

The effects ofapamin on the relaxation due to 8-br cGMP, a cell-membrane permeable 

analogue of cGMP, were studied. To allow 8-br cGMP to permeate the tissue, the 

responses were measured 5 min after its addition. 100 fxM 8-br cGMP produced a 

reduction in the amplitude of contraction of both CM and LM segments. Pretreatment 

with apamin (1 U.M) reduced the extent of 8-br cGMP-induced relaxation in LM but not 

in CM (Fig 3.7). 

3.4 Discussion: 

Here we examined and compared the contributions of different intrinsic inhibitory 

neurotransmitters to the functional activity of the CM and LM layers of the small 

intestine of BALB/c mouse, a strain commonly used in research. One clear difference in 

the function of these inhibitory mediators is the presence of a basal inhibitory tone in the 

spontaneous pacing activity of CM, but not LM. In this study, similar to our previous 

reports when the sympathetic and cholinergic transmitter actions were not blocked21, we 

found that spontaneous pacing in the LM layer is faster than in CM, but was regular in 

both layers. Previously we also showed that block of nerves with tetrodotoxin eliminated 

the difference21. The spontaneous contractile movement of the CM and LM layers of the 

small intestine is driven by slow depolarization waves generated from the interstitial cells 

of Cajal in the myenteric plexus2 . When measured in other species, the frequency of 

•yc /y/r 

slow waves was found to be similar in CM and LM ' . However, we previously raised 

the possibility of a difference in the pacemaker sites for LM and CM where we showed 
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Fig 3.7 Effect of apamin (1 jiM) on the inhibitory response to 8-br cGMP (100 U.M) in 

LM and CM. The extent of inhibition is represented as the % inhibition of the amplitude. 

The values shown are mean+SEM of six experiments. Apamin reduced the inhibitions 

due to 8-br cGMP in LM (a) but not in CM (b). Statistical significance was measured by 

t-test, ***P<0.001. 
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that the W/W mice, which lack the interstitial cells of Cajal in the myenteric plexus, had 

robust pacing only in LM but not in CM27. Our present experiments provide further 

evidence that the properties of pacing in the LM are different from CM. The addition of 

LNNA or ODQ increased the frequency of pacing in CM but not LM. These results 

suggest that only CM pacing is affected by an inhibitory tone exerted by the intrinsic 

inhibitory neurons. 

Furthermore, the evoked inhibitory neuronal activities in CM and LM also differed. 

Although both LM and CM responded to EFS at different frequencies by initial 

relaxation, the relaxation continued only in CM, while in LM the relaxation was followed 

by contraction. This contraction in the LM, after block of muscarinic receptors, was 

previously shown to involve tachykinins28. In addition, only in CM was EFS followed by 

a rebound contraction or an "off-effect" especially at higher frequencies. The "off-effect" 

has been reported to result from the activation of chloride and/or non-specific cation 

conductance reset during the hyperpolarization induced by the EFS-released inhibitory 

•a i 

mediators . In LM, the "off-effect" was either masked by the contractile phase of the 

EFS-evoked response or lacking due to rapid reversal of the hyperpolarization by an 

excitatory mediator released in the later stages of EFS. The different configurations of the 

inhibitory responses in the CM and LM might indicate that the inhibitory mediators 

acting on either layer or the tissue response to them may differ. 

In mouse small intestine, inhibitory motor neurons labeled for NOS and VIP were 

shown in the myenteric plexus and nerve terminals were found in CM but were not 

examined in LM32. A recent study33 showed that the EFS- evoked relaxation in LM of 

mouse small intestine is mainly nitrergic. Under our experimental conditions, the EFS-
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evoked relaxation in LM was totally blocked by inhibition of NOS. We further showed 

that NO in LM acts mainly by the activation of soluble guanylate cyclase and the 

production of cGMP since ODQ abolished the EFS-induced relaxation in a manner 

similar to LNNA. However, in CM LNNA did not have a significant effect on the 

relaxation to EFS indicating that EFS-evoked relaxation in CM is less dependent on NO 

than in LM. In contrast to LM, the effect of ODQ on EFS-evoked relaxation in CM 

differed from that of LNNA. ODQ reduced the extent of EFS-evoked relaxation at higher 

frequencies and almost abolished it at the highest stimulation frequency, indicating that 

soluble guanylate cyclase may be activated by a mediator other than NO in CM of mouse 

small intestine. 

Moreover, the addition of apamin did not affect the extent of EFS-evoked relaxation in 

CM. However, the combination of LNNA and apamin reduced the extent of EFS-evoked 

relaxation at all frequencies indicating that NO, ATP, and possibly pituitary adenylate 

cyclase-activating peptide, acting together, may play a role in the EFS-evoked relaxation 

in CM. .A persistent fraction (>25%) of the EFS-evoked relaxation remained after 

treatment with the combination of LNNA and apamin in CM. These results, together with 

the effect of ODQ, indicate that there is a third type of neurotransmitter which acts with 

NO and apamin-sensitive mediators to produce full relaxation in BALB/c mouse CM. 

VIP is considered to be an important inhibitory neurotransmitter in the enteric nervous 

s y s t e m ^ . It was detected in mouse small intestinal nerves and was reported to be 

responsible for LNNA resistant relaxation in the gastrointestinal tract36. Exogenous VIP 

produced relaxation of CM that was blocked by ODQ. This supports the possible 

involvement of VIP in the CM relaxation since the persistent relaxation which was 
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blocked neither by LNNA nor apamin, was blocked by ODQ, as was the relaxation to 

exogenously added VIP. However, the guanylate cyclase-dependence of the residual 

relaxation in CM might reflect a role for carbon monoxide, another possible inhibitory 

mediator in the gut14. A possible role of carbon monoxide in mouse small intestine has 

yet to be established. In LM, the concentration of VIP used in CM (and up to twice as 

much higher concentration) did not elicit any appreciable relaxation, excluding a major 

role for VIP in the endogenous NANC relaxation of LM in mouse small intestine. 

In addition to the effect of endogenous inhibitory mediators, we examined the 

differences in the response to the NO donor SNP, in CM and LM. Although the response 

to NO donors is not always the same as endogenous NO and is highly dependent on the 

chemical entity of the agent used , they help elucidate the intracellular processes 

involved in physiological responses. In LM both ODQ and apamin totally and almost 

equally abolished the relaxation due to SNP indicating that they most probably act on 

sequential steps in the signal transduction pathway downstream of the NO-like moiety 

released by SNP. To confirm this hypothesis, we examined the effect of apamin on 

8-br cGMP, the membrane permeable analogue of cGMP. The prevention of the 8-br 

cGMP-mediated relaxation in LM by apamin indicated that the relaxation due to SNP 

proceeded by activating soluble guanylate cyclase to produce cGMP, which in turn acted 

on the small conductance calcium-activated potassium channel blocked by apamin38, to 

produce relaxation. This was not the case in CM. ODQ reduced but did not abolish the 

relaxation to SNP, while apamin had no effect on either SNP or 8-br cGMP-mediated 

relaxation. These results indicate that there is a potential for variation in the mechanism 

of action of the same mediator between CM and LM layers of the mouse small intestine 

122 



and that the same chemical signal can be transduced differently to the same end effect in 

both layers. 

Taken together, our results suggest that there are differences in the inhibitory 

neurotransmitter profiles acting on the LM and CM layers of the mouse small intestine as 

examined in the BALB/c mouse with NO accounting for almost all the EFS-evoked 

inhibition in LM but not in CM. In addition, there is likely a difference in the 

mechanisms of action of the response to the same neurotransmitter indicating a possible 

difference in signal transduction mechanism between the two muscle layers. 
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4.1 Introduction: 

Inhibitory motor neurons of the myenteric plexus play an important role in the 

control of gut motility. They mediate most of the inhibitory responses in the GIT and 

control many physiological reflexes e.g. relaxation of the lower esophageal sphincter 

after swallowing, receptive relaxation of the proximal stomach during eating, and 

descending inhibition in response to distention1. The main inhibitory neurotransmitter 

in the gut is NO2, in addition to ATP3'4, VIP5, pituitary adenylate cyclase activating 

f\ 7 

peptide , and carbon monoxide . 

In the small intestine, smooth muscle relaxation is often achieved by evoking 

inhibitory junction potentials8'9'10. These result from a direct or an indirect activation 

of potassium (K+) and/or chloride (CI") channels9'11. Several intracellular mediators 

e.g. cGMP, cAMP, and intracellular calcium, have been reported to be involved in the 

indirect effect of the inhibitory neurotransmitters on K+ and CI" channels12'13'14. 

Signaling proteins that are involved in the production and regulation of these 

mediators such as heterotrimeric G proteins, protein kinase C isoforms, and NOS 

isoforms have been reported to bind to caveolin-115'16'17'18. Accordingly, caveolin(s) 

may play a role in regulating inhibitory responses to neurotransmitters via the control 

of the function or formation of the aforementioned intracellular mediators. 

In mouse intestine, studies in our laboratory have shown that the disruption of 

caveolae and caveolin-1 in smooth muscles and ICC with methyl-(3-cyclodextrin 

reduced pacing frequencies and inhibited paced contractions19. This suggests the 

importance of caveolin-1 and caveolae in the control of mouse gut motility. In 
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addition, mdx mice that lack dystrophin- a membrane complex closely associated with 

caveolin , showed defective responses to endogenous and exogenous NO . Thus we 

hypothesize that the absence of caveolin-1 will affect the response to NO in mouse 

small intestine, where NO is involved as an inhibitory neurotransmitter in all regions 

of the gut22'23. 

4.2 Materials and methods: 

4.2.1 Functional studies: 

Tissues from cavl+/+ and cavl"7" were set up to record CM and LM contractile 

activity as described in Chapter II. The effects of the different pharmacological 

agents used were studied similar to the protocol described in Chapter III. Data 

analysis and statistics were done as described in Chapter II. 

4.2.2 Electron microscopy: 

Electron microscopy was done as described in Chapter II. 

4.2.3 Immunohistochemical studies: 

Cryosections and whole mount preparations were prepared as described in Chapter 

II. Cryosections were stained with mouse anti-caveolin-1 and mouse anti-caveolin-3 

as primary antibodies at a concentration of 1:100. Rabbit anti-subunit 012 of soluble 

guanylate cyclase (1:100) was used with mouse anti-caveolin-1 for double staining of 

cryosections. Cy3 conjugated donkey anti-mouse IgG and Alexa 488-conjugated goat 
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anti-rabbit were used as secondary antibodies. Whole mount preparations were either 

double immunostained with rabbit anti-nNOS with NH2-terminal epitope (1:100) and 

mouse anti-HuC/D (1:200) or single stained with rabbit anti-vimentin (used 

undiluted). Cy3 conjugated donkey anti-mouse IgG and Alexa Fluor® 488-

conjugated goat anti-rabbit IgG were used as secondary antibodies. Confocal 

imaging was done as described in Chapter II. 

4.2.4 Western blotting: 

Sample preparation, membrane fractionation and immunoblotting were performed 

as described in Chapter II. Mouse anti-caveolin-1 (1:1000), rabbit anti-PDE5 (1:500, 

in some experiments saturated with tenfold higher concentration of antigenic peptide), 

and rabbit anti-subunit ofe of soluble guanylate cyclase (1:500) were used as primary 

antibodies. HRP-conjugated goat anti-mouse IgG (1:4000) and HRP-conjugated goat 

anti-rabbit IgG (1:4000) were used as secondary antibodies. Quantification of the 

blots was done by measuring the band density using ImageJ software and determining 

the ratio to actin as a loading control in case of whole tissue homogenate. Rabbit anti-

actin was used as a primary antibody (1:500) for that purpose. 

4.2.5 Measurement ofPDES activity: 

The total PDE activity in cavl++ and cavl"7" intestinal tissue homogenates was 

measured using a method adapted (A Holt-personal communication) from a 

previously described procedure24. Tissue homogenates were prepared as described in 

Chapter II. Aliquots of the diluted homogenates containing 10 ug proteins were 
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incubated with a mixture of cold and radioactive cGMP (100 uM total cGMP 

concentration) containingl6.5 nCi of radioactivity in a reaction buffer (pH 7.5) 

consisting of: TES (150 mM), soybean trypsin inhibitor (300 ug/ml), ovalbumin (600 

ug/ml), MgCl2 (6 mM), CaCl2 (150 uM). The incubation lasted for 60 min at 37°C in 

a shaking water bath. Six concentrations of PDE5 inhibitor II ranging from 3 nM to 1 

uM separated by half log units were added to the reaction mixture prior to the 

addition of the tissue homogenates. Homogentes from three different cavl++ and 

three different cavl"7" were used for the reaction. Following the incubation, the 

reaction was stopped by the addition of 100 ul of 0.25 M HC1. The acid was 

neutralized by 100 ul NaOH (0.25 M) containing Tris (0.1 M, pH 8.2). 50 ul of rattle 

snake venom (1 mg/ml) was then added and the mixture was incubated once more at 

37°C for 10 min to breakdown the radiolabeled GMP produced from the 

phosphodiesterase reaction into guanosine. The produced guanosine was then 

separated from any remaining cGMP on DEAE-sephacel ion exchange columns. The 

radioactivity of the solution drained out of the columns was measured using a 

Beckman LS6500 scintillation counter (Beckman Coulter Inc., Fullerton, CA). The 

measured disintegrations per minute value was used as an indication of the PDE 

activity. Background, blank (containing radioactive cGMP and no tissue), and total 

radioactivity controls were counted alongside with the samples. 

4.2.6 Materials: 

PDE5 inhibitor II was purchased from Calbiochem (San Diego, CA). The mouse 

anti-caveolin-1 and mouse anti-caveolin-3 were from BD Biosciences (Mississauga, 
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ON). The rabbit anti-rat nNOS with NF^-terminal epitope was from Euro-Diagnostica 

(Malmo, Sweden). The mouse anti-HuC/HuD neural protein and Alexa Fluor® 488 

goat anti-rabbit IgG were from Molecular Probes (Burlington, ON). The rabbit anti-

vimentin and rabbit anti-subunit 0C2 of soluble guanylate cyclase were from Abeam, 

Inc. (Cambridge, MA). Cy3 conjugated donkey anti-mouse IgG was from Jackson 

ImmunoResearch Laboratories, Inc. (West Grove, PA). Rabbit anti-PDE5 and its 

antigenic peptide were from Fabgennix, Inc. (Frisco, TX). Rabbit anti-actin was from 

Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). [3H]-labelled cGMP was purchased 

from GE Healthcare (Piscataway, NJ). cGMP, TES, ovalbumin, soybean trypsin 

inhibitor, Tris, rattle snake venom, and DEAE-sephacel were purchased from Sigma 

(Oakville, ON). 

PPE5 inhibitor II was dissolved in dimethyl sulfoxide to prepare a stock solution. 

Fresh dilutions were prepared before the experiment by tenfold dilution of the 

dimethyl sulfoxide stock with double distilled water. Dimethyl sulfoxide, in the 

amounts equivalent to that of the maximum drug concentration used (1 ul in a 10 ml 

bath), did not affect the functional activity of the tissue. 

4.3 Results: 

4.3.1 Electron microscopy: 

In contrast to control mice, where smooth muscle cells and ICC showed abundant 

caveolae, electron micrographs of CM and LM layers from cavl" mice showed that 

caveolae were completely absent in LM (Fig 4.1a). In CM, the number of caveolae 
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Fig 4.1 Electron microscope images of LM (a) and CM (b) of cavl and cavl"" 

small intestine, a. Note the total absence of the flask-shaped caveolae on the plasma 

membrane of the LM cells of Cavl"7". Caveolae are indicated by solid arrow-heads, b. 

Note the total absence of caveolae in the inner circular muscle layer (ICM) in cavl"7", 

while a smaller number of caveolae appear in outer circular muscle (OCM) labeled by 

arrowheads. Small endoplasmic reticulum profiles (marked with thick arrows) and 

sarcoplasmic reticulum (marked with thin arrows) remain. ICC of the deep muscular 

plexus are labeled as ICC, mitochondria as M, nerves as N, fibroblasts as Fib, large 

granular vesicles as lgv, and small granular vesicles as sgv. Scale bar is 1 um except 

for cavl+/+ CM scale bar is 2 um (electron microscopy was done by Woo Jung Cho). 
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Fig 4.1 
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was much reduced compared to the control tissue. Caveolae were confined to the 

outer CM and was absent in the inner CM (Fig 4.1b). 

4.3.2 Immunohistochemical studies: 

4.3.2.1 Immunohistochemical staining in cryosections: 

Cryosections stained with caveolin-1 antibody showed lack of caveolin-1 

immunoreactivity in smooth muscle cells and ICC of cavl"7" mice (Fig. 4.2a). 

Caveolin-1 immunoreactivity in cavl+/+ tissues appeared as punctate staining in the 

periphery of smooth muscle cells and ICC (Fig 4.2a). Similarly, in cryosections 

stained with anti-caveolin-3, caveolin-3 immunoreactivity appeared in punctate sites 

in the periphery of smooth muscle cells in CM from cavl+/+ mice (Fig 4.2b). In 

cavl7" tissue, caveolin-3 immunoreactivity appeared in the outer CM layer (Fig 4.2b). 

Cryosections with double immunostaining for caveolin-1 and soluble guanylate 

cyclase showed no colocalization of the two proteins in the cavl+/+ tissue. While 

caveolin-1 appeared in punctate sites in the plasma membrane, soluble guanylate 

cyclase appeared mainly in the cytoplasm. Soluble guanylate cyclase was also in the 

cytoplasm in cryosections from cavl"7" tissues (Fig 4.2c). 

4.3.2.2 Single immunohistochemical staining in whole mount preparations: 

To examine the presence and distribution of myenteric plexus ICC, single staining 

with anti-vimentin, which recognizes vimentin filaments characteristically present in 

ICC , of whole mount preparations of jejunal tissue from cavl+/+ and cavl"A mice 
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Fig 4.2 Cryosections from cavl and cavl"" small intestine stained for caveolin-1 

(a), caveolin-3 (b), and doubly stained for caveolin-1 and soluble guanylate cyclase 

(c). a. Note the total absence of caveolin-1 immunoreactivity in the cavl"7" tissue, b. 

Caveolin-3 immunoreactivity persists in the outer circular muscle layer of cavl*" 

tissue, c. Immunostaining of caveolin-1 (red) and soluble guanylate cyclase (green) 

shows that they are not colocalized (no yellow colour in the merged image, cm, 

circular muscle layer; lm, longitudinal muscle layer. Scale bars are 5 um 

(immunostaining and confocal imaging were done by Woo Jung Cho). 
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was done. It showed that the myenteric plexus ICC were equally present and similarly 

distributed in the small intestine of cavl+/+ and cavl"7" strains (Fig 4.3a and 4.3b). 

4.3.2.3 Double immunohistochemical staining in whole mount preparations: 

This technique was used to quantify the differences in the expression of nNOS in 

the myenteric neurons of cavl"7" and cavl+/+ mice (Fig 4.4). The number of cells 

showing specific staining with human neuronal protein HuC/D antibody, which 

recognizes the cytoplasm and the nucleus of myenteric neurons26,27, was considered 

to be the total number of myenteric neurons. The percentage of myenteric neurons 

expressing nNOS was determined separately by two individuals in the myenteric 

ganglia of cavl+/+ and cavl"7" mice. Only cells with immunostaining in their 

cytoplasm brighter than glial cells and background staining were counted. The 

numbers of myenteric plexus ganglia examined were 8 in cavl+/+ and 13 in cavl"7". 

Out of a total of 123 nerve cells examined in cavl"7", 78.9% showed nNOS 

immunoreactivity. While only 63.1% of 84 nerve cells showed nNOS 

immunoreactivity in Cavl+/+ myenteric ganglia. The results indicate an increase in the 

percentage of myenteric neurons expressing nNOS in cavl"/_ (two-sided P-value = 

0.0172 in contingency analysis). 

4.3.3 Functional studies: 

4.3.3.1 Spontaneous activity: 

The amplitudes of the spontaneous muscle contractions in LM and CM in cavl+/+ 

and cavl7" were measured at the end of the equilibration period. For LM, the values 
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Fig 4.3 Myenteric ganglia (MG) in whole mount preparations from cavl (a) and 

cavl"7" (b) stained for vimentin (green). Myenteric ICC stained by anti-vimentin are 

marked by asterisks. Note the similar distribution of ICC in cav 1+/+ and cavl"" 

preparations. Scale bar is 20 urn (immunostaining and confocal imaging were done 

by Woo Jung Cho). 
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Fig 4.3 
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Fig 4.4 Myenteric ganglia in whole mount preparations from cavl (a) and cavl"" 

(b) stained for HuC/D protein (red) and nNOS (green). The cell bodies and cytosol of 

nNOS expressing neurons appear in yellow. Scale bar is 20 um (immunostaining and 

confocal imaging were done by Woo Jung Cho). 
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in mg tension were 129.3±17.9 for Cavr / + («=11), and 130.2±11.6 for CavF" (n=18). 

For CM, the values in mg tension were 237.7+29.6 for cavl+/+ (o=10) and 216.0±33.2 

for cavl"7" (n^lO). Statistical analysis (/"-test) showed that there were no significant 

differences between the amplitudes of the spontaneous contractions in the two mice 

strains. 

On the other hand, the spontaneous frequency of pacing was higher in CM of 

cavl"'" jejunum compared to cavl+/+ (Fig 4.5a). Since there is a gradient in the 

frequency of pacing along the mouse small intestine19, the frequency measurements 

were all done in the mid-jejunum in both strains. The frequency of pacing 

significantly increased in cavl+/+ tissues treated with LNNA (100 (iM) or ODQ (1 

(iM) but not in those from cavl"7" mice (Fig 4.5b). After blockade of NO production 

or action, all frequencies became the same. In LM, the frequency of pacing was 

similar in both strains and was neither affected by LNNA nor ODQ. 

4.3.3.2 Effects of LNNA and ODQ on EFS-induced relaxation: 

In LM, EFS elicited a transient relaxation in both strains, which increased in 

magnitude as the stimulation frequency was increased to reach a maximum at 10 Hz. 

Both strains showed relaxations of comparable magnitudes (no significant 

differences). In cavl+/+, inhibiting NOS function with 100 jxM LNNA abolished EFS-

evoked relaxations at all stimulation frequencies (Fig 4.6b). On the contrary, in cavl"" 

LNNA only reduced the relaxations at 1 and 3 Hz stimulations and had no significant 

effect on the relaxations at 10 and 30 Hz (Fig 4.6b). 
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Fig 4.5 Frequency of the spontaneously-paced contractions in CM of cavl and 

cavl"/_ small intestine, a. The frequency of pacing is higher in cavl"'" CM. b. The 

frequency of pacing increases after treatment with LNNA (100 pM) or ODQ (1 pM) 

in cavl+/+ but not in cavl"". Statistical significance was determined by Mest for (a) 

and ANOVA followed by Bonferroni post hoc test for (b) and denoted by *j°<0.05 

and **P<0.01. n values were 9 for control cavl+/+ and cavl"7" tissues and 7 for 

LNNA- and ODQ-treated tissues. 
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Fig 4.6 Effect of LNNA (100 uM) on EFS-induced relaxation in the presence of 

atropine (10~7 M), prazosin (10~6 M), and timolol (10"6 M) in LM (a and b) and CM (c) 

of cavl+/+ and cavl"7" small intestine, a. Representative tracings of the effect of LNNA 

(100 |iM) on EFS-induced relaxation in LM at 10 Hz. b. The effect at all stimulation 

frequencies in LM on EFS-induced relaxation before and after adding LNNA to the 

same tissue, c. The effect at all stimulation frequencies in CM demonstrated as the 

difference in EFS-induced relaxation between LNNA-treated and control tissues. 

Statistical significance was measured by ANOVA followed by Bonferroni test and is 

denoted by *P<0.05, **P<0.01, and ***P<0.001. n values were 11 and 9 for cavl"A 

LM and CM, and 6 for cavl+/+LM and CM. 
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In CM, EFS produced muscle relaxation that lasted for as long as the stimulus 

continued in most experiments. The relaxation was maximal at 3 Hz (Fig 4.6c). There 

were no significant differences in the extent of relaxation exhibited by both strains. 

The relaxation due to EFS was followed by a rebound contraction (or an "off-effect") 

in cavl+/+ at higher frequencies. Cavl"'" CM segments did not show this "off-effect" at 

any frequency. This difference, measured at 30 Hz, was significant (data not shown). 

Inhibiting NOS activity by 100 |iM LNNA significantly reduced the extent of EFS-

induced relaxation in the Cavl+/+ control strain at all stimulation frequencies (Fig 

4.6c). In Cavl"7", the effect of LNNA was inconsistent and was only significant at 1 

and 30 Hz (Fig 4.6c). Inhibition of soluble guanylate cyclase with ODQ (1 pM) had a 

similar effect to LNNA in LM and CM in both strains (data not shown). 

4.3.3.3 Response to SNP: 

In LM, the exogenous NO donor, SNP (100 pM), produced a reduction in the 

amplitude of the phasic contractions. The magnitude of SNP-induced inhibition was 

greater in cavl+/+ compared to cavr/_ tissues. Both ODQ (1 pM) and apamin (1 pM) 

abolished the relaxant phase in the response to SNP in both strains (Fig 4.7a). 

In CM, SNP produced a reduction in the amplitude of phasic contractions. The 

reduction was also higher in cavl+/+compared to cavl"/". ODQ (1 pM) reduced the 

inhibition due to SNP only in cavl++ tissues, while apamin (1 pM) did not have any 

effect on the inhibition due to SNP in CM (Fig 4.7b). 
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Fig 4.7 Relaxation due to SNP (100 uM) in LM (a) and CM (b) of c a v l ' and cavF" 

and the effects of ODQ (1 uM) and apamin (1 uM) on this relaxation. Statistical 

significance is denoted by ***P<0.001(ANOVA followed by Bonferroni for 

comparison of the different treatments), ##P<0.01, and ###/><0.001 (Mest 

comparison to the corresponding cavl+/+). n values were 12 for control cavl7" LM 

tissues and 6 for all other experiments. 
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4.3.3.4 Response to 8-br cGMP in LM: 

8-br cGMP (100 \xM), a plasma-membrane permeable analogue of the second 

messenger cGMP, produced a reduction in the amplitude of contraction of the muscle. 

There were no significant differences among the magnitudes of 8-br cGMP-induced 

inhibitions in cavl"" mice and the cavl+ + tissues (data not shown). 

4.3.3.5 Effects of LNNA on EFS-induced relaxation and response to SNP in LM in 

presence ofPDE5 inhibitor II: 

In presence of PDE5 inhibitor II (1 uM), LNNA significantly decreased the EFS-

evoked relaxation in cavl"7" (Fig 4.8a) as the extent of inhibition of amplitude in 

response to EFS increased before the addition of LNNA. In addition, only in cavl"7" 

tissues were the responses to SNP in presence of PDE5 inhibitor II significantly 

higher than the responses obtained with SNP alone (Fig 4.8b). 

4.3.3.6 Effects of apamin and apamin/LNNA combination on EFS-induced 

relaxations: 

In LM, apamin (1 \iM), caused a significant reduction in the magnitudes of EFS-

induced relaxations at all stimulation frequencies in cavl"7" mice (Fig 4.9a). In cavl+/+ 

control mice, the effect of apamin on the magnitude of EFS-induced relaxation was 

smaller and more variable resulting in it to be statistically insignificant except at the 

stimulation frequency of 30 Hz (Fig 4.9a). In cavl"7", a combination of LNNA and 

apamin abolished the EFS-evoked relaxation at 1 and 3 Hz. However, residual 
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Fig 4.8 Effect of PDE5 inhibitor II (1 uM) on LNNA (100 uM) blockade of EFS-

evoked relaxation (effect before and after LNNA in the same tissue) (a) and SNP (100 

pM)-produced relaxation (b) in cavl+/+ and cavV'~ LM. Statistical significance was 

determined by ANOVA followed by Bonferroni test for (a) and t-test for (b) and is 

denoted by ***P<0.001. n-values were 12 for SNP-treated cavl"7" tissue and 6 for all 

other experiments. 
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Fig 4.9 Effect of apamin (1 uM) on EFS-induced relaxation in LM (a) and CM (b) of 

cavl++ and cavl"" small intestine. The effect is compared between apamin-treated 

and control tissues. Statistical significance was measured by ANOVA followed by 

Bonferroni test and is denoted by *P<0.05, **P<0.01, and ***P<0.001. n values were 

6 for experiments on LM and 7 for experiments on CM. 
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inhibitions of-16.0% ±3.0 and -22.3% + 4.1 persisted at 10 and 30 Hz, respectively 

(n=6). 

In CM, 1 fiM apamin led to a significant reduction of the extent of EFS-evoked 

relaxation at all frequencies in cav Y1- (Fig 4.9b). In cavl , apamin did not affect the 

extent of relaxation (Fig 4.9b). A combination of LNNA (100 |iM) and apamin (1 

jxM) almost abolished the EFS-induced relaxation in cavl+/+ and cavl"7". 

4.3.4 Western blotting: 

The expression of soluble guanylate cyclase and PDE5 was examined by Western 

blotting in the caveolae/lipid raft-enriched membrane fraction of the small intestinal 

tissue in cavl+/+ and cavl7". Soluble guanylate cyclase was not present in this fraction 

in either strain (data not shown). However, the amount of PDE5 detected in this 

fraction was higher in cavl+/+ tissues than in cavl"7" (Fig 4.10a). The total amount of 

PDE5 expressed in the whole tissue homogenate was examined, and was found to be 

similar in both strains when compared to actin as a loading control (Fig 4.10b). 

Membranes treated with the saturated PDE5 antibody did not show any bands (data 

not shown). 

4.3.5 Measurement of PDE activity: 

The total cGMP degradation was not found to be different in cavl++ and cavl"7" 

tissue homogenates. There was a concentration dependent inhibition of the cGMP 

breakdown activity when the PDE5 inhibitor II was added that leveled off in the 

range between 300 nM and 1 uM inhibitor concentration (data not shown). There was 
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Fig 4.10 Expression of PDE5 in caveolae/lipid raft-enriched membrane fraction (a) 

and whole tissue homogenate (b) from cavl+/+ and cavl*7" small intestine. PDE5 band 

densities were quantified by ImageJ software. Statistical significance was determined 

by t-test and denoted by **P<0.01. n values were 3 for cavl+/+ and cavl"7" in both 

experiments. 
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a trend for the cGMP degradation activity to be more susceptible to inhibition by 

PDE5 inhibitior II in cavl"A than in cavl+/+ but no statistical significance was 

achieved due to the relatively high residual activity remaining even after the highest 

inhibitor concentration used (data not shown). 

4.4 Discussion: 

Caveolin-1 is known to exert regulatory effects on a number of signaling molecules 

including NOS isoforms ' ' . The present study examined the possible role of 

caveolin-1 in the regulation of NO function in the mouse small intestine. To this end, 

we examined the different aspects of NO function in cavl_/" mouse small intestinal 

tissue and compared them to cavl++ tissue to avoid strain variations when comparing 

to BALB/c mice. Ultrastructural examination of LM and CM of cavl"A small intestine 

confirmed the absence of caveolae in LM and their reduced abundance in the outer 

circular smooth muscle. The electron microscope findings coincided with the patterns 

of expression of caveolin-1 and -3 where caveolin-3 persisted only in the outer 

circular muscle of cavl"". Based on protein sequence homology, caveolin-1 and 

caveolin-3 are about 65% identical and 85% similar30. Caveolin-3 also has the ability 

to drive caveolae formation and bind to and regulate signaling molecules31. The 

persistence of caveolin-3 in CM might explain some of the differences in the effect of 

caveolin-1 knockout between LM and CM. 
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The first finding to support our hypothesis of an altered response to NO in cavl" 

was in an increased frequency of pacing in CM of cavl"7" mice. As indicated in 

Chapter III, the CM pacing is controlled by an inhibitory input from myenteric 

nerves. Treatment with agents that block LNNA synthesis or action significantly 

increased the spontaneous pacing frequency. This was true only in the case of cavl+/+ 

but not in cavl"7" tissues, supporting our hypothesis of a defective response to NO 

especially that examination of the myenteric plexus showed a similar distribution of 

ICC in cavl+/+ and cavl"". 

To further test this hypothesis, the effect of blockade of NO synthesis by LNNA on 

EFS-induced relaxations in small intestinal smooth muscles was studied. We showed 

in Chapter III that NO is the main inhibitory mediator in LM of mouse small 

intestine. The effect of LNNA on the EFS-evoked relaxation was attenuated in cavl"7" 

LM tissue segments compared to cavl++ where it almost abolished all the relaxation, 

suggesting that NO played a lesser functional role in these tissues. However, although 

the effect of LNNA on EFS-evoked relaxation in CM in cavl"7" was less than in 

cavl+7+, it was not as great as in the case of LM. This might be due to the expression 

ofcaveolin-3 in this layer. 

EFS-induced relaxation in CM of cavl++ was followed by rebound contractions 

"off-effects" that was reported to be due to depolarization brought about by the 

activation of chloride32 and non-selective cation conductance33 reset during the hyper-

polarization phase34. The lack of this "off-effect" in cavl"7" could possibly suggest that 

they do not have sufficient hyperpolarization to reset these channels. This hypothesis 

is consistent with the observation of reduced NO effects. 

162 



Similar to LNNA, inhibiting guanylate cyclase, the main intracellular target of NO 

action35, abolished the EFS-evoked relaxation in cavl+/+ LM but had no effect on 

cavl"" LM. To rule out the possibility of a reduced abundance of nitrergic neurons in 

the myenteric plexus or a reduced expression of nNOS, we examined the number of 

nNOS-expressing neurons in cavl+/+ and cavl7" myenteric plexuses. nNOS-

expressing neurons were present and even more abundant in the examined cavl"7" 

myenteric ganglia. This finding indicates that the defect in NO function is more likely 

to be post-junctional. Moreover, the increase in the number of myenteric nerve cells 

expressing nNOS in cavl"" mice might be a possible compensatory outcome of the 

reduced smooth muscle and ICC NO responsiveness. 

To confirm that the defect in NO function in the cavl"" was post-junctional, we 

examined the effects of SNP on smooth muscle contraction. Both cavl"A LM and CM 

preparations showed reduced responsiveness to SNP compared to control cavl+/+ 

preparations. To determine the site of the deficiency down-stream of the NO signal, 

the inhibitory responses to 8-br cGMP were compared in LM preparations in both 

strains. The absence of significant differences indicates that the deficiency lies before 

the level of cGMP-controiled effectors. This might be due to a decrease in the activity 

of soluble guanylate cyclase. Yet this hypothesis cannot explain the ability of ODQ to 

abolish the relaxation due to SNP in LM preparations from cavl"7" mice. Moreover, 

Western blotting of membrane fractions showed that soluble guanylate cyclase was 

not present in the plasma membrane and also immunohistochemistry showed that it 

was not colocalized with caveolin-1. Therefore it is unlikely that soluble guanylate 

cyclase function will be affected by the absence of caveolin-1. 
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Another possible target that could be affected by caveolin-1 knockout is PDE5. 

PDE5 is the main regulator of NO effects in conditions of relaxation36. It was reported 

that PDE5 activity was higher in cavl"'" pulmonary artery smooth muscles and was 

the underlying cause for the pulmpnary hypertension seen in this model . A negative 

regulation of PDE5 by caveolin-1 might occur and thus in absence of caveolin-1 the 

activity of PDE5 might be higher. To test this hypothesis we used a PDE5 inhibitor. 

In presence of this inhibitor the effect of LNNA on EFS-evoked relaxation became 

significant in cavl"" LM and the relaxation to SNP increased significantly, indicating 

that PDE5 activity might be higher in cavl"7" tissues contributing to the reduction of 

the response to NO. This hypothesis is further supported by the higher expression of 

PDE5 in caveolae-rich membrane fraction in cavl+/+ compared to cavl" despite the 

observation that PDE5 is at least equally expressed in the whole tissue homogenates if 

not higher in cavl"A homogenates. Thus we speculate that in absence of caveolin-1, 

PDE5 is no longer sequestered in the caveolae domain under the inhibitory clamp of 

caveolin-1 and retains higher activity. These findings are similar to what we showed 

for matrix metalloproteinase-238. 

Despite reduced responses to NO, EFS produced relaxations in the cavl"/_ small 

intestine that were comparable in magnitude to those obtained in cavl+/+. This 

suggests that the relaxing function of NO in cavl7" small intestine was substituted by 

other mediators. ATP and pituitary adenylate cyclase-activating peptide are inhibitory 

neurotransmitters that elicit inhibitory responses due to the activation of small 

conductance Ca2+-dependant K+-channels39'40. Therefore, addition of apamin may 

have affected both ATP and pituitary adenylate cyclase-activating peptide functions 

164 



in the cavl"" and cavl small intestine. The apamin-induced reduction in EFS-

evoked relaxation was significant only in cavl"7" intestine. This finding points out the 

fact that the contribution of apamin-sensitive inhibitory mediators in the regulation of 

cavl"7" small intestine motility increases in importance, possibly to compensate for the 

reduced NO function. However, these might not be the only possible mechanisms 

involved in the inhibitory neurotransmission in the cavl"7" small intestine. This was 

evident when a combination of apamin and LNN A was used, since residual inhibition 

of the amplitude of the contractions persisted at 10 and 30 Hz in LM. Here it is worth 

noting that strain variations play an important role in the mediators in play. As shown 

in Chapter III, a significant proportion of the EFS-evoked relaxation in CM from 

BALB/c persisted with a combination of LNNA and apamin, which did not occur in 

either cavl+ + or cavl"" tissues. 

In conclusion, the current study shows that caveolin-1 is necessary for normal NO 

function in the mouse intestine. Caveolin-1 gene knockout causes abnormalities in the 

ICC and smooth muscles of the mouse intestine leading to a reduced responsiveness 

to endogenous and exogenous NO. The impairment of NO function in cavl" mouse 

intestine may be compensated by the apamin-sensitive inhibitory mediators. 
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CHAPTER V 

CAVEOLIN-1 KNOCKOUT ALTERS P-

ADRENOCEPTOR FUNCTION IN MOUSE SMALL 

INTESTINE 

A version of this chapter has been published. El-Yazbi AF, Cho WJ, Schulz R, and 

Daniel EE. Caveolin-1 knockout alters P-adrenoceptor function in mouse small 

intestine. Am J Physiol 291: G1020-G1030, 2006. 
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5.1 Introduction: 

Following an abdominal surgery or injury, the motility of the GIT is transiently 

impaired. Among the pathologic mechanisms underlying the paralytic state is the 

sympathetic inhibitory reflex1. The sympathetic hyperactivity in the postoperative 

period is the result of increased adrenergic neuronal hyperactivity or high circulating 

epinephrine released from the adrenal gland in response to surgical trauma2'3. Thus 

adrenergic receptors play a role in gut pathophysiology and modification of their 

function may alter these responses. 

The inhibitory sympathetic effects in the GIT are mediated by a-4 and (3-

adrenoceptors . Sympathetic innervation to the GIT comes from extrinsic nerves, 

which mostly end on and modulate enteric nerves . However, some adrenergically-

mediated inhibitory actions occur at the level of receptors expressed on smooth 

muscle cells7'8. A recent study9 showed that most of the P-adrenoceptor-mediated 

inhibition in response to p-adrenergic agonists, was independent of the enteric 

nervous system. Among the (3-adrenoceptors, the P3 subtype is of a special interest in 

gastrointestinal motility because it is abundantly present in the GIT10. 

^-adrenoceptors are G protein-coupled receptors, which upon activation by an 

agonist stimulate adenylyl cyclase to produce the second messenger, cAMP. The end 

effect of this process is the activation of PKA11. The receptor/G-protein/PKA 

interaction is not due to a random collision of freely moving proteins in the plasma 

membrane, but is rather due to a compartmentalized membrane process12. For 0-
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adrenoceptors, this compartmentalization has been shown to occur in caveolae in 

cardiac myocytes13'14 and cultured cell lines1 . 

Caveolae are non-clathrin-coated plasma membrane invaginations that are 

abundant in terminally differentiated cells such as endothelial cells, adipocytes, 

fibroblasts, and myocytes 6. Caveolae and their marker proteins, caveolins, are 

thought to be involved in signal transduction. Caveolin-1, through the caveolin 

scaffolding domain, binds to and regulates the activity of several distinct classes of 

signaling molecules17. Among these are the heterotrimeric G-proteins18 and adenylate 

cyclase19 that are essential for signal transduction downstream of [^-adrenoceptors. 

In the mouse small intestine, we showed that caveolin-1 is present in smooth 

muscle cells and ICC and is required for the normal pacing activity of the small 

intestine20. In the present study, we investigated alterations of GIT motility in small 

intestine from cavl"7" mice associated with ^-adrenoceptor function. We hypothesize 

that the (3-adrenoceptor function would be altered in the cavl"A small intestine owing 

to the close relationship between caveolin-1 and (3-adrenoceptor signaling. We also 

examined the underlying mechanism of alteration in the signaling cascade 

downstream of P-adrenoceptors. 
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5.2 Materials and methods: 

5.2.1 Functional Studies: 

5.2.1.1 Preparation of the tissue: 

Mouse small intestinal tissue from cavl+/+ and cavT'mice was isolated and set up 

to record LM activity as described in Chapter II. 

5.2.1.2 Experimental protocols: 

Tissue segments were equilibrated in Krebs-Ringer solution for 15 min at the 

beginning of the experiments. 1 uM tetrodotoxin (TTX) was added to the solution at 

the beginning of the equilibration period to block enteric nerve activity. In 

preliminary experiments, this concentration was found to be sufficient to block 

responses to nerve activity elicited by electric field stimulation. In experiments to 

study the effects of P-adrenoceptor antagonists or H-89 on the (-)-isoprenaline-

induced relaxation, the compounds were added at the beginning of the equilibration 

period and left in contact with the tissue throughout the experiment. CGP20712A (0.1 

uM) was used to block Pi-adrenoceptors, ICI118551 (0.1 uM) was used to block P2-

adrenoceptors, and SR59230A (0.1 uM) was used to block p3-adrenoceptors. H-89 (1 

uM) was used to study the effect of PKA block on the response to (-)-isoprenaline. 

After the equilibration period, the tissues were contracted by Carbachol (CCh, 1 uM). 

A period of 15 min was allowed after the addition of CCh for the stabilization of the 

induced tone. In control experiments, the CCh-induced tone came to plateau after 10 
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min. Cumulative concentration-response curves (CRC) for (-)-isoprenaline were 

constructed using nine doses separated by half log units (10"9-10"5 M). Similar CRCs 

were constructed for the selective pVagonist, BRL37344. At the end of a CRC, the 

tissue was brought to a state of maximum relaxation by washing twice with calcium-

free Krebs-Ringer solution containing 1 mM EGTA at 37°C. 

In other experiments H-89 (0.5 uM) was added to some tissues at the beginning of 

the equilibration period together with tetrodotoxin (1 uM). All tissues were contracted 

with 1 pM CCh. After 15 min, a single dose of N6,2'-0-dibutyryladenosine 3':5'-

cyclic monophosphate (di-bu cAMP, 100 pM) or forskolin (1 pM) was added. 

5.2.1.3 Data analysis: 

In the CRCs, the relaxing effect of each dose was calculated by normalizing the 

amount of relaxation brought about by (-)-isoprenaline addition to the CCh-induced 

tone prior to the first addition of (-)-isoprenaline. Sigmoid dose response curves with 

constant Hill-slope were estimated with GraphPad Prism 4.0. pECso values were 

calculated and expressed as mean±SEM. Statistical significance among pECso values 

was determined by unpaired Mest. A /'-value < 0.05 was considered significant. In 

case of comparison of more than two pECso values, ANOVA was used followed by 

Bonferroni post hoc test. The relaxing effects of di-bu cAMP and forskolin were 

measured after five minutes following the addition of the drug and represented as a 

percentage of the relaxation brought about by calcium-free Krebs-Ringer solution 

with 1 mM EGTA added at the end of the experiment. The results are expressed as 

mean±SEM. In all cases n represents the number of animals whose small intestine 
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provided segments for the study. The statistical significance of the H-89 effect was 

determined by comparison to controls run side-by side using unpaired /-test. A P-

value < 0.05 was considered significant. 

5.2.2 Immunohistochemistry: 

Tissue preparation, cryosection, immunolabeling, and confocal imaging were done 

as described in Chapter II. Sources and concentrations of primary and secondary 

antibodies are summarized in Table 5.1. Double immunolabeling with primary 

antibodies from the same host was done by the conversion of one of them to be 

recognized as an antibody in a different host as previously described21. 

5.2.3 Western blotting of membrane fractions: 

Full-length small intestinal tissues from 3 cavl+/+ and 3 cavl"7" mice were collected, 

pooled, and used to prepare membrane fractions as described in Chapter II. Western 

blotting was done as described in Chapter II using mouse anti-caveolin-1 (1:1000) 

and mouse anti-catalytic subunit of PKA (1:1000) as primary antibodies. HRP-

conjugated goat anti-mouse IgG (1:4000) was used as secondary antibody. 

5.2.4 Materials: 

(-)-isoprenaline, CCh, ICI118551, CGP20712A, SR59230A, BRL37344, 

forskolin, and di-bu cAMP were purchased from Sigma Canada (Oakville, ON). H-89 

was purchased from Calbiochem (San Diego, CA). TTX was purchased from the 
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Table 5.1 Antibodies and normal sera used in Chapter V 

Antibody 

Cavl 

PKAc 

plAR 

p2AR 

p3AR 

Host 

Mouse 

Mouse 

Rabbit 

Rabbit 

Rabbit 

Dilution 

1:200 

1:200 

1:100 

1:100 

1:100 

Peptide 

Primary 

yes 

yes 

no 

no 

yes 

Secondary 

Source 

BD Transduction Labs. 

BD Transduction Labs. 

Abeam Inc. 

Abeam Inc. 

Alpha Diagnostic Intl. 

Fab fragment rabbit anti-mouse IgG 

Cy3-conjugated donkey anti-mouse IgG 

Alexa488-conjugated goat anti-rabbit IgG 

Horse raddish peroxidase-conjugated goat 

anti-mouse 

Sera 

Normal donkey serum 

Normal goat serum 

Jackson ImmunoResearch 

Jackson ImmunoResearch 

Molecular Probes 

BD Transduction Labs. 

Calbiochem 

Caltag Labs. 

Cavl, caveolin-1; PKAc, cAMP-dependent protein kinase; piAR, beta 1 adrenergic 

receptor; p2AR, beta 2 adrenergic receptor; P3AR, beta 3 adrenergic receptor; 

Peptide, antigenic peptide used to saturate the corresponding primary antibody. 
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Alomone Labs. (Jerusalem, Israel). Anti-fading agent was from Biomeda (Foster, 

CA). Cover glass slips were from Electron Microscopy Sciences (Washington, PA). 

All the drugs used for functional experiments except SR59230A, forskolin, and 

TTX were dissolved as stock solutions in distilled water and frozen at -20°C until 

used. Fresh dilutions were prepared in distilled water on the day of the experiment. 

SR59230A and forskolin were dissolved in dimethylsulfoxide and TTX was dissolved 

in 0.1 M acetic acid. These solvents in the quantities added (10 fxl in 10 ml) did not 

alter the tissue function in preliminary experiments. 

5.3 Results: 

5.3.1 Immunohistochemistry: 

5.3.1.1 Double immunostainingfor caveolin-1 and ^-adrenoceptors: 

Cavl"" cryosections lacked caveolin-1 immunoreactivity and thus showed 

immunoreactivity only for (^-adrenoceptors (Fig 5.1). In cavl+/+, immunoreactivities 

of all three ^-adrenoceptor subtypes were diffusely distributed in smooth muscles 

(circular and longitudinal) and myenteric plexus cells with only a limited co-

localization with caveolin-1 in possible ICC in the deep musclar plexus, interstitial 

cells of Cajal in the myenteric plexus and some epithelial cells in the serosal layer 

(Fig 5.1c, 5.1i, and 5.1o). In cavl"7", the receptors had a distribution similar to that in 

cavl+/+ and the immunofluorescence showed a comparable intensity (Fig 5.1e, 5.1k, 

and5.1q). 
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Fig 5.1 Double immunohistochemical staining of caveolin-1 (red) and P-

adrenoceptors (green) in cryosections from cavl+/+ and cavl"7" small intestine. Panels 

a-f: immunohistochemical staining for caveolin-1 and pi-adrenoceptors in cav l+/+(a-

c) and cavl"" (d-f). Panels g-1: immunohistochemical staining for caveolin-1 and P2-

adrenoceptors in cavl+/+ (g-i) and cavl"7" (j-1). Panels m-r: immunohistochemical 

staining for caveolin-1 and P3-adrenoceptors in cavl+/+ (m-o) and cav l"7" (p-r). Co-

localization is indicated in figures c, f, i, 1, o, and r by yellow colour. Arrowheads 

indicate co-localization in possible ICC in the deep muscular plexus, thin arrows 

indicate co-localization in the myenteric plexus interstitial cells of Cajal, and thick 

arrows indicate co-localization in epithelial cells in the serosal layer. The scale bar is 

20 u,m. icm, inner circular muscle; ocm, outer circular muscle; lm, longitudinal 

muscle; mp; myenteric plexus (immunostaining and confocal imaging were done by 

Woo Jung Cho). 
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Fig 5.1 
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5.3.1.2 Double immunostainingfor caveolin-1 and PKA: 

In cavl+/+, the PKA catalytic sub-unit immune-reactivity was mainly localized to 

the cell membrane of smooth muscles (Fig 5.2b). It showed a close colocalization 

with caveolin-1 in the cell membrane (Fig 5.2c). In cavl"", no immunoreactivity to 

caveolin-1 was detected (Fig 5.2d), however, the immunoreactivity to the PKA 

catalytic subunit persisted in the cell membrane (Fig 5.2e). The immunofluorescence 

due to PKA catalytic subunit immunoreactivity was of a comparable intensity in 

cavl"" and cavl++. 

5.3.2 Functional experiments: 

5.3.2.1 Contractile response to CCh: 

Upon treatment with CCh (1 u\M), mouse small intestinal tissue segments 

responded with a sustained tonic contraction i.e. the phasic contractions persisted but 

at a higher tone. The tonic contraction level (after relaxation of a phasic contraction) 

came to a plateau within 10 min. The tonic response to 1 uM CCh was similar in 

cavl+/+andcav l^and was sub-maximal in both strains (Fig 5.3) 

5.3.2.2 Effect of (-)-isoprenaline: 

The non-selective p-agonist (-)-isoprenaline produced a concentration-dependent 

relaxation of the tissue segments contracted with CCh from both cavl+/+ and cavl"7" 

mice. However, the response to (-)-isoprenaline in cavl+/+ segments started at lower 
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Fig 5.2 Double immunohistochemical staining for caveolin-1 and catalytic sub-unit of 

PKA (PKAc) in cryosections from cavl+/+ and cavl"7" small intestine. Panels a-c show 

immunostaining for caveolin-1 and PKAc in cavl+/+ tissue. Panel c shows the 

colocalization as a yellow colour in the membrane of smooth muscle cells, possible 

ICC in the deep muscular plexus (indicated by arrowheads), ICC in the myenteric 

plexus (indicated by thin arrows), and epithelial cells in the serosal layer (indicated by 

thick arrows). Panels d-f show immunostaining for caveolin-1 and PKAc in cavl" 

tissue. The scale bar is 10 |im. icm, inner circular muscle; ocm, outer circular muscle; 

lm, longitudinal muscle; mp; myenteric plexus (immunostaining and confocal 

imaging were done by Woo Jung Cho). 

183 



Fig 5.2 
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Fig 5.3 Tonic amplitude following CCh (1, 3, and 10 uM) addition to cavl and 

cavl"7" LM preparations. The tonic amplitude after different CCh doses is represented 

as mean±SEM of mg tension developed, n values were six in all experiments. 
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Fig 5.3 
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concentration than in cavl segments (Fig 5.4a). The CRC of (-)-isoprenaline in the 

cavl"7" (pEC50: 6.9710.10) was shifted significantly (P<0.01) to the right with respect 

to the cavl+/+ CRC (pEC50: 7.60±0.15) (Fig 5.4b). 

5.3.2.3 Effects of selective /^-antagonists on relaxation due to (-)-isoprenaline: 

We examined the effects of selective ^-adrenoceptor antagonists on (-)-

isporenaline-induced relaxation. The concentrations of the antagonists used were 

based on those reported in previous work on mouse intestine22. In cavl+/+ tissues, 0.1 

uM CGP20712A, a selective (31-antagonist, significantly shifted the CRC of 

isoprenaline to the right (pEC50: control, 7.60±0.15; CGP20712A, 7.0810.14; P<0.05) 

(Fig 5.5a). However, in cavl"7", CGP20712A did not significantly shift the CRC of (-

)-isoprenaline (pEC50: control, 6.97+0.10; CGP20712A, 7.2710.09) (Fig 5.5a). The 

selective (^-adrenoceptor antagonist, ICI118551 (0.1 uM), had the same effect as the 

pi-antagonist. It shifted slightly the CRC of (-)-isoprenaline in cavl+/+ (pECso: 

control, 7.6010.15; ICI118551, 6.9510.15; PO.05) and had no significant effect on 

the CRC in cavl"7" (pEC50: control, 6.9710.10; ICI118551, 6.7210.13) (Fig 5.5b). The 

greatest shift in the CRC of (-)-isoprenaline in cavl+/+ small intestinal tissue was 

obtained with the selective ^-adrenoceptor antagonist, SR59230A (0.1 uM) (pECso: 

control, 7.6010.15; SR59230A, 6.3910.13; PO.001) (Fig 5.5c). SR59230A (0.1 uM) 

did not affect the CRC in cavl"'" (pEC50: control, 6.9410.09; SR59230A, 6.7110.09) 

(Fig 5.5c). The shift in the CRC in cavl+/+ caused by SR59230A was higher than that 

due to CGP20712A CPO.01) and ICI118551 (PO.05) when measured in terms of 

pEC50. 
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Fig 5.4 Concentration-response curves of (-)-isoprenaline in small intestinal tissue 

segments from cavl++ and cavl"" mice contracted with 1 uM CCh. a. Representative 

tracings of the effect of (-)-isoprenaline in cavl++ and cavl"". b. Concentration 

response curve of (-)-isoprenaline in cavl+/+ compared to cavl"7" (n-6). The relaxing 

effect was measured at the tonic amplitude. 
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Fig 5.5 Effect of selective P-adrenoceptor antagonists (0.1 uM) on (-)-isoprenaline-

induced relaxation in small intestinal tissue segments from cavl+/+ and cavl"A mice 

contracted with 1 uM CCh. a. The effect of the selective Pi-adrenoceptor antagonist, 

CGP20712A. b. The effect of the selective p2-adrenoceptor antagonist, ICI118551. c. 

The effect of the selective P3-adrenoceptor antagonist SR59230A (n values are 6 for 

all experiments). 

190 



%
 M

ax
im

um
 r

el
ax

at
io

n
 

%
 M

ax
im

um
 r

el
ax

at
io

n
 

%
 M

ax
im

um
 r

el
ax

at
io

n
 £
&

> 

%
 M

ax
im

um
 r

el
ax

at
io

n
 

%
 M

ax
im

um
 r

el
ax

at
io

n
 

%
 M

ax
im

um
 r

el
ax

at
io

n
 

K
J 

tf
l 

*•
! 

O
 

p
 

O
i 

©
 

O
i 

O
 

o
 

53
 

er
a"

 
en

 
In

 

o
 

fi
) < 



5.3.2.4 Effect of a non-selective ^-antagonist on the relaxation due to (-)-

isoprenaline: 

1 uM concentration of the non-selective p-antagonist, timolol, shifted the (-)-

isporenaline CRC to the right significantly in cav 1+/+ (pEC50: control, 7.60±0.15; 

timolol, 5.92±0.19; PO.001) and cavl"A (pEC50: control, 6.97±0.10; timolol, 

5.80±0.13; PO.001) (Fig 5.6). 

5.3.2.5 Responses to BRL37344: 

BRL37344 caused a concentration-dependent relaxation of CCh-induced tone in 

cavl+/+ tissue (pEC50: 6.49±0.12) (Fig 5.7). In cavl"A tissue the CRC of BRL37344 

was shifted to the right (pEC50: 5.55+0.19, P<0.0\) (Fig 5.7) with respect to the CRC 

in cavl . 

5.3.2.6 Effect ofH-89 on (-)-isoprenaline-induced relaxation: 

In cavl+/+ tissue H-89 markedly shifted the CRC of (-)-isoprenaline to the right 

(pEC50: control, 7.60±0.15; H-89, 6.02±0.22; PO.001) (Fig 5.8). However, treatment 

of cavl"7" tissues with H-89 did not significantly affect the CRC of (-)-isoprenaline 

(pEC50: control, 6.94±0.09; H-89, 6.75±0.19) (Fig 5.8). 

5.3.2.7 Effect of H-89 on relaxation due toforskolin or di-bu cAMP: 

The direct activator of adenylate cyclase, forskolin, produced a relaxation of CCh-

induced tone in both cavl+/+ and cavl"7" tissues (Fig 5.9a). In cavl+/+, the relaxation 
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Fig 5.6 Effect of timolol (1 \xM) on (-)-isoprenaline-induced relaxation in cavl and 

cavl"7" tissue segments contracted with 1 uM CCh. n values are 6 for all experiments. 
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Fig 5.7 Concentration-response curves of BRL37344 in small intestinal tissue 

segments from cavl+/+ and cavl"7" mice contracted with 1 uM CCh(n=6). 
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Fig 5.8 Effect of the PKA inhibitor, H-89 (1 (iM), on the (-)-isoprenaline-induced 

relaxation in small intestinal tissue segments from cavl+/+ and cavl7* mice contracted 

with 1 uM CCh 0=6). 
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Fig 5.9 PKA inhibitor H-89 (0.5 pM) reduces the (a) forskolin (1 uM)- and (b) di-bu 

cAMP (100 uM)-induced relaxation in small intestinal tissue segments from cavl+ + 

but not from cavl"" mice (n=6). Statistical significance was measured by the unpaired 

/-test and denoted by **P<0.01 and ***P<0.001. 
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was reduced when the tissue was pretreated with H-89. On the other hand, H-89 

pretreatment did not affect the relaxation due to forskolin in cavl"" tissue. 

5.3.2.8 Effect of H-89 on relaxation due to di-bu cAMP: 

We studied the effect of di-bu cAMP on CCh-induced tone in intestinal tissue. Di-

bu cAMP produced a greater relaxation in cavl+/+ tissue than in cav l"7" (PO.05). H-

89 almost abolished the relaxation due to di-bu cAMP in cavl+/+ tissues but had no 

significant effect in cavl"7". In addition, the response of the H-89 pretreated cavl+/+ 

tissue to di-bu cAMP was similar to the control response in cavl"" (Fig 5.9b). 

5.3.3 Western Blotting: 

Probing for the catalytic subunit of PKA showed that it was expressed in the lipid 

raft-rich membrane fractions in cavl+/+ smooth muscles and in the heavy (non-raft) 

membrane fraction of both strains (Fig 5.10). In cavl"7", PKA catalytic subunit 

expression was greatly reduced in the lipid raft fraction compared to cavl+7+. 

Caveolin-1 expression was observed only in the lipid raft-rich membrane fraction of 

cavl+7+ (Fig 5.10). 

5.4 Discussion: 

To assess the alteration of the cAMP-mediated relaxation in cavl"7" small intestine, 

we examined the changes in P-adrenoceptor function. Initially, we found that the 
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Fig 5.10 Expression of PKA catalytic subunit in the lipid raft-rich membrane fraction 

of cav 1+/+ and cavl"7" (lanes a and b, respectively) and the heavy (non-raft) membrane 

fraction in cavl+/+ and cavl" (lanes c and d, respectively) mice small intestinal tissue 

(done with the help of Jonathan Cena). 
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Fig 5.10 

a b e d 
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Caveolin-1 
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CRC representing the relaxation induced by (-)-isoprenaline in tissues contracted with 

CCh was shifted to the right in cavl7" tissues compared to cavl+/+. We considered this 

result to be related to the function of P-adrenoceptors expressed on smooth muscle 

cells since our experiments were conducted after nerve blockade with tetrodotoxin. 

Considering that ^-adrenoceptors were reported to be localized in caveolae14'15'23, a 

possible explanation could have been a reduction in the expression of p-adrenoceptors 

on smooth muscle cells in cavl"7" due to the absence of caveolae. However, using 

immunohistochemistry, we found that the different sub-types of P-adrenoceptors were 

not colocalized with caveolin-1 and were similarly present in cav 1"A and cavl 

tissues. The localization of a particular G-protein-coupled receptor to caveolae is cell-

type dependent and a previous study on cavl"" mice showed that they retained the 

P-adrenoceptors in adipocytes. 

Consequently, we concluded that the defect in p-adrenoceptor function in cavl" 

small intestine lay in the signal transduction pathway downstream of these receptors. 

We examined the roles of the different p-adrenoceptor sub-types in the (-)-

isoprenaline-induced relaxation and whether the functional defect was in all or some 

of them. In cavl++, both Pi- and P2-antagonists shifted the CRC of (-)-isoprenaline to 

the right slightly but significantly suggesting that they might have a role in the 

relaxation due to (-)-isoprenaline. However, similar to previous observations in 

mouse intestine , p3-adrenoceptors play a major role in the relaxation due to (-)-

isoprenaline. On the other hand, none of the selective P-adrenoceptor blockers 

appeared to have a significant effect on the relaxation due to (-)-isoprenaline in cavl" 

small intestine. This suggests that the lower relaxing effect of (-)-isoprenaline 
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observed in cavl"" might be due to an altered response of all three P-adrenoceptor 

subtypes. A failure of the three P-adrenoceptor antagonists to shift the CRC of (-)-

isoprenaline in cavl"7" muscle at the concentration used (0.1 uM), despite the 

persistence of a response to (-)-isoprenaline, might be due to the requirement for a 

higher concentration of antagonist in the cavl"" muscle. Note that higher 

concentrations of (-)-isoprenaline were required to show responses in the cavl" 

tissues. This suggestion is supported by the observation that in the cavl++ tissues in 

presence of the selective antagonists, the same high concentrations of (-)-isoprenaline 

produced responses similar to those of cavl"". Moreover, the (-)-isoprenaline 

responses in cavl"7" were still sensitive to higher concentrations of the non-selective 

antagonist timolol. 

Furthermore, to specifically examine the function of p3-adrenoceptor, being the 

sub-type that is mainly responsible for relaxation due to (-)-isoprenaline in mouse 

small intestine, we used a selective P3-agonist, BRL37344. Relaxation to BRL37344 

was reduced in cavl7" segments in comparison to cavl+/+, again indicating a reduction 

in the P3-adrenoceptor activity. 

To examine further the defect in P-adrenoceptor signaling in the cavl"7" small 

intestinal tissue, we studied the effect of the PKA inhibitor H-89 on (-)-isoprenaline-

induced relaxation. In the GIT P3-adrenoceptors were shown to effect relaxation by a 

mechanism involving an increase in cAMP26. In cavl++ tissues, H-89 caused about a 

40-fold increase in the EC50 of (-)-isoprenaline indicating that the relaxation observed 

is due to the activation of PKA downstream of P-adrenoceptors. Conversely, in cavl"7" 

H-89 had no significant effect on the CRC of (-)-isoprenaline indicating that the 
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reduced response to (-)-isoprenaline might be due to a decreased function of PKA. To 

investigate this possibility further, we examined the effect of H-89 on the relaxation 

of CCh-contracted tissues due to forskolin, a direct activator of adenylate cyclase, and 

di-bu cAMP, a membrane permeable analogue of cAMP. Only in cavl+/+ tissue did 

H-89 reduce the relaxation due to forskolin and di-bu cAMP. The relaxation due to 

di-bu cAMP in cavl"7" tissues was very small in tissues not treated with H-89; in fact, 

it was similar to the response of cavl+/+ control tissues treated with H-89. Taken 

together these results suggest a reduced functionof PKA in the small intestinal tissue 

of cavl7" mice. 

The relaxation elicited by forskolin and di-bu cAMP in cavl"" could be attributed 

to PKA-independent effects. These have also been shown to exist in cavl+/+ mice as a 

relaxation equivalent to that seen in the knockout mice persisted in cavl++ tissues 

treated with H89. cAMP production by non-selective activation of adenylate cyclase 

i.e. through the use of forskolin, is not expected to be compromised in cavl"" as many 

adenylate cyclase isoforms are known to exist mainly outside of caveolae25. Forskolin 

and cAMP were shown to elicit smooth muscle relaxation by opening of calcium-

activated potassium channels through mechanisms that are not dependent on PKA 

activation27'28. In addition, cAMP was postulated to produce relaxation in the 

intestinal smooth muscles by PKA independent mechanisms such as the activation of 

uncoupling protein-1 or cross activation of PKG30. 

Immunohistochemical staining of the catalytic unit of PKA showed that it was 

colocalized with caveolin-1 in the cell membrane of smooth muscles in cavl+/+ small 

intestine. This was similar to other results31 where PKA was shown to be colocalized 
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with caveolin-1 in aortic rings. Caveolin-1 interacted directly with PKA and this 

interaction was necessary for the modulation of cAMP-mediated signal 

transduction32. In cavl", PKA immunoreactivity persisted despite the absence of 

caveolae. However, further examination of the expression of PKA showed that the 

distribution of PKA within the membrane domains is not identical in cavl+/+ and 

cav Y1'. In the presence of caveolin-1, PKA is concentrated in the lipid raft membrane 

fraction i.e. in close association with caveolin-1 and caveolae. In contrast, in the 

absence of caveolin-1, very little PKA is expressed in these domains providing more 

evidence to support a role of caveolin-1 in the regulation of PKA in small intestinal 

tissue. The persistence of PKA in cavl7" in general is in agreement with previous 

findings in these mice25 where PKA expression was maintained in adipocytes. In that 

study, it was shown that the main role of caveolin-1 was to recruit the target proteins 

to be phosphorylated by PKA downstream of (^-adrenoceptor activation. This might 

be the case in the present study where the absence of caveolin-1 did not alter the 

expression of PKA but clearly reduced its activity in relaxing smooth muscle as 

shown in functional experiments. Potential target proteins that may be recruited by 

caveolin-1 for phosphorylation by PKA to produce smooth muscle relaxation include 

the inositol triphosphate receptor, plasma membrane calcium pumps, myosin light 

chain kinase, phospholamban33, and ATP-dependent K+ channels34. 

Nevertheless, the PKA-mediated phosphorylation of intracellular targets is not the 

only signal transduction mechanism downstream of p-adrenoceptors. In addition to 

the previously mentioned mechanisms by which cAMP can elicit PKA-independent 

relaxation, several other mechanisms have been suggested to be associated with (3-
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adrenoceptor activation. Among these mechanisms are activation of extracellular 

signal-related kinases 1 and 2 (ERK 1 and 2) , activation of cytosolic phospholipase 

A236, and the activation of calcium-activated potassium channels by Gsa that occurs 

independent of cAMP and PKA in a membrane delimited manner37. Any of these 

mechanisms could be active in cavl"7" tissues to cause relaxation despite the reduced 

PKA activity and account for the residual response to (3-adrenoceptor agonists. These 

assumptions must be tested by future studies of the nature of (-)-isoprenaline-induced 

relaxation in cavl_/\ 

To conclude, our present results suggest that the (3-adrenoceptor function in the 

mouse small intestine is reduced due to caveolin-1 knockout. The absence of caveolae 

might have reduced the relaxation response seen as a result of ^-adrenoceptor 

activation. This could be due to the reduced activity of PKA that requires the 

recruitment of target proteins by caveolin-1 to elicit full activity. 
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CHAPTER VI 

LOSS OF SMOOTH MUSCLE NITRIC OXIDE SYNTHASE 

FUNCTION IN CAVEOLIN-1 KNOCKOUT MOUSE 

SMALL INTESTINE 

A version of this chapter is currently under review in the American Journal of 

Physiology-Gastrointestinal and Liver Physiology. El-Yazbi AF, Cho WJ, Cena J, Schulz 

R, and Daniel EE. Smooth muscle nitric oxide synthase, colocalized with caveolin-1, 

modulates depolarization-induced contraction in mouse small intestine. 
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6.1 Introduction: 

Nitric oxide is a key regulator of multiple biological processes in different organs and 

systems in the body. It is synthesized by the reaction of L-arginine and oxygen catalyzed 

by a group of enzymes called nitric oxide synthases to produce NO and citrulline. At least 

three distinct isoforms of NOS exist in mammalian cells: endothelial NOS (eNOS), 

neuronal NOS (nNOS), and inducible NOS (iNOS)1. Ca2+-dependent NOS activity was 

first localized in neurons by Bredt et al? where it releases NO to act as a neurotransmitter 

or retrograde messenger, and was later named neuronal NOS. However, following its 

identification in neurons, further examination of nNOS distribution showed that it existed 

in several other tissues including skeletal muscle3, vascular smooth muscle4, and in the 

cell membrane of intestinal smooth muscle in both dogs and mice . 

The earliest examination of the function of nNOS expressed outside nerve cells was in 

skeletal muscle tissue7. There the NO produced was shown to modulate the contractile 

activity of skeletal muscle through the activation of soluble guanylate cyclase. In vascular 

smooth muscle, NO produced by nNOS was shown to be responsible for reduced vascular 

contractility in hypoxia8. In dog lower oesophageal sphincter, smooth muscle nNOS 

activity was shown to be important in the modulation of the generated tone through the 

regulation of potassium channel activity5. 

Similar to eNOS, nNOS activity was shown to be regulated in vitro by its interaction 

with caveolin-19. Caveolin-1 was shown to inhibit nNOS activity by interfering with 

calcium/calmodulin binding9'10. Moreover, examination of the in vivo distribution of 

nNOS and caveolin proteins showed that they were colocalized in skeletal muscle plasma 
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membrane and cell membranes of vascular smooth muscle , canine lower esophageal 

sphincter muscle , mouse small intestinal smooth muscle, and interstitial cells of Cajal . 

Caveolin-1 knockout mice were shown to lack morphologically identifiable caveolae in 

tissues expressing caveolin-1. They show a number of abnormalities including defects in 

caveolar endocytosis, lung hypercellularity, decreased vascular tone, and atrophic fat 

pads' . Since nNOS is colocalized with caveolin-1 in mouse small intestine, we 

hypothesize that its function will be altered or lost in caveolin-1 knockout tissue. In the 

present study, we compared contractile responses as a result of NOS inhibition following 

an increase in intracellular Ca2+ concentration in caveolin-1 knockout and wild type small 

intestine to address the possible function of NOS expressed in small intestinal smooth 

muscle. 

6.2 Materials and methods: 

6.2.1 Functional experiments: 

6.2.1.1 Tissue preparation: 

CM from small intestinal tissue from BALB/c, cavl+/+, and cavl"7" mice was isolated 

and set up to record contraction as described in Chapter II. 

6.2.1.2 Experimental protocols: 

Neuronal activity in intact tissue segments was blocked by 1 uM TTX and co-conotoxin 

GVIA (1 uM). The blockade was ascertained by examining the response to electric field 
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stimulation after TTX. Tissues were equilibrated for 25 min. After the equilibration 

period, tissues were contracted using 60 mM KC1 and the contractions were allowed to 

reach a plateau. In some experiments, cyclopiazonic acid (1 uM), or CCh (10 uM) was 

added instead of KC1. Following the plateau of tissue tension or after 5 min following the 

addition of any of the previous drugs, the tissues were treated with 100 uM LNNA, 1 uM 

ODQ, 1 uM apamin, or 0.1 uM iberiotoxin (IBTx). In some of the KC1 and CCh 

experiments, the tissues were pre-treated with nicardipine (1 uM). 

In some experiments membrane cholesterol was presumably depleted by incubating the 

control mouse tissue for 1 hour at 37°C in Krebs-Ringer solution containing 40 mM 

methyl-P-cyclodextrin (Me-P-CDX) and continuously bubbled with carbogen. In some of 

these tissues 2.54 mM water soluble cholesterol in Krebs-Ringer was incubated for 1 hour 

at 37°C to replete the membrane cholesterol. KG and LNNA were added to cholesterol 

depleted tissues and tissues treated with Me-P-CDX and water soluble cholesterol. 

6.2.1.3 Data analysis and statistics: 

The increase in tissue contractile tone was measured 5 min following the addition of 

LNNA at which time any additional contraction of the tissue reached a plateau. The 

increase in the tone of contraction following LNNA addition was normalized to the 

amplitude of the tone prior to the addition of KC1. Statistical comparisons were done as 

described in Chapter II. 
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6.2.2 Immunohistochemistry: 

Tissue preparation, cryosections, whole mount preparations, immunostaining, and 

confocal imaging were done as described in Chapter II. The primary and secondary 

antibodies used are summarized in Table 6.1. 

6.2.3 Co-immunoprecipitation and Western blotting: 

A whole tissue homogenate was prepared from BALB/c mouse small intestine as 

described in Chapter II. The homogenate was divided into 500 pi aliquots. In some 

aliquots calcium chloride was added so that the final calcium concentration was 2 mM 

and calmodulin was added so that the final concentration was 5 pM. The aliquots were 

incubated with 5 pg/ml mouse anti-caveolin-1 or mouse IgG negative control overnight at 

4°C. 50 pi aliquots of 50% slurry of protein G-coated sepharose beads were incubated 

with the mixture overnight at 4°C. The beads were separated from the homogenate by 

centrifugation at 12,000 g. The beads were separated and then washed three times in a 

high stringency buffer containing 500 mM NaCl, 1% IGEPAL CA-630, 50 mM Tris pH 

8.0, and 1 mM phenylmethanesulfonylfluoride. This was followed by one wash in 

washing buffer (50 mM Tris, pH 8.0). The beads were then suspended in an elution buffer 

containing 1% sodium dodecyl sulphate, 100 mM dithiothreitol, 3% |3-mercaptoethanol, 

50 mM Tris pH 7.5. The mixture was heated at 95°C for 3 minutes followed by 

centrifugation to separate the beads. 1 pi of 0.1% bromophenol blue was added to the 

supernatant which was then loaded on a polyacrylamide gel and blotted as described 

in Chapter II using a 1:1000 mouse anti-nNOS (primary antibody) concentration. 
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Table 6.1 Antibodies and normal sera used in Chapter VI. 

Antibody Host Dilution Peptide Source 

Primary 

Cav-1 Mouse 1:100 yes BD Transduction Labs. 

nNOS-C Guinea Pig 1:100 no Euro-Diagnostica 

nNOS-N Rabbit 1:100 no Euro-Diagnostica 

HuC/D Mouse 1:100 no Molecular Probes 

Secondary 

Cy3-conjugated donkey anti-mouse IgG Jackson ImmunoResearch Labs. 

FITC-conjugated donkey anti-guinea pig IgG Research Diagnostics 

Alexa488-conjugated donkey anti-rabbit IgG Molecular Probes 

Sera 

Normal donkey serum 566460 / Calbiochem 

Cav-1, caveolin-1; nNOS-C, neuronal nitric oxide synthase, COOH- epitope; nNOS-N, 

neuroal nitric oxide synthase, NFLrepitope; HuC/D, HuC/HuD neuronal protein (human); 

Peptide, antigenic peptide used to saturate the corresponding primary antibody. 
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1:4000 HRP-conjugated goat anti-mouse IgG was used as secondary antibody. 

6.2.4 Measurement of NOS activity: 

NOS activity was measured in whole homogenates and lipid-raft rich membrane 

fractions of small intestinal tissues from BALB/c mice using a method previously 

described15. The conversion of L-[14C]arginine to [14C]-citrulline was measured and used 

to estimate NOS activity. 20 ul aliquots of the samples were incubated with radioactive 

arginine (0.66 uCi/ml) in a reaction mixture containing: L-valine (7 mg/ml), KH2PO4 (50 

mM), MgCl2 (1.2 mM), CaCl2 (0.24 mM), NADPH (119.5 uM), dithiothreitol (1.2 mM), 

L-citrulline (1.2 mM), cold L-arginine (22 uM), and tetrahydrobiopterin (12 uM). The 

incubation lasted for 120 min at 37°C. The NOS inhibitor A^-monomethyl-L-arginine (1 

mM) was added to some samples to determine the reduction in counts due to NOS 

activity. EGTA (1 mM) was added to some samples to measure the calcium-independent 

NOS activity. Following the incubation the reaction was stopped by the addition of 1 ml 

30% slurry of the activated ion exchange resin 50W-X8. After centrifugation at 16,000 g 

the supernatant was removed and its radioactivity was measured in a Beckman LS6500 

scintillation counter. Background, total activity, and rat brain homogenate controls were 

measured alongside with the samples. The number of counts was normalized to the 

protein content of the sample and used as an indication of NOS activity. 

6.2.5 Materials: 
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IBTx, cyclopiazonic acid, nicardipine, Me-0-CDX, water soluble cholesterol, 

phenylmethanesulfonylfluoride, L-valine, NADPH, dithiothreitol, L-citrulline, L-

arginine, tetrahydrobiopterin, A^-monomethyl-L-arginine and protease inhibitor cocktail 

were purchased from Sigma (Oakville, ON), coconotoxin GVIA was purchased from the 

Alomone Labs (Jerusalem, Israel). Monoclonal mouse anti-nNOS was purchased from 

BD Transduction Laboratories (Mississauga, ON). Mouse IgG control was purchased 

from Chemicon (Temecula, CA). Calmodulin was purchased from Biogenesis (Kingston, 

NH). 50W-X8 resin was from Bio-Rad Laboratories (Hercules, CA). L-[14C]-arginine 

was from GE Healthcare (Piscataway, NJ). 

6,3 Results: 

6.3.1 Immunohistochemical staining of cryosections and whole mount preparations: 

In experiments where primary or secondary antibodies were omitted, no 

immunoreactivity was seen (data not shown). Similar to BALB/c mice13, cavl+/+ small 

intestine cryosections showed nNOS C-terminal and caveolin-1 immunoreactivity 

colocalized in the smooth muscle plasma membrane (Fig 6.1a-c). The cavl"7" cryosections 

lacked immunoreactivity for both proteins (Fig 6.Id). On the other hand, examination of 

myenteric ganglia in whole mount preparations from both cavl+/+ and cavl"7" showed that 

nNOS N-terminal immunoreactivity is expressed in neuronal cells of both mice strains 

(Fig 6.1 e-j). An antibody to HuC/D protein was used to localize cell bodies of myenteric 

nerves (Fig le,h). 
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6.3.2 Co-immunoprecipitation and Western blotting: 

Immunoprecipitation of caveolin-1 from BALB/c mouse small intestine homogenate 

followed by probing for nNOS showed a nNOS band at 150 kD (Fig 6.2). 

Immunoprecipitation in the presence of high calcium and calmodulin greatly reduced the 

nNOS band intensity. Tissue homogenates were also immunoprecipitated with the control 

mouse IgG under the regular low calcium conditions. No nNOS band was detected in the 

lanes corresponding to these treatments. 

6.3.3 Functional experiments: 

6.3.3.1 Spontaneous tone: 

The spontaneous tone developed in each of the tissues was measured (relative to tone 

in calcium-free solution) before the addition of KC1 and used as the 100% value to 

normalize the increase in tone that follows the addition of LNNA after KC1. The values of 

spontaneous tone developed were not different in BALB/c, cavl+/+, and cavl_/" and were 

(in mg tension) 43.7±7.5 (#2=13), 40.4±6.3 (w=6), and 40.5±4.8 («=8), respectively. 

6.3.3.2 Effect of LNNA on tissues contracted with KCl: 

Mouse small intestinal tissues responded to 60 mM KCl by a transient phasic 

contraction that decayed gradually into a sustained increase in contractile tone (Fig 6.3). 
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Fig 6.1 Cryosections (a-d) and whole mount preparations (e-j) of cavl and cavl"" mice 

small intestine immunostained for caveolin-1 and nNOS. Panels (a-c) show caveolin-1 (a, 

red) and nNOS (b, green) immunoreactivity and their colocalization in the merged image 

(c, yellow) in the smooth muscle cell membrane of cavl+/+ mice. Panel d is a merged 

image showing the absence of both caveolin-1 and nNOS immunoreactivity in cavl"7" 

mice. The scale bar is 10 um. icm, inner circular muscle layer; ocm, outer circular muscle 

layer; and lm, longitudinal muscle layer. Arrows point to interstitial cells of Cajal in the 

myenteric plexus layer. Panels (e-j) show immunostained myenteric ganglia in cav 1+/+ (e-

g) and cavl_/" (h-j) mice. Myenteric neuron cell bodies were localized by staining with 

HuC/D antibodies (e and h, red). Panels f and i show nNOS in myenteric ganglia (green). 

Panels g and j are merged images showing the colcalization of staining in the cytoplasm 

of cell bodies (yellow). Scale bar is 5 um (immunostaining and confocal imaging were 

done by Woo Jung Cho). 
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Fig 6.1 
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Fig 6.2 Representative blot of nNOS immunoprecipitated from BALB/c mouse small 

intestinal homogenate with anti-caveolin-1 antibody. The amount of nNOS pulled down 

in high calcium (2 mM) and calmodulin (5 uM) is very much reduced compared to the 

amount pulled down when no exogenous calcium and calmodulin were added. Control 

mouse IgG was used to show the selectivity of the co-immunoprecipitation. Control IgG 

was added in conditions where no exogenous calcium and calmodulin were added. The 

blot is representative of four experiments with similar results (Jonathan Cena helped in 

doing this experiment). 
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Fig 6.2 
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Addition of 100 uM LNNA after the KC1 contraction plateaued caused an increase in the 

tone of contraction in BALB/c and cavl+/+ tissue segments (Fig 6.3a). The increase in 

tonic contraction was very much reduced in the cavl"" tissues when compared to the 

controls (Fig 6.3b). 

6.3.3.3 Effect of cholesterol depletion on nNOS immunoreactivity and tissue response to 

LNNA: 

Plasma membrane cholesterol was presumably depleted by incubating the tissue 

preparations for 1 hour in 40 mM Me-p-CDX. In these tissues the immunoreactivities of 

both nNOS C-terminal and caveolin-1 in smooth muscle cell membrane were reduced 

(Fig 6.4a). Although these tissues maintained their phasic activity and responded to KC1 

by contraction, they showed very little increase in contractile tone when LNNA was 

added following KC1 (representative tracing in Fig 6.4b). However, when 2.54 mM water 

soluble cholesterol was used to replete the membrane cholesterol following depletion, the 

immunoreactivities of nNOS C-terminal and caveolin-1 in the smooth muscle plasma 

membrane were restored and the response to LNNA became similar to control levels (Fig 

6.4c). 

6.3.3.4 Effects of agents altering intracellular calcium levels: 

The response to LNNA added after tissue preparations from BALB/C mice were 

incubated with compounds presumed to increase the intracellular cytosolic calcium level 

in ways other than by the opening of L-type calcium channel was studied. The SERCA 

inhibitor, cyclopiazonic acid (10 uM), was incubated with the tissue to block the reuptake 
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Fig 6.3 Effect of LNNA (100 uM) on contractile tone of BALB/c, cavl , and cavl" 

intestinal tissue preparations following depolarization by KC1 (60 mM). a. Representative 

tracings showing the increase in tone after LNNA treatment only in BALB/c and cavl+/+ 

but not in cavl"'" tissue, b. The increase in contractile tone, shown as mg tension increase 

after LNNA and the same value normalized to the initial tone developed by the tissue, is 

much reduced in cavl"/_ in comparison to the control mice, n values are 13 for BALB/c, 6 

for cav 1+/+, and 8 for cavl"7". Statistical analysis was done by ANOVA followed by 

Bonferroni post hoc test and significance is denoted by *P<0.05, **P<0.0\, and 

***P<0.001. 
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Fig 6.4 Effect of caveolae disruption by cholesterol depletion on the immunoreactivities 

of caveolin-1 and nNOS in smooth muscle cell membrane and the response to LNNA 

(100 uM) following tissue depolarization by KC1 (60 mM) in BALB/c mouse small 

intestine, a. Imrnunostained cryosections of BALB/c mice small intestinal tissues showing 

the effects of Me-(3-CDX treatment (a-c) and Me-(3-CDX followed by water soluble 

cholesterol panels (d-f) on caveolin-1 (red) and nNOS (green) immunoreactivities and 

their colocalization (yellow). Scale bar is 10 um. b. Representative tracings, c. Increase in 

tone after LNNA is added, n values are 13 for control and 5 for Me-P-CDX and Me-|3-

CDX/water soluble cholesterol treated tissues. Statistical analysis was done by ANOVA 

followed by Bonferroni post-hoc test and significance is denoted by **P<0.01 and 

***p<0 001. 
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of the cytosolic calcium into the sarcoplasmic reticulum. In other tissues 10 uM CCh was 

used to increase intracellular calcium by both release from the sarcoplasmic reticulum and 

activation of L-type calcium channels. Addition of 100 uM LNNA five min after 

cyclopiazonic acid did not result in an increase in the tone of contraction while LNNA 

after CCh resulted in a small, significant increase in contractile tone (Fig 6.5a). On the 

other hand, pretreatment of the tissues with the L-type calcium channel blocker, 

nicardipine (1 uM), during the equilibration period abolished the tissue response to KG 

and greatly reduced the response to LNNA added afterwards (Fig 6.5b). In addition, 

nicardipine partially reduced the contractile response to CCh. However, it abolished the 

response to LNNA added afterwards (Fig 6.5c and d). Adding LNNA to cavl"" tissues 

treated with either cyclopiazonic acid or CCh did not result in an increase in tone (data 

not shown). 

6.3.3.5 Effect of blocking NO action: 

The effects of some pharmacological agents that block the action of NO on 

intracellular targets added after tissue depolarization with KC1 were studied. The soluble 

guanylate cyclase inhibitor ODQ (1 uM), added after the KG contraction plateaued, 

increased the tone of the contraction similar to LNNA. However, small and large 

calcium-activated potassium channel blockers, apamin (1 uM) and iberiotoxin (0.1 uM), 

did not produce a further increase in the contractile tone (Fig 6.6). 
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Fig 6.5 Increase in contractile tone by LNNA (100 uM) following different agents 

affecting intracellular calcium in BALB/c mice intestinal tissue, a. CCh only showed a 

partial increase in tone when LNNA was added. Cyclopiazonic acid did not cause an 

increase in the contractile tone when LNNA was added, n values are 13 for KC1, and 6 for 

CCh and cyclopiazonic acid. Statistical analysis was done by ANOVA followed by 

Bonferroni post-hoc test and significant difference from KC1 is denoted by ***P<0.001. 

b. Blocking L-type calcium channels with nicardipine prior to tissue depolarization by 

KC1 markedly reduced the increase in contractile tone when LNNA was added to the 

tissues, c. Representative tracings showing the tissue response to CCh and the increase in 

tone after the addition of LNNA. Nicardipine-treated tissues still responded with a 

contraction to CCh, however, they showed no further response to LNNA afterwards, d. 

Blocking L-type calcium channels with nicardipine prior to the addition of CCh abolished 

the increase in contractile tone when LNNA was added to the tissues, n values are 5 for 

the nicardipine treated tissues. Statistical analysis was done by /"-test and significance is 

denoted by * *P<0.01 and * * *P<0.001. 
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Fig 6.6 Effects of different agents acting on the signal transduction mechanisms 

downstream of NO on BALB/c intestinal tissue following depolarization by KC1 (60 

mM). n values are 13 for LNNA, 6 for ODQ and apamin, and 5 for IBTx. Statistical 

analysis was done by ANOVA followed by Bonferoni post hoc test and a significant 

difference from KC1/LNNA is denoted by ***P<0.001. 
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6.3.4 Measurement ofNOS activity: 

No calcium-dependent or calcium-independent NOS activity was detected in any of the 

samples derived from mouse small intestine. There was no reduction in the number of 

counts measured after the addition of EGTA and/or A^-monomethyl-L-arginine in all of 

the samples tested. 

6.4 Discussion: 

In the present study we used immunohistochemistry and co-immunoprecipitation to 

show the association of caveolin-1 and nNOS in the small intestine of BALB/c mice. 

Previous studies showed that nNOS and caveolin-1 can interact directly in vitro9 or 

indirectly through binding to the dystrophin complex16 that interacts directly with the 

17 ' 

caveolin proteins . Here we also showed that the interaction between caveolin-1 and 

nNOS is weakened in presence of calmodulin and a high calcium concentration. This 

provides evidence in an ex vivo model that nNOS is regulated by caveolin-1 in a manner 

similar to eNOS by interference with calcium and calmodulin binding. 

Immunohistochemical examination of cavl"7" mice and their cavl+/+ controls showed 

that small intestinal tissues from cavl" lacked, besides caveolin-1, the nNOS splice 

variant expressed in the smooth muscle plasma membrane (recognized by the antibody 

raised against the C-terminal epitope) but not the nNOS splice variant expressed in the 

myenteric plexus nerves (recognized by the antibody raised against the N-terminal 
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epitope). This alteration further supports the association between caveolin-1 and nNOS in 

smooth muscle plasma membrane in the small intestine. Moreover, since they lack only 

nNOS in smooth muscle cells but not in myenteric neurons, cavl"7" mice offer a 

convenient model to act as a negative control in the study of the smooth muscle nNOS 

function. Since the activity of nNOS is calcium-dependent18, we tested the function of 

the smooth muscle NOS using agents that increase intracellular calcium concentration. To 

avoid the activation of nNOS present in enteric neurons, our experiments were conducted 

after blocking the activity of the enteric neurons using TTX and co-conotoxin GVIA. In 

BALB/c and cavl+/+ tissues, activating the smooth muscle L-type calcium channels by 

depolarization with 60 mM KC1 caused a phasic contraction that decayed into a sustained 

plateau phase. At this stage LNNA was added to block the smooth muscle nNOS activity. 

The resultant increase in the tone of contraction indicates that this enzyme was active in 

producing NO which modulated smooth muscle contraction in response to KC1. On the 

other hand, cavl7" tissues that lack nNOS in smooth muscle, showed a very small 

increase in the tone of contraction when LNNA was added after KC1, indicating that the 

modulatory role of nNOS on the contraction is absent. In these experiments, we used 

cavl+/+ controls in addition to BALB/c mice to show that the absence of the LNNA 

response in cavl"A mice is linked to the absence of nNOS from smooth muscle cells, 

rather than because of a strain variation. 

Further evidence to the role of activated smooth muscle nNOS in the modulation of the 

KC1 contraction was provided by experiments using BALB/c mouse tissue that was 

incubated with Me-(3-CDX that is known to disrupt caveolae by depletion of plasma 

membrane cholesterol. We previously showed that treatment of mouse small intestinal 
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tissues with Me-|3-CDX resulted in the loss of caveolin-1 immunoreactivity from the cell 

membrane and the loss of caveolae structures as shown using electron microscopy19. In 

the present study, we showed that disruption of caveolae by membrane cholesterol 

depletion reduced both nNOS and caveolin-1 immunoreactivity in the smooth muscle 

membrane. This was expected as we showed that nNOS is associated with caveolin-1. 

Me-P-CDX-treated tissues maintained their phasic activity and responded normally to 

KC1. However, these tissues responded very weakly to the addition of LNNA after KC1. 

Incubation of the Me-P-CDX-treated tissues with water soluble cholesterol to replete 

membrane cholesterol restored the response to LNNA and also the plasma membrane 

caveolin-1 and nNOS immunoreactivities. These results provide further evidence to the 

proposed function of nNOS i.e., that it requires the presence of nNOS presence in intact 

caveolae structures in the plasma membrane. 

In addition to KC1, which activates L-type Ca2+ channels, we examined the effects of 

other agents which alter the level of cytosolic calcium. Addition of LNNA after the 

SERCA pump inhibitor cyclopiazonic acid did not produce an increase in contractile 

tone. On the other hand, CCh being a non-selective cholinergic agonist, is reported to 

induce smooth muscle contraction in mouse small intestine via two pathways20. The first 

pathway is the activation of M3 receptors and the release of intracellular calcium and the 

second one is the activation of M2 receptors which involves calcium entry through L-type 

calcium channels. The addition of LNNA to tissues treated with CCh resulted in an 

increase in the tone of contraction that was less than that seen in the case of KC1 

stimulation. This agrees with the partial dependence of the contractile effect of CCh on 

activation of L-type calcium channels in mouse small intestine. The importance of the 
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activation of L-type calcium channels to obtain a response to LNNA was further shown 

by the absence of a response to LNNA after either KC1 or CCh in tissues pre-treated with 

the L-type calcium channel blocker, nicardipine. We previously showed13 that, although 

L-type calcium channels are not exclusively found in caveolae in mouse small intestine, 

they are co-localized with caveolin-1 to some degree. This makes the increase in cytosolic 

calcium concentration due to L-type calcium channel activation higher in the caveolar 

domains very near to the smooth muscle nNOS (see Fig 6.7) rather than a diffuse increase 

or accumulation of calcium brought about by the release of intracellular calcium or 

blockade of its uptake. 

Following NOS activation the biosynthesized NO relaxes (or reduces the contraction 

of) smooth muscle through a number of mechanisms. The main intracellular receptor for 

NO is soluble guanylate cyclase \ Blocking soluble guanylate cyclase activity with ODQ 

following smooth muscle depolarization with KC1 led to an increase in contractile tone 

that was similar to the use of LNNA. This indicates that NO produced by the smooth 

muscle nNOS activates soluble guanylate cyclase that produces cGMP. The latter in turn 

causes smooth muscle relaxation through different mechanisms (reviewed in22). The 

activation of calcium-activated potassium channels by NO in smooth muscle cells can 

occur independent of cGMP23, leading to relaxation. In the present study we examined the 

role of both large conductance and small conductance calcium-activated potassium 

channels in the proposed action of smooth muscle nNOS using the selective blockers 

iberiotoxin and apamin, respectively. However, neither agent had an effect on contractile 

tone when added after KC1. 
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The results of the present study suggest that nNOS expressed in the caveolae of mouse 

small intestinal smooth muscle is involved in the modulation of contraction resulting from 

L-type calcium channels activation by NO and cGMP-dependent mechanism. L-type 

calcium channel activation is essential for the rhythmic contraction of smooth muscle in 

mouse small intestine2 . The rhythmic contractions of smooth muscle occurring in almost 

all mammalian gut tissues are an important part of the normal physiological function of 

the intestine. Disruption of this function leads to serious effects on the overall intestinal 

function such as that observed in Hirschsprung's disease25. However, the implications of 

the results of the present study on the pathophysiological changes in the intestine remain 

yet to be determined. 
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Fig 6.7 Hypothesized role of smooth muscle nNOS in the regulation of contraction 

induced by depolarization. Activation of L-type calcium channels and calcium influx 

triggers contraction as well as the activation of nNOS through calmodulin and 

dissociation form caveolin-1. The activated NOS produces NO that in turn activates 

soluble guanylate cyclase to produce cGMP which triggers a number of mechanisms to 

counteract the contraction. 
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Fig 6.7 
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CHAPTER VII 

CALCIUM EXTRUSION BY PLASMA MEMBRANE CALCIUM 

PUMP IS IMPAIRED IN CAVEOLIN-1 KNOCKOUT MOUSE 

SMALL INTESTINAL TISSUE 



7.1 Introduction: 

Smooth muscle contraction is usually triggered by a regulated rise in the 

intracellular calcium concentration occurring on the background of low basal calcium 

levels. This rise can be counteracted by several mechanisms located in different 

compartments within the cell to restore the low basal level of calcium and end the 

contractile phase1. An early study2 of the distribution of calcium in smooth muscle 

cells found calcium, besides in the expected locations; i.e., the sarcoplasmic 

reticulum, the mitochondria, and the nucleus, in "surface microvesicles" or what is 

now commonly known as caveolae, indicating their possible involvement in the 

calcium handling process. 

Caveolae are sarcolemmal invaginations that are present in smooth muscles along 

with many other cell types . They occur in areas of the plasma membrane rich in 

cholesterol and sphingolipids called "lipid rafts" and their formation is triggered by 

the presence of the marker protein caveolin3. The caveolin protein family members 

are products of three genes coding for three members; caveolin-1, -2, and -3 . In 

smooth muscle cells, caveolae formation is mainly triggered by the insertion of 

caveolin-1 oligomers into the inner leaflet of plasma membrane4. Caveolae domains 

play a crucial role in the regulation of various signal transduction pathways within the 

cell . Among these pathways are those involved in the regulation of calcium signals 

and excitation-contraction coupling within smooth muscle cells6'7. 

Among the calcium handling molecules in smooth muscle cells that have been 

shown by immunogold electron microscopy to localize in caveolae of smooth muscle 
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cells is the plasma membrane calcium ATPase (PMCA) . PMCA is a P-type calcium 

ATPase that utilizes ATP to extrude calcium across the plasma membrane against a 

yery high chemical gradient9. PMCA has 4 isoforms (PMCA 1-4) with a number of 

splice variants10 of which only PMCA1 and 4 are reported to be expressed in smooth 

muscle cells11. PMCA1 is thought to have a role in the regulation of the basal calcium 

level while PMCA4 has a low basal activity but is activated by calcium and 

calmodulin and is thought to be involved primarily in regulating the magnitude of 

calcium signals . Genetic targeting of PMCA4 in smooth muscle cells of the uterus 

showed that it can account for up to 70% of the calcium efflux mechanisms13. 

The pharmacological study of PMCA function has been hindered by the absence of 

sufficiently selective inhibitors. Orthovanadate has sometimes been used to inhibit 

PMCA function, but it has limited specificity and inhibits all P-type ATPases 

including the other calcium removal mechanism, the SERCA14. However, a series of 

recently developed synthetic peptides, caloxins, have been shown to have an 

improved selectivity to PMCA15. Caloxins are non-competitive peptide inhibitors that 

bind to and inhibit the extracellular domains of the PMCA16. Several members of this 

series, 1A1, 2A1, 3A1, and 1B1, have been used successfully as PMCA 

inhibitors17'18'19'20'21'22. In the present study we used another member of this series, 

caloxin 1C2, that is selective for PMCA4 (Ki=2.35 uM; the Kj values for PMCA 1, 2, 

and 3 are tenfold higher)23 to study the role of caveolae in calcium removal by PMCA 

in smooth muscle cells. To this end we compared PMCA function in small intestinal 

smooth muscle from caveolin-1 knockout and control mice. In addition, owing to the 

low expression level of PMCA9 to studying the effects of cholesterol depletion on 
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PMCA function in bovine airway smooth muscle which have a larger smooth muscle 

mass that facilitated the study of PMCA exprssion. 

7.2 Materials and methods: 

7.2.1 Functional experiments: 

7.2.1.1 Tissue preparation: 

Small intestinal tissue from cavl+/+ and cavl"7" mice was isolated and set up to 

record LM contractile activity as described in Chapter II. Bovine tracheae were 

obtained from the slaughterhouse on the morning of the day of experiments and kept 

in ice-cold Krebs' buffer. The smooth muscle was dissected from cartilage and freed 

from connective tissue and mucosa. Individual smooth muscle bundles (0.5 x 1 cm) 

were dissected and tied at both ends with silk suture. The individual bundles were tied 

to a holder, put in a tissue bath, and connected to an isometric force-displacement 

transducer to record their contraction. The Krebs' buffer used for bovine tissue 

contained (in mM): NaCl (117.9), NaHC03 (25), KCl (4.6), KH2P04 (1.2), 

MgS04.7H20 (1.2), glucose (11), and CaCl2.2H20 (2). 

7.2.1.2 Experimental protocols: 

The intestinal tissue segments were equilibrated for 30 min. TTX (1 uM) was 

added to intestinal tissue at the beginning of the equilibration period to block nerve 

activity. Intestinal tissue was either given CCh directly after the equilibration period 

or incubated for an additional 10 min with 5 uM caloxin 1C2 
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(TAWSEVLDLLRRGGGSK-amider or 5 uM of a peptide 

(GAETLSHGLRLGSVW-amide) used to control for caloxin 1C2 before the addition 

of 10 uM CCh. The control peptide has a control sequence of the amino acids of the 

parent peptide caloxin 1B1 that was used to generate the phagedisplay library from 

which caloxin 1C2 was cloned34. Some experiments on intestinal tissue were carried 

out in calcium-free Krebs-Ringer with 0.1 mM EGTA which was added after the 

equilibration period. 

Following the equilibration period, bovine tracheal smooth muscle tissue was 

contracted several times with 60 mM KC1 for five min separated by two washes with 

Krebs' buffer until a stable contraction level was reached. In preliminary experiments, 

1 uM CCh was found to elicit maximal response and this concentration was added to 

all tissues after the KC1 contraction stabilized to produce the maximal tissue response 

to CCh. After washout of the maximal concentration, a submaximal concentration of 

CCh (0.1 uM) was added to the tissues. After washing, tissues were incubated for 10 

min with either 5 uM caloxin 1C2 or 5 uM of the control peptide followed by 

addition of 0.1 uM CCh. Similar experiments were also done in tissues in which 

caveolae were disrupted by the presumable cholesterol depletion by incubation with 

40 mM Me-P-CDX for 3 hours at 37°C. 

7.2.1.3 Data Analysis: 

In mouse small intestinal tissue the response to CCh was measured as the increase 

in tonic amplitude normalized to the spontaneous tone of the tissue before the 

addition of caloxin 1C2 or the control peptide (dissolved in 1% ethanol-see 
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Materials). The values of spontaneous tone developed were not different in cavl 

(65.2±6.0 mg tension) and cavrA(71.6±6.2 mg tension). In experiments done on 

bovine tissue the response to 0.1 uM CCh was measured as the rise in tissue tone and 

was normalized to the rise in tone obtained by the maximal dose of CCh (1 uM). The 

normalized responses to CCh were compared by the unpaired /-test between caloxin 

lC2-treated tissues and the control peptide-treated tissues in experiments done on 

mouse small intestinal tissues. In experiments done on bovine tracheal smooth muscle 

tissues, paired r-tests were used to compare the normalized responses to CCh before 

and after treatment with caloxin 1C2 or the control peptide. 

7.2.2 Immunohistochemistry: 

Mouse small intestinal tissue was prepared and fixed as described in Chapter II. 

Individual bundles of bovine tracheal smooth muscle were fixed as described in 

Chapter II. Tissue sectioning, immunostaining, tests for specificity of antibody 

binding and confocal microscopy were done as described in Chapter II. Mouse anti-

caveolin-1 (1:100), mouse anti-PMC A (1:100), and mouse anti-PMC A4b (1:100) 

were used as primary antibodies. As primary antibodies were raised in the same host, 

one of either antibody used in double staining was converted to be recognized as 

rabbit by pre-incubation with Fab fragment rabbit anti-mouse IgG. Cy3-conjugated 

donkey anti-mouse IgG and Alexa488-conjugated goat anti-rabbit IgG were used as 

secondary antibodies. 
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7.2.3 Membrane fractionation and Western blotting: 

Membrane fractions enriched in lipid rafts were prepared from mouse small 

intestinal tissues and bovine tracheal smooth muscle tissue as described in Chapter II. 

Western blotting for caveolin-1 and PMCA4 was done as described in Chapter II. 

Mouse anti-caveolin-1 (1:1000), mouse anti PMC A 4 (1:1000, for mouse tissue 

fractions), and mouse anti PMCA4b (1:1000, for bovine tissue fractions) were used as 

primary antibodies. HRP-conjugated goat anti-mouse IgG was used as secondary 

antibody. 

7.2.4 Materials: 

Caloxin 1C2 and the control peptide were synthesized by Dalton Chemical 

Laboratories Inc. (Toronto, ON). Mouse anti-PMCA was from Affinity Bioreagents 

Inc. (Golden, CO). Mouse anti-PMCA4 was from Abeam Inc. (Cambridge, MA). 

Mouse anti-PMCA4b was from Sigma (Oakville, ON). 

Caloxin 1C2 and the control peptide were dissolved in 1% ethanol which tended to 

reduce the basal tone of contraction in mouse small intestinal tissues. Statistical 

comparisons were done in this case between tissues treated with similar amounts of 

ethanol. 
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7.3 Results: 

7.3.1 Immunohistochemistry: 

Cryosections of small intestine from cavl+/+ and cavl"7" were examined for 

caveolin-1 and PMC A immunoreactivity. Caveolin-1 and PMCA immunoreactivities 

were co-localized in punctate sites in the plasma membrane of smooth muscle cells in 

cavl+/+ tissues (Fig 7.1). Cavl7" tissues lacked caveolin-1 immunoreactivity but 

retained PMCA immunoreactivity in smooth muscle membranes. 

In cryosections from bovine tracheal smooth muscle, caveolin-1 and PMCA4b 

were co-localized in control tissues. On the other hand, in cryosections from tissues 

pretreated with Me-0-CDX immunoreactivities for both caveolin-1 and PMCA were 

much reduced (Fig 7.1). 

7.3.2 Western blotting: 

Both PMCA4a and b splice variant proteins appeared in the caveolin-rich 

membrane fractions from cavl+/+ small intestinal tissue. Only PMCA4a protein 

appeared in cavl"7" lipid raft-rich fractions. PMCA4 was not detected in the heavy 

(non-raft) fraction in either strain under the experimental conditions used (data not 

shown). In fractions from bovine tracheal smooth muscle tissues, PMCA4b appeared 

in the caveolin-rich fractions and the heavy (non-raft) membrane fractions. In 

fractions from Me-|3-CDX treated tissues, the distribution of both caveolin-1 and 

PMCA4b was reduced in the lipid raft-rich fractions (Fig 7.2). 
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Fig 7.1 Immunohistochemical staining of caveolin-1 and PMCA in cryosections from 

mouse small intestine and bovine tracheal smooth muscle, a. Cavl+/+ tissue shows 

caveolin-1 (green) and PMCA (red) immunoreactivities that are co-localized (yellow) 

in smooth muscle membrane, b. Cavl"" tissue shows only PMCA immunoreactivity 

(red). Scale bar is 10 uM for a and b. c. Control bovine tracheal smooth muscle tissue 

show caveolin-1 (green) and PMCA4b (red) immunoreactivities co-localized (yellow) 

in the cell membrane, d. Both caveolin-1 and PMCA immunoreactivities are almost 

abolished in the Me-p-CDX-treated bovine tracheal smooth muscle tissue. Scale bar 

is 5 uM for c and d (immunostaining and confocal microscopy were done by Woo 

Jung Cho). 
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Fig 7.1 
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Fig 7.2 Distribution of PMCA4 in lipid raft-rich membrane fractions of mouse small 

intestinal and raft and non-raft membrane fractions from bovine tracheal smooth 

muscle, a. PMCA4 appears in the lipid raft-rich fraction in cavl+/+ and cavl"7", 

however only PMCA4a is present in the cavl" fraction, b. PMCA4b distributes in 

lipid raft-rich fractions and heavy (non-raft) membrane fractions in control tissue. The 

numbers indicates the fraction in the sucrose density gradient. Fractions 1 and 2 were 

isolated from the 5% layer, fractions 3, 4, and 5 were isolated from the 35% layer, 

and fractions 6, 7, 8, 9 were isolated from the 45% layer. PMCA4b was almost 

removed from the lipid raft-rich fractions from Me-P-CDX-treated tissues. 
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Fig 7.2 
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7.3.3 Functional experiments: 

7.3.3.1 Responses to CCh in mouse small intestine: 

The response to CCh in mouse small intestine had 2 phases: a rapid phasic 

contraction followed by a sustained tonic contraction (Fig 7.3). The tonic phase was 

compared in cavl+/+ and cavl"7" at 3 CCh concentrations (1,3, and 10 uM). At 10 uM 

the contraction was significantly higher in cavl"7" tissue segments (Fig 7.3). 

7.3.3.2 Respose to CCh following the addition of caloxin or the control peptide in 

mouse small intestine: 

To examine the role of PMCA4 in calcium extrusion in mouse small intestinal 

tissue, the tonic response to 10 uM CCh after treatment with 5 uM caloxin 1C2 or 5 

uM control peptide was examined in cavl+/+ and cavl7" small intestinal segments. At 

this concentration, caloxin lc2 would inhibit PMCA4 (Ki = 2.3 uM) for which it has 

greater than 10-fold higher affinity than for PMCA1, 2 or 323. The response to CCh in 

cavl++ tissue segments treated with caloxin was significantly higher than the 

response to CCh in the cavl+/+ segments treated with the control peptide and also 

higher than the response to CCh in caloxin-treated cavl7" segments. There was no 

difference between the response to CCh in caloxin-treated and control peptide-treated 

cavl"7" tissues (Fig 7.4a and b). 

In calcium-free medium, caloxin-treatment increased the tonic response to CCh 

only in cavl++ compared to responses of tissues treated with the control peptide. 

There was no difference between the responses to CCh in cavl"'" between the two 

260 



Fig 7.3 Response of small intestinal segments from cavl and cavl"" to CCh (1, 3, 

and 10 uM). a. The typical reponse to CCh consisted of a rapid phasic component and 

a sustained tonic component. The dot represents the time point at which CCh was 

added, b. The tonic response is significantly higher in cavr/_ tissue segments only at 

10 pM. n values were at least six for all experiments. Statistical significance was 

determined using ANOVA followed by Bonferroni post hoc test and denoted by 

*P<0.05. 

261 



% Increase in tone due to 
CCh 

Ol 
O O 

O 
< 

o 
< 

0) 

I ">l O 
en o 
o o 
i i 

,+ 
+ 

• 

© 

o 
01 

(Q • 
1-1 ^ 

O cn 
O ° 

P1 
k> 
oi 

i 

Ol 
© 

o 

n 

CfQ 
-J 
Li 

ON 

H 
o o 
< < 



Fig 7.4 Effect of caloxin 1C2 (5 uM) on tissue response to 10 uM CCh in cavl and 

cavl"" small intestinal tissue, a. Only cavl++ segments treated with caloxin 1C2 

maintained a high tonic response to CCh. The dot represents the time point when CCh 

was added, b. The response to CCh is higher in cavl+/+ tissue segments treated with 

caloxin than in control tissues and cavl"" tissues, n values are 7 for cavl+/+ segments 

and 6 for cavl"7". c. In calcium-free medium, caloxin 1C2 produces a higher tonic 

response to CCh only in cavl++ tissue, n values are 7 for cavl+/+ segments and 6 for 

cavl"7" segments. Statistical significance was measured by ANOVA followed by the 

Bonferronipost hoc test and denoted by *P<0.05 and **P<0.01. 
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Fig 7.4 
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treatments. Responses to CCh in calcium-free medium tended to be higher in cavl"" 

than in cavl+/+ (Fig 7.4c). 

7.3.3.3 The effect of caloxin on CCh response in control and cholesterol-depleted 

bovine tracheal smooth muscle: 

The response to 0.1 uM CCh was compared before and after the addition of 5 uM 

caloxin 1C2 or 5 uM of the control peptide to assess the role of PMCA4 in 

calcium extrusion in bovine tracheal smooth muscle. The contractile response to CCh 

increased only in the caloxin-treated tissue (Fig 7.5) indicating a role of PMCA4 in 

calcium extrusion. Caveolae disruption by depletion of membrane cholesterol led 

to the loss of the effect of caloxin 1C2 on the CCh response (Fig 7.5). 

7.4 Discussion: 

In this study, using a selective inhibitor of PMCA 4, we examined the importance 

of caveolin 1 and caveolae in calcium extrusion from smooth muscle cells by PMCA. 

The termination of the contractile signal in smooth muscle involves calcium extrusion 

from the cell as well as sequestration into the sarcoplasmic reticulum in order to 

reduce cytosolic calcium levels24. A study in uterine smooth muscle suggested that 

the SERCA and the plasma membrane calcium removal mechanisms (PMCA and 

Na+/Ca2+ exchanger) act in series to reduce the cytosolic calcim level25. In addition, 

the presence of the sarcoplasmic reticulum in superficial regions in the smooth 

muscle cells led to the proposal that calcium is removed from the contractile 

machinery primarily by the SERCA. In this proposal, calcium gets routed through the 
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Fig 7.5 Effect of caloxin 1C2 (5 uM) on the response to 0.1 uM CCh in bovine 

tracheal smooth muscle, a. Representative tracings showing the effect of caloxin 1C2 

and the control control peptide on CCh contraction. The dot represents the time point 

when CCh was added b. The response to CCh only increases significantly after 

treatment with caloxin 1C2 and not the control peptide. The effect of caloxin is lost 

following cholesterol depletion by Me-P-CDX. n value is 7 for all experiments. 
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Fig 7.5 
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sarcoplasmic reticulum, and is then released at a privileged cytosolic space between 

the sarcoplasmic reticulum and the plasma membrane where it gets extruded to the 

extracellular space27. This dynamic process is only achieved by a close association 

between the sarcoplasic reticulum and the plasma membrane allowing the delivery of 

calcium to calcium extrusion mechanisms28. A recent study29 showed that 87% of the 

smooth muscle plasma membrane caveolae established very close contacts with the 

sarcoplasmic reticulum. This indicated a possible role for caveoale as a specialized 

plasma membrane domain for calcium removal in smooth muscle cells. 

In the present study we used intestinal tissue from cavl"7" and cavl+/+ mice to 

examine the role of caveolae in calcium removal from tissues contracted with CCh. 

Earlier we showed that cavl7" mice lack significant caveolae expression in smooth 

muscle layers in small intestine30. Thus we hypothesized that the close contacts 

between the plasma membrane caveolae and the sarcoplasmic reticulum are lost and 

that the dynamic association required for the normal calcium extrusion is affected. 

In order to test this hypothesis, we examined the CCh contraction in mouse small 

intestine. In this experimental model, CCh is known to induce contraction by 

increasing intracellular calcium from different sources, both release from 

sarcoplasmic reticulum and calcium entrance31. The tonic response to 10 uM CCh 

was higher in cavl"/_ tissue which might be related to a decrease in calcium clearance. 

Indeed, a decrease in the rate of calcium clearance was observed in single smooth 

muscles from cerebral resistance arteries after interference with caveolin-1 by 
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blocking antibodies or a peptide corresponding to the caveolin-1 scaffolding 

domain32. 

Since previous reports indicated that PMCA4 is present in lipid raft domains33, we 

examined the expression of PMC A in mouse intestinal tissue in relation to caveolin-1. 

PMC A was colocalized with caveolin-1 in intestinal smooth muscle cells as shown by 

immunohistochemistry in cavl+/+ tissue. PMCA4 was present only in the 

caveolae/lipid raft-enriched membrane domains. However, its immunoreactivity was 

not lost in cavl"7" tissues. This was a consequence of the presence of both splice 

variants PMCA4a and b in cavl+/+, while only PMCA4a was present in the cavl"7" 

lipid raft fractions. 

We deduced that in the presence of the selective inhibitor caloxin 1C2, calcium 

clearance by PMCA4 was reduced in cavl+/+ tissues. In our experiments this was 

shown as an increase in the tone of CCh contractions in tissues treated with caloxin 

1C2, but not with a control peptide. On the other hand, caloxin 1C2 had no effect on 

the CCh-induced tone in cavl"/_ tissues. Even in calcium-free media, although the 

overall response to CCh was reduced, caloxin 1C2 treatment increased the response to 

CCh only in the cavl+/+ tissues. 

Since PMCA4b was missing from lipid rafts in cav7" tissues and present in cavl+/+ 

tissues, one explanation may be that this enzyme plays a more important role than 

PMCA4a in calcium extrusion from mouse intestinal smooth muscle. Alternatively, 

the failure of a response to caloxin 1C2 in cavl"7" tissues could be explained by the 

loss of proximity between caveolae and sarcoplasmic reticulum. So far there have 

been no measurements of the extent of changes in the structural relationships between 
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the plasma membrane and sarcoplasmic reticulum in cavl*" tissues. The fact that the 

effects of caloxin 1C2 were still present only in cavl+/+ and not cav"/_ tissues when 

calcium was absent from the extracellular medium suggests that it was calcium 

located either inside the caveolae or in an intracellular space dependent on caveolae 

which was the substrate for PMCA pumping. 

To confirm the generality of our observations, we used another model to study the 

effect of caloxin 1C2 in relation to caveolae. Bovine tracheal smooth muscle 

responded to CCh by a sustained contraction due to the activation of M3 muscarinic 

receptor and the production of IP3 and release of calcium from the intracellular 

stores34. The magnitude of the response to CCh was increased in tissues treated with 

caloxin 1C2 but not in tissues treated with the control peptide, indicating that PMCA4 

is involved in calcium extrusion in this tissue. Immunohistochemical examination 

indicated that PMCA4b was present in this tissue colocalized with caveolin-1. 

PMCA4b appeared in membrane fractions enriched in caveolin-1 as well. Caveolae 

disruption by the presumed membrane cholesterol depletion using Me-P-CDX led to 

the reduction of PMC A4b immunoreactivity in the plasma membrane and also to its 

displacement from the lipid raft enriched fractions toward the heavier membrane 

fractions. This was accompanied by a loss of the increase in the response to CCh 

following caloxin 1C2 treatment in functional experiments. 

To conclude, our results indicate that PMCA4, likely PMCA4b, is involved in 

calcium extrusion following contractions in smooth muscle and its function is 

dependent on the presence of intact caveoale. In conditions where caveolae formation 

is prevented or caveoale are disrupted in smooth muscle cells, calcium extrusion by 
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PMCA4 is hindered. This might be due to the special role of PMCA 4b or to 

disruption of the close association of the plasma membrane and sarcoplasmic 

reticulum through caveolae. 
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CHAPTER VIII 

GENERAL DISCUSSION, LIMITATIONS, AND FUTURE 

DIRECTIONS 

277 



8.1 General discussion: 

In this thesis I examined the role of caveolin-1 in the organization of signaling events 

involved in the regulation of the motility of the small intestine of the mouse. I 

investigated the effects of caveolin-1 knockout on these processes. I showed that cavl"" 

intestinal smooth muscle tissue had a reduced relaxation response to NO, relaxed less 

following (3-adrenoceptor stimulation, lost the modulation of contraction provided by 

smooth muscle NOS, and had a diminished intracellular calcium clearance by PMCA. 

The results of my project emphasize the importance of the organization of signaling 

molecules in cellular microdomains. In most cases, caveolin-1 knockout had very little 

effect on the overall expression and/or function of individual signaling molecules. 

However, it appears that the defects in the overall function of the examined signaling 

pathways are due to an altered or defective organization of these molecules. 

As mentioned in the Introduction, NO is considered to be the main inhibitory mediator 

in the GIT. Indeed, in Chapter III, I showed that this is the case in the longitudinal 

smooth muscle layer of mouse small intestine since an inhibitor of the synthesis of NO 

abolished the relaxation due to myenteric nerve stimulation. However, the inhibition of 

NO synthesis did not completely block the EFS-mediated relaxation in the circular 

smooth muscle layer, indicating that NO acted among other mediators there. The effect of 

NO on the circular smooth muscle layer was different in the two control mouse strains 

that I used, BALB/c and cavl+/+. Blockade of NO synthesis had a more prominent effect 

on cavl+/+ circular muscle. The reduced relaxation response to NO (produced 

endogenously by EFS) in cavl"A tissue could not be explained on the basis of a lack of 

NO production since the number of NOS expressing neurons was higher in the cavl"" 
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myenteric plexus than in the cavl+/+ myenteric plexus. This and the observation that 

exogenous NO donors also showed a reduced response in cavl"" tissues indicate that 

there was a reduced responsiveness of the smooth muscle cells to NO effects. I used 

different tools to sort out the changes in function of the signaling components 

downstream of NO. I found that the most likely reason underlying the reduced 

responsiveness to NO in cavl"'" tissue is an increase in PDE5 activity. I showed that 

PDE5 is present in lipid raft-enriched membrane fractions, colocalized with caveolin-1 as 

observed in cavl+/+ mice. Although the expression of PDE5 was not reduced in the whole 

homogenate of cavl7" tissue, its presence in lipid rafts was reduced. Thus, I concluded 

that the sequestration of PDE5 in lipid rafts and its probable interaction with caveolin-1 

could limit and regulate its effect on NO-induced cGMP production. I postulate that this 

regulation is lost in the absence of caveolin-1 and thus PDE5 will produce more 

hydrolysis of cGMP leading to a reduced relaxation in response to NO. 

A similar situation existed in cAMP mediated relaxation downstream of P-

adrenoceptor stimulation in mouse small intestine. The expression of pV, fa; and P3-

adrenoreceptors and PKA was not reduced in cavl"7" tissue yet the response to 0-

adrenoceptor agonists was reduced. Relaxation due to direct adenylate cyclase activation 

was less in cavl7" tissue and the relaxation due to direct PKA activation was almost 

abolished there. Examination of the expression of PKA in different membrane domains 

revealed it to be much reduced in the lipid raft-enriched fractions from cavl"7" tissue, and 

in this case, located away from the different possible targets phosphorylated by PKA, 

which lead finally to relaxation. 

I also showed that a nNOS variant expressed in smooth muscle plays an important role 
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in the regulation of contraction. NOS is activated by calcium entering the cell through L-

type calcium channels to release NO and counteract the contraction due to depolarization 

by KC1. Experimentally the smooth muscle NOS function was shown as an increase in 

the contractile tone following inhibition by LNNA after contraction had been stimulated 

by KC1. This nNOS variant was colocalized with caveolin-1 in mouse small intestinal 

smooth muscle plasma membrane. This variant was not present in the smooth muscle 

plasma membrane in cavl"7" tissues as examined by immunohistochemistry and the 

function I attributed to it was greatly reduced in cavl"7" preparations. Similarly, disruption 

of the caveolae of control mice by cholesterol depletion leads to the loss of nNOS 

immunoreactivity and its function. The localization of NOS in caveolae is important for 

its activation by calcium coming in through the nearby L-type calcium channels. Other 

sources of calcium did not produce the functional effect attributed to this NOS variant. 

Another group reported a possible interaction between the smooth muscle nNOS 

variant and PMCA4 in vascular smooth muscle1. In this study, the contraction of vascular 

tissue preparations to KC1 was examined in mice that lack PMCA4 or NOS. The 

contraction was less in preparations from mice lacking PMCA4 and more in tissues 

lacking NOS compared to control preparations. PMCA4 was also shown to bind NOS in 

smooth muscle cells by immunoprecipitation. The authors suggested that calcium 

removal by PMCA4 deprives the smooth muscle NOS from the necessary activation 

while in preparations lacking PMCA4, calcium accumulating in the cell produces more 

NOS activation and thus the contraction to K.C1 is less. On the other hand, vascular 

preparations lacking NOS did not have the feedback mechanism and thus had an 

increased contraction to KC1. In this thesis I also showed that PMCA4, the predominant 
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PMCA isoform in smooth muscle, was present in lipid raft-enriched membrane domains 

colocalized with caveolin-1. 

A clear representation of the importance of microdomain organization is demonstrated 

in the function of PMCA4. As previously mentioned, I showed that PMCA4 was found in 

the lipid raft rich membrane domains. The function of PMCA4 in calcium clearance was 

demonstrated as a greater rise in CCh-induced contractile tone following PMCA 

inhibition using the selective extracellular inhibitor caloxin 1C2. This increase only 

occurred when the caveolae were intact. In cavl_/" tissue or when caveolae were disrupted 

by cholesterol depletion in bovine airway smooth muscle, the rise in tone was absent. 

PMCA expression persisted in cavl"'" tissue and in cholesterol depleted bovine airway 

smooth muscle tissue, though the membrane domain distribution differed in the latter 

case. However, the absence of caveolae in both cases led to the loss of PMCA function. I 

explained this on the basis of the loss of the close contact points between the plasma 

membrane and the sarcoplasmic reticulum offered by the caveolae or the special role of 

PMCA4b in caveolae. 

Taken together, my results shed light on the arrangements of some of the processes 

involved in signaling in GIT smooth muscle, particularly those involved in relaxation. 

Caveolin-1 scaffolds the molecules involved in the different signaling events in a tight 

platform with their upstream modulators and their downstream targets. This arrangement 

offers a double-sided benefit. On the one hand, caveolin-1 brings together the different 

components of a signal transduction pathway for the rapid transduction of the 

extracellular signals. On the other hand, the negative regulatory effect that caveolin-1 

exerts on most signaling molecules ensures that the pathway is only activated when 
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triggered and not due a random interaction between molecules, being of high probability 

as they are spatially closer. In absence of caveolin-1, this organization is lost leading to a 

loss of coherent signaling. Some processes can become overactive as in case of the 

increased PDE5 activity, while others become less active, such as the phosphorylation of 

the PKA targets including PMCA, phospholamban, and ryanodine receptors, leading to 

relaxation. In addition, processes requiring close spatial arrangement will be affected as it 

is the case in the activation of nNOS in caveolae by calcium entering through L-type 

calcium channels and the extrusion of intracellular, calcium that is thought to be released 

from the sarcoplasmic reticulum in the privileged space beneath the caveolae. 

8.2 Limitations: 

8.2.1 General limitations: 

In this thesis, using the available resources and facilities, every effort was made to 

provide the best possible evidence to substantiate the conclusions reached. Although the 

provided data are compelling, a cautionary statement should be made when interpreting 

results obtained from whole body knockouts. Cavl"" mice lack caveolin-1 throughout 

their whole life, including embyonic development. It is entirely possible, even likely, that 

several compensatory changes take place during their development2. One major 

compensatory change reported in these mice was the vascular hyperpermeability resulting 

from loss of tight junctions between endothelial cells3. This compensates for the loss of 

the normal transcytosis process mediated by caveolin-13. A possible compensatory 

change that I reported was the increase in the relaxation response to the apamin-sensitive 
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mediators in the longitudinal and circular smooth muscle layers of the cavl"" mice. 

However, in the different studies presented in this thesis, I examined the function of 

pathways or molecules that I showed to be closely associated with caveolin-1 in control 

(BALB/c and cavl+/+) mice. Thus the changes observed are more likely to be directly 

relevant to the lack of caveolin-1 rather than an indirect compensatory change that 

developed with time. 

In addition, wherever possible, I confirmed the findings in cavl"" tissues in control 

mouse tissue by experiments in which caveolae were disrupted by plasma membrane 

cholesterol depletion using Me-(3-CDX. The latter model is not an ideal model to study 

functions associated specifically with caveolae and caveolin-1 in the sense that depletion 

of cholesterol from the plasma membrane will also affect the cholesterol-rich lipid raft 

domains that do not contain caveolin-1 and are hence not caveolae. In addition, removal 

of membrane cholesterol might result in significant plasma membrane damage 

reminiscent of the effects of polyene antibiotics (e.g. amphotericin B) and the consequent 

cell death. To avoid that I selected concentrations of Me-P-CDX that affected neither the 

spontaneous phasic contraction of the tissue nor the response to KC1. The results obtained 

from cavl"" tissue and cholesterol depleted tissue agreed, supporting the proposed roles 

of caveolae and caveolin-1 in the specific processes studied. 

An alternate and improved way to study caveolin-1 dependent processes is by the 

controlled downregulation of caveolin-1 expression in specific cells using small 

interfering RNA. This approach is commonly used in the literature for studies done in 

cultured cells4'5'6. Downregulating caveolin-1 in mature cells by-passes all the possible 

compensatory changes that might occur during the development of a caveolin-1 null cell. 
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However, using such an approach to produce the caveolin-1 deficient intact tissues 

required for our experiments is not directly feasible. Systemic administration of small 

interfering RNA to live animals to generate caveolin-1 defficient tissues is complicated 

by several factors. The amount of RNA administered, the frequency of its administration, 

the route of its administration and the optimal delivery system are all procedures that 

depend on the timing and rate of caveolin-1 expression in different tisues as well as on 

the accessibility to RNA of target tissues. Needless to say, developing and validating such 

a model is a huge undertaking that requires time and financial resources beyond those 

available to us at the time this project was underway. 

8.2.2 Limitations to Chapter IV: 

In Chapter IV, the main observation that led the way into the conclusion of a reduced 

smooth muscle response to NO, because of an increase in PDE activity, was that nNOS 

expression was increased in cavl" myenteric neurons. Although we supported this 

observation by showing that cavl"7" tissues had a reduced response to an exogenous NO 

donor, direct measurement of the NO released upon stimulation of myenteric neurons was 

not done. Previous trials to measure such a parameter in our laboratory in larger 

mammals were not successful and I am not currently aware of any other study that 

successfully measured this parameter in mouse small intestine. 

I also attempted to measure the phosphodiesterase activity in the cav Y1' and cavl 

tissue homogenates that was susceptible to inhibition by a selective PDE5 inhibitor, PDE 

inhibitor II. However, the high background signal that remained after adding several 
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concentrations of the inhibitor within the selectivity range prevented isolation and 

measurement of the relevant signal. 

8.2.3 Limitations to Chapter V: 

In Chapter V evidence supportive of the conclusion that the changes downstream of p-

adrenoceptor signaling in absence of caveolin-1 are due to changes of protein 

organization could have been provided by direct biochemical measurements of enzyme 

activities. Direct measurement of the cAMP produced by adenylate cyclase upon p-

adrenoceptor stimulation could have demonstrated that the cAMP production is affected 

in cavl"" tissue. Indeed, a study in cardiac myocytes showed that P-adrenoceptors (Pi 

and P2) mainly activate the adenylate cyclase pool in caveolae. In addition, direct 

measurement of PKA-mediated phosphorylation would have elaborated on the conclusion 

that the deficiency in relaxation is mainly due to the loss of the close spatial placement of 

PKA and its downstream target rather than a loss of function of PKA. 

8.2.4 Limitations to Chapter VI: 

In the context of the experiments done in Chapter VI, I attempted to measure the 

conversion of radioactive arginine into radioactive citrulline by membrane fractions 

isolated from mouse small intestine to demonstrate the presence or absence of nitric oxide 

synthase activity in smooth muscle membrane. However, these measurements were 

unsuccessful in detecting NOS activity in either the membrane fractions or the whole 

homogenates. Several modifications of the method were used including the use of 

immunoprecipitation prior to the assay. The failure of detection of this activity may be 
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due to the low signal level and small amounts of tissue in mouse small intestine. So far, I 

am not aware of any successful measurement of nitric oxide synthase activity in mouse 

small intestinal tissue using this technique. 

Further, additional investigation of the exact splice variant of neuronal nitric oxide 

synthase expressed in smooth muscle cells using polymerase chain reaction would 

confirm and strengthen our results. We tried to isolate a layer of the small intestinal wall 

containing only circular smooth muscle during the preparation of whole mount 

preparations for immunohistochemistry. However, due to the minute thickness of the 

tissue, any attempts of microscopic dissection yielded very small amounts of smooth 

muscle tissue that had parts of the nerve tissue of the myenteric plexus attached to it. In 

the future, polymerase chain reactions on purified intestinal smooth muscle cell culture 

might offer a solution to this problem. 

In this chapter I used an anti-caveolin-1 antibody to immunopreceipitate caveolin-1 

and smooth muscle nNOS. In my experiments, I showed that NOS appeared with anti-

caveolin-1 antibody but not with the IgG control antibody. Yet, it was not possible to 

show caveolin-1 on the Western blot as a loading control because its molecular weight 

interferred with one of the denatured chains of the antibodies used for 

immunoprecipitaion. 

8.2.5 Limitations to ChapterVII: 

In Chapter VII I used CCh to induce contraction and to elevate intracellular calcium 

levels. I used the CCh-induced tone as a measure of intracellular calcium level but did not 

measure it directly. Although it has been shown that in the models we used that CCh-
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induced contraction is mediated by an increase in intracellular calcium levels, smooth 

muscle contraction is a complicated process that involves the interaction between a 

number of signaling molecules and structural components, and also involves sensitization 

of contractile proteins to calcium. A more direct measurement of intracellular calcium 

concentration using calcium imaging techniques would provide further evidence to 

support our conclusions regarding the role of PMC A in relation to caveolae and caveolin-

1. At the time when this project was underway, the available facility (in another 

laboratory in the department of Pharmacology) allowed for measuring calcium levels in 

isolated cells and not in intact tissue segments. 

8.3 Future directions: 

Understanding of the role of caveolin-1 and caveolae in the organization of signal 

transduction pathways in different tissues and organs depends on the availability of 

efficient and effective tools to conduct these studies. As mentioned in the previous 

sections each of the tools readily available to us had certain limitations that leave a 

measure of uncertainty about the results obtained using them. In my opinion, an ideal 

model for the study of the role of caveolin-1 is the development of a conditional knockout 

that allows for the control of caveolin-1 expression in certain organs or tissues at certain 

time points. Tetracycline-regulated gene expression was first described in 19928. In this 

model, DNA recombination is used to produce mice where the gene of interest is 

expressed under the control of tetracycline-responsive promotor and a tetracycline 

regulator protein.The spatial control of protein expression is achieved by restricting the 
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tetracycline regulator protein expression in certain cell types using tissue specific 

promotors. Temporal control of expression is achieved by treating the animals with 

tetracycline or doxycycline that binds to the tetracycline regulator protein and thus the 

expression of the protein of interest will be prevented or enhanced in a certain tissue. 

However, in my opinion, the major drawback of this model is the necessity for the use of 

tetracycline or doxycycline which might have effects that interfer with the normal 

physiology of the animals e.g. inhibition of matrix metalloproteinases9. An additional 

model for conditional knockout is available, the Cre/lox system . Spatial control of gene 

expression can be obtained by the tissue-specific infection with Cre encoding adenovirus 

or by the production of double transgenics in which Cre expression is controlled by a 

tissue specific promotor11. 

In this thesis and elsewhere12'13, I have shown that caveolin-1 is necessary for the 

effective organization of signaling molecules for the proper regulation of a number of 

intracellular processes in smooth muscle. Yet an unanswered question is whether any of 

the abnormalities detected in absence of caveolin-1 occur in pathophysiological 

situations due to an alteration in caveolin-1 expression. The roles of caveolae and 

caveolin-1 in smooth muscle-related pathologies have not been widely addressed. Cavl" 

mice show pulmonary hypertension that was found to be due to an increase in PDE5 

activity making the smooth muscle cells less sensitive to the relaxing effect of endothelial 

NO . However a recent study on pulmonary artery smooth muscle cells isolated from 

patients with pulmonary hypertension showed that these cells had an overexpression of 

caveolin-1 and increased caveolae formation15. The authors suggested that the increase in 

caveolae formation led to an increase in capacitative calcium influx and hence an 

288 



increased vascular smooth muscle contraction. Another study, related reduced colonic 

motility in aged rats to a decreased caveolin-1 association with signaling molecules16. In 

the former study, it was shown that the recruitment of Rho A and protein kinase C to the 

plasma membrane, which is a key step in the transduction of the contractile signal in 

smooth muscle cells, was altered and the association of these proteins with caveolin-1 

was reduced. Overexpression of caveolin-1 in colonic smooth muscle cells from aged rats 

corrected the alteration in the signaling pathway and restored the contractile activity to 

the normal level. The outcome of these studies represents a potential explanation of 

pathological condition that is related to alterations in caveolin-1 expression and suggests 

that the manipulation of caveolin-1 expression might carry a possible therapeutic benefit 

in the future. 

Further, smooth muscle-related pathologies are common in diabetes which is becoming 

one of the major medical concerns all over the world with a rapidly increasing prevalence 

and an increased mortality rate due to complications17. So far, there has been no study of 

the changes in caveolae/caveolin-1 expression in smooth muscle in diabetes if any. 

Studies showed that caveolin-1 and caveolae expression are altered in dibetes in 

1 0 1 A O A 

endothelial cells , monocytes , and renal cortical cells . A number of disorders 

common in diabetic patients involve changes of smooth muscle functions notably 
9 1 

appearing as alterations in vascular responses especially of the resistance arteries . The 

resultant poor control of organ-specific blood flow through these vessels increases the 

susceptibility of diabetic patients to damage of downstream structures in the eye, 

glomerulus, and cerebral circulation leading to the long-term complications of diabetes22. 

The mechanisms underlying the defective vascular response have not yet been completely 
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adressed. In fact, the exact molecular mechanism leading to the vascular defects 

associated with diabetes is far from being understood. A change in smooth muscle 

response to normal signals might underlie these defects. These alterations could be 

related to a change in caveolin-1 and caveolae expression in smooth muscle cells. 

Significantly, when caveolae are disrupted or caveolin-1 is knocked out, vascular tissues 

show alterations in the vascular response response similar to those seen in diabetes ' . A 

detailed study of the expression of caveolin-1 in smooth muscle in diabetes is required 

together with the effects on the function of the different possible targets leading to the 

pathological observations in these conditions. Such an understanding of the underlying 

changes leading to the defective vascular function in diabetes might help in the 

identification of novel therapeutic approaches, possibly involving a change in caveolin-1 

and caveolae expression, that cease ot retard the progression of these alterations and thus 

reduce the incidence and mortality due to the complications of diabetes. 
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