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Abstract 

Smooth muscle alpha actin is one of six mammalian isoforms and the predominant 

isoform in vascular smooth muscle. In mice and humans lacking functional SMAA, 

pathophysiological changes have been identified in the aorta, bladder, colon, and 

olfactory ensheathing cell population in the olfactory nervous system. These include 

impaired vascular contractility, thoracic aortic aneurysms and dissections, 

hypocontractile bladders, gastrointestinal hypoperistalsis, and pathological OEC 

development. Our investigation set out to compare the whole tissue proteomes of the 

olfactory epithelium, thoracic aorta, urinary bladder, and descending colon from age-

matched adult SMAA null mice and their wild type siblings.  This approach allowed us to 

better understand the mechanism of pathologies, the role of SMAA in these tissues, and 

to determine whether tissues compensate for a loss of this isoactin. Our objective was to 

systematically characterize changes in proteins that are of structural and/or contractile 

significance and in proteins that may be indirectly affected by lack of functional SMAA.  

We hypothesized that the expression of various cytoskeletal and contractile proteins will 

be altered in smooth muscle cell-rich tissues of mice lacking functional SMAA, thereby 

signifying adaptive and maladaptive changes. Through 2-dimensional gel electrophoresis 

and mass spectrometry, we found increased abundance of four proteins in the olfactory 

mucosa of SMAA null mice: alpha tubulin, precursors of vomeronasal secretory proteins 

I and II, and lipocalin 13 precursor. In the thoracic aorta of SMAA null mice, levels of 

skeletal muscle myosin essential and regulatory light chain, along with gamma actin, 

were increased, whereas levels of alpha cardiac muscle actin were decreased. In the 

urinary bladder, a loss of SMAA expression was accompanied by a decrease in skeletal 



 

 

iii 

muscle myosin essential and regulatory light chain levels. Lastly, in the descending colon 

we found reductions in annexin A5, chymotrypsinogen B precursor, ela 3 protein, and 

lithostathine 1 precursor. Together, these protein changes reveal remarkable adaptability 

of mammalian smooth muscle contractile protein expression and new relationships 

between SMAA and proteins that previously have not been associated with SMAA or 

smooth muscle contraction. This proteomic investigation has identified proteins that offer 

new directions for future investigations regarding SMAA function and SMAA-related 

pathologies. 
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Chapter 1 

Introduction and Literature Review 

1.1 Olfactory Ensheathing Cells 

Olfactory ensheathing cells (OECs) are the predominant glial population in the 

mammalian olfactory system and reside in the lamina propria of the olfactory mucosa as 

well as the outer nerve fiber layer of the olfactory bulb (Doucette, 1984; Franssen et al., 

2007). This unique glial population plays a crucial role in facilitating the growth and 

targeting of primary bipolar olfactory neuron axons from the neuroepithelial layer of the 

olfactory mucosa through the lamina propria, cribriform plate, and finally into the 

olfactory bulb (Doucette, 1984, 1990). When first discovered, this glial population caused 

controversy in its categorization; its location and properties resembled that of Schwann 

cells (Barber & Lindsay, 1982; Chuah and Au, 1991; Gong et al., 1994) yet its formation 

of glial limitans at the peripheral nervous system and central nervous system transition of 

the olfactory bulb resembled a feature of astrocytes (Doucette, 1991) along with its 

expression of glial fibrillary acidic protein (GFAP). Since then OECs have gained 

recognition as a distinct glial population with unique functional, morphological, and 

antigenic traits (Doucette, 1990; Lakatos et al., 2000, 2003). Morphologically, the OECs 

have a flattened appearance (Li et al, 2005), along with an oval-shaped nucleus 

surrounded by an electron-dense cytoplasm (Barnett et al., 1993) (Figure 1). 

Functionally, OECs promote and guide the olfactory bipolar neuron axons from their 
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origin in the olfactory mucosa to the mitral, tufted, and periglomerular cells of the 

olfactory bulb (Hinds and Hinds, 1976) for the neurotransmission of olfactory sensory 

information. This regeneration of primary olfactory axons not only happens every 4-6 

weeks (Farbman 1994, Calof et al., 1998) but throughout the life of mammals (Graziadei 

and Graziadei, 1979). In performing this ensheathing function, the mucosal OECs' 

processes are able to extend from the cell body in the peripheral nervous system (PNS) to 

the olfactory bulb in the central nervous system (CNS), a unique function at the junction 

between the two different neuronal environments. OECs extend processes that in turn 

form tunnels through the lamina propria and cribriform plate that surround bundles of up 

to hundreds of olfactory neuron axons called fascicles (Nedelec et al., 2005) in contrast to 

the 1:1 ratio of Schwann cell to peripheral nerve myelination (Figure 2). It should be 

noted that while OECs ensheathing olfactory neuron axons, this is not considered a form 

of myelination like that performed by Schwann cells and oligodendrocytes. 

 

The particular interest revolving around OECs comes from the theory that part of 

the mammalian olfactory nerve's characteristic regenerative ability stems at least in part 

from the guidance and facilitation provided by the OEC sheath surrounding unmyelinated 

olfactory nerve bundles (fascicles). While there has been much enthusiasm in 

transplantation of OEC-containing concoctions into spinal cord injury models in various 

mammals (For reviews see Bunge, 2002; Boyd et al., 2003; Santos-Benito and Ramon-

Cueto, 2003; Franklin et al., 2003), there is debate regarding whether the regeneration 
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seen in some studies was due to the OEC population, peripheral Schwann cells that have 

moved into the area post-injury, or another contaminate transplanted cell population 

(Rizek and Kawaja, 2006; Boyd et al., 2005). For this reason the antigenic properties of 

OECs has became a much studied and debated topic that not only provide the last clue to 

OEC categorization but also translates to practical considerations regarding the role of 

OECs in transplanted mixtures. Antigenically, the most commonly recognized 

biomarkers for OECs are p75 neurotrophin receptor (p75NTR), S100, and glial fibrillary 

acidic protein (GFAP). Recently, our lab has shown consistent smooth muscle alpha actin 

(SMAA) expression in rat OECs in vivo and in vitro (Jahed et al., 2007), mice OECs in 

vitro (Rawji et al., 2013), and also in other animals such as rabbits, hamsters, monkeys, 

guinea pigs and cats (Smithson and Kawaja, 2009; Rawji et al., 2013). Not only has 

SMAA proved reliable in staining for p75NTR, S100, and GFAP positive OECs, just as 

importantly, SMAA was not expressed in Schwann cells that expressed these other 

biomarkers (Jahed et al., 2007). Further, these observations of SMAA expression in rat 

and mice OECs made via immunofluorescence and electron microscopy were 

corroborated by 2-dimensional gel electrophoresis and immunoblotting for SMAA that 

confirm presence of SMAA in OECs and not Schwann cells (Jahed et al., 2007). This 

property makes SMAA a valuable differentiating biomarker for future transplantation 

experiments using OECs. Further proof that SMAA is not only an antigenic biomarker 

but a morphologically and functionally significant protein in OECs comes from the 

observation made by Rawji et al. (2013). The OECs of SMAA null adult mice showed a 
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profoundly pathological phenotype upon ultrastructural examination. Numerous and far-

reaching processes that normally ensheath up to hundreds of olfactory neuron axons in 

fascicles appeared as nothing more than short, swollen stubs that did not venture far from 

the soma. Even the nuclei of the OECs appeared smaller, condensed, and indented (Rawji 

et al., 2013). While no staining for SMAA was observed in mice OECs in vivo, these 

pathological morphologies in SMAA null mice imply its expression at some point in 

embryogenesis that may have been reduced to below detectable levels by adulthood. This 

theory is supported by the well characterized transient expression of SMAA in the 

development of many tissues such as skeletal and cardiac tissue in mice (McHugh et al., 

1991; Babai et al., 1988; Woodcock-Mitchell et al., 1988; Tondeleir et al., 2009). During 

the early stages of cardiogenesis, SMAA is the first and predominant actin isoform to be 

expressed and is then later replaced by α-cardiac actin and to a lesser extent α-skeletal 

muscle actin (Ruzicka and Schwartz, 1988; Woodcock-Mitchell et al., 1988). Their 

transient expression in these striated muscles is thought to play an important role in early 

embryonic contractility, so it is not a stretch to imagine that they may play a similar 

transient but important role in the development of OECs.  

 

1.2 The Actin Family and Related Pathologies 

 

Distinct populations of mammalian smooth muscle cells express varying levels of 

one or more actin protein isoforms, or isoactins. There are a total of six mammalian actin 

isoforms belonging to the highly conserved cytoskeletal actin protein family, performing 
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diverse roles in cell migration, muscle contraction, endocytosis and exocytosis, and 

structural stability (Vandekerckhove and Weber, 1978a; Herman 1993; Tondeleir et al, 

2009; Perrin and Ervasti, 2010). In vertebrates, the muscle actins are α-skeletal muscle 

actin, α-cardiac muscle actin, α-smooth muscle actin (SMAA), and γ-smooth muscle 

actin and the non-muscle actins are the β- and γ-cytoplasmic actins. The α actins and γ-

smooth muscle actin generally play a central role in contractile activities while the β and 

γ actins play a more structural and motile role (Rubenstein 1990; Perrin and Ervasti, 

2010). In smooth muscle cells, SMAA make up approximately 70% of the cellular actin 

(Fatigati and Murphy, 1985), however in the urogenital system and gastrointestinal tract 

γ-smooth muscle actin appears to be the predominant isoform (McHugh and Lessard, 

1988; McHugh et al., 1991). Filamentous actin (F-actin) is the essential partner to the 

myosin Mg-ATPase protein that binds actin with its flexible head domain and hydrolyzes 

ATP in the process of generating force and contractility according to the sliding filament 

theory. Due to the diverse yet important functions played by these actin isoforms or 

isoactins, a disruption to a particular isoform of actin function can lead to varied and 

significant deficits.  

 

Our actin of interest shown to be expressed in OECs, smooth muscle alpha actin 

(SMAA), is predominantly found in vascular smooth muscle cells and myofibroblasts and 

plays a major contractile role for these cell populations in mature mammals (Owens and 

Thompson 1986; Owens 1995; Hinz et al, 2001; Schildmeyer et al., 2000). In vascular 
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smooth muscle, SMAA is the predominant isoactin from development to adulthood and 

plays a vital role in the regulation of blood vessel diameter to control and adjust blood 

flow and blood pressure to desired levels. These crucial functions of SMAA were 

apparent in a landmark study by Schildmeyer et al. (2000) when SMAA null mice 

demonstrated many physiological as well as structural abnormalities. The list of 

pathological changes included: 1) over 90% reduction of vascular contractility for aortic 

ring segments in SMAA mice when stimulated with KCl that was independent of agonist 

concentration or initial tension, 2) 28% reduction in mean systolic blood pressure of 

SMAA null mice, 3) Reduced capacity for baroreflex-mediated systolic blood pressure 

rebound following cessation of sodium nitroprusside induced rapid vasodilation and 

blood pressure reduction; SMAA null mice blood pressure remained much lower after 1 

hour of stopping sodium nitroprusside, suggesting inability to respond to baroreflex 

activated release of norepinephrine. 4) SMAA null mice displayed only a 2 fold increase 

in blood flow in response to a 2.5 degrees Celsius increase in internal temperature 

compared to a 5-fold increase in blood flow in wild type mice. 5) Structurally the aorta 

and carotid vessels of SMAA null mice displayed reduced 'ruffling' appearance in the 

elastic layer compared to wild type mice. Further support for the critical role of SMAA in 

normal vascular functioning comes from other studies that have outlined the role of 

SMAA as the sole actin in vascular development and is required in the mature 

vasculature for the majority of its contractile ability (Owens and Thompson 1986; Owens 

1995).  
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In humans, SMAA appears equally important to the structural integrity and 

physiological functioning of blood vessels throughout the body. Research into SMAA has 

been rather limited to clinical observational studies in individuals that have inherited or 

de novo mutations in the ACTA2 gene coding for SMAA. Even with these limitations, it 

has been observed those individuals with heterozygous missense mutations in the 

ACTA2 gene coding for SMAA accounts for approximately 14% of familial thoracic 

aortic aneurysms and dissections (Guo et al., 2007); both very serious conditions that can 

be life-threatening if untreated. The mutation is also linked with higher incidence of 

stroke, moyamoya disease, and coronary artery disease (Guo et al., 2009). Thus it would 

seem that the effects absence of SMAA has the capacity to affect heterogeneous groups 

of vessels in multiple areas of the body and vessels that differ in diameter, wall thickness, 

and connective tissue composition.  

 

Yet, the importance of SMAA does not appear to be limited to blood vessels only. 

Milewicz et al. (2010b) characterized multi-systemic effects of ACTA2 mutations in 

humans associated with deficiencies in smooth muscle contraction including hypotonic 

urinary bladder and hypoperistalsis of the colon. Others notable pathologies include iris 

flocculi, livedo reticularis, decreased myoepithelial cell contraction, increased 

permeability of blood-retinal barrier, and reduced airway responsiveness (Haaksma et al., 

2011; Hashida et al., 2009; Tomasek et al., 2006; Shardonofsky et al., 2012).  While these 
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effects seem diverse and unrelated, they do revolve around an insufficiency of vascular 

smooth muscle contraction and hence it was suggested by Milewicz et al. (2010b) that 

ACTA2 mutations in humans is not dissimilar to a 'smooth muscle dystrophy'. 

 

1.3 Mammalian Olfactory System 

1.3.1 Function of the Olfactory System 

The olfactory system's primary function is olfaction, the detection of odours and 

scents through binding of odourant molecules to specific receptors on primary olfactory 

neurons. The mammalian olfactory system can be functionally subdivided into a 'main' 

and an 'accessory' olfactory system.  As the names suggest, the main olfactory system is 

responsible for detection of most everyday volatile (lipophilic) substances traversing 

through the air to the receptors of the olfactory epithelium (Halpern, 1987). The 

accessory olfactory system, on the other hand, detects generally non-volatile 

(hydrophilic) substances that are usually dissolved in an aqueous medium and are 

primarily pheromones. The peripheral sensory organ of the accessory olfactory system is 

the vomeronasal organ that is thought to detect pheromones and mediate various 

behavioural responses such as sexual activity and aggression (Halpern, 1987). A primary 

olfactory neuron of either system only expresses one specific type of receptor that binds a 

unique odourant molecule, but hundreds of different types of olfactory neurons allows for 

a rich and complex sense of smell of our surroundings. While less crucial to the survival 

of modern humans, olfaction is an essential part of life for everything from scavenging 

for food to finding compatible mates for many other mammals. Given these very diverse 
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and demanding functions in mammals, it is little wonder that the olfactory system 

exhibits some very unique characteristics. One such special ability is being able to 

regenerate and replace dead or damaged primary olfactory neurons. In the central nervous 

system, there is continual neurogenesis in the subventricular zone of neurons that migrate 

via the rostral migratory stream to the olfactory bulb to replace the old or damaged 

interneurons (Carleton et al., 2003, Taupin 2006). In the olfactory mucosa of the 

peripheral nervous system, the aforementioned primary olfactory neurons are able to be 

renewed and regenerate their axons which extend once more to synapse in the olfactory 

bulb (Graziadei and Graziadei, 1979; Caggiano et al., 1994) of the central nervous 

system. Remarkably, this continued turnover is able to be sustained well into adulthood 

throughout the life of the mammal.  

 

1.3.2 Olfactory Mucosa 

The olfactory mucosa is subdivided into the olfactory neuroepithelium exposed to 

the nasal cavity and the underlying lamina propria. The neuroepithelial layer is comprised 

of the cell bodies of primary olfactory neurons, sustentacular supporting cells, and basal 

stem cells. Both the primary olfactory neurons and the supporting cells are renewed by 

the basal cells as they mature and differentiate into these respective phenotypes. The 

primary olfactory neurons are bipolar in morphology and are aptly also known as 

olfactory bipolar neurons. At one pole, bipolar olfactory neurons have a dendrite at the 

end of which is the formation of a dendritic bulb that possesses radiating cilia with 
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olfactory receptors extending into the apical watery mucus. This end fittingly detects 

odours that come into contact with the superficial surface of the neuroepithelium. At the 

other pole, the bipolar neuron extends an axon into the lamina propria on its way to the 

olfactory bulb (Cajal, 1890). 

 

The underlying lamina propria contains the axons of the primary olfactory 

neurons, Bowman’s glands, blood vessels, peripheral nerves, and the olfactory 

ensheathing cells. Up to hundreds of axons of the primary olfactory neurons aggregate 

and form unmyelinated bundles or fascicles (fila olfactoria) that travel deep through the 

lamina propria into the many foramen of the cribriform plate to synapse in the olfactory 

bulb. These discrete groups of fila traversing the lamina propria are collectively called the 

olfactory nerve, or cranial nerve I (CN I). The OECs play a very important supportive 

role in the organization of these olfactory neuron axon fascicles (Doucette et al., 1983) 

and aid their regeneration from newly differentiated primary olfactory axons to the 

olfactory bulb (Franssen et al., 2007). The tunnel-like structures formed by the OECs for 

the olfactory fila are maintained until just before the primary olfactory nerve axons make 

their synapse on the outer layer of the olfactory bulb, and are thought to promote 

regeneration in several ways. The membranes of OECs possess several cell adhesion 

molecules such as L1/Ng-CAM and N-CAM, that like their name suggests, acts as an 

adhesive surface which olfactory nerve axons can latch onto as they extend into the CNS 

(Miragall et al., 1989; Doucette, 1990). In addition, OECs produce several important 
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chemotropic factors such as nexin and nerve growth factor (NGF) that attract and guide 

the growing axons toward their final destination (Doucette 1990).  Further, OECs may 

also provide a shielding effect from the environment of the central nervous system and its 

host of glia such as astrocytes and microglia, an environment typically hostile to nerve 

regrowth (Yiu and He, 2006). All of the above properties of OECs are reasons why they 

are thought to play an important part in olfactory nerve regeneration.  

 

1.3.3 Olfactory Bulb 

The olfactory bulb rests on top of the cribriform plate at the rostral tip of the 

olfactory tract. Structurally it can be divided into six layers, from superficial to deep they 

are the olfactory nerve fiber layer, glomerular layer, external plexiform layer, mitral cell 

layer, internal plexiform layer, and the innermost granule layer. The olfactory nerve fila 

enter the olfactory bulb and move through the outer olfactory nerve layer to divide and 

enter the numerous glomeruli in the glomerular layer, where they primarily synapse with 

mitral cells to carry on the olfactory sensory signal. It is right before this synapse that the 

OEC sheaths which originated from the lamina propria finally terminates.  

 

The olfactory nerve layer of the olfactory bulb contains its own population of 

OECs. These central OECs both wrap around the processes of the olfactory axons and 

also contribute to the formation of the glial limitans around the outer limits of the 

olfactory bulb (Doucette, 1991). The olfactory sensory signals are ultimately carried from 
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the bulb through the olfactory tract into the piriform cortex (primary olfactory cortex) and 

the amygdala. The information may then travel to even higher centers for further 

processing and integration with other senses such as taste.  

 

1.4 Anatomy of the Thoracic Aorta 

The thoracic aorta can be defined as the segment of the aorta starting from when 

the vessel leaves the heart to when it descends through the aortic foramen of the 

diaphragm to enter the abdomen. As an elastic artery and the largest in diameter in the 

mammalian vasculature, the aorta's role is primarily to conduct blood from the heart to 

the smaller muscular arteries and helps maintain a continuous and smooth flow between 

heart beats using its elasticity. Like all arterial vessels, the thoracic aorta can be divided 

histologically into three segments. The innermost tunica intima consists of the endothelial 

cell layer, the subendothelial connective tissue, and the internal elastic lamina. The tunica 

media is the middle layer and in the aorta there are numerous layers of concentric elastic 

lamellae with smooth muscle cells alternating in between. The outermost layer is the 

tunica adventitia, a connective tissue layer containing an assortment of collagen, elastic 

fibers, smooth muscle cells, and fibroblasts (Treuting and Dintzis, 2011). In large vessels 

such as the aorta, the vasa vasorum carry blood supply to the cells of the vessel wall. 

There may also be associated nerves (nervi vascularis) and lymphatic vessels. 
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1.5 SMAA-related aortic pathologies 

As mentioned previously, ACTA2 gene mutation in humans is the most common 

genetic cause for aortic aneurysms and dissections (Guo et al., 2007). Aortic aneurysms 

are typically defined as a vessel wall dilatation of over one and a half times the normal 

diameter. This 'ballooning' of vessel wall can be prone to rupture leading to hemorrhage 

with very poor patient outcomes. Aortic dissections refer to tearing of the vessel wall and 

pooling of blood within the wall itself. In our specific scenario of interest, the integrity of 

the tunica intima is compromised due to the mutation of SMAA. This causes this inner 

layer to tear and the high pressure environment to force blood through the tunica intima 

and into the tunica media, creating a "false lumen" (Milewicz et al., 2008). Like 

aneurysms, this can be prone to rupture and be lethal to the patient.  

 

1.6 Anatomy of the Urinary Bladder 

The urinary bladder is a hollow muscular structure that functions in the storage 

and voiding of urine. The inner mucosal layer contains a special transitional epithelium 

(urothelium) that is able to extend and compress depending on amount of urine storage. 

The muscle layer of the bladder is named the detrusor muscle and is arranged in 

longitudinal and circular layers around the lumen of the bladder. This layer of smooth 

muscle may be activated by the parasympathetic nervous system when the bladder 

reaches a certain capacity to contract and void the stored urine. The outer layer of bladder 

is the adventitia with more connective tissue (Treuting and Dintzis, 2011). 
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1.7 SMAA-related bladder pathologies 

SMAA comprise around 25-45% of all actin in urinary bladders of various 

mammals while smooth muscle gamma actin make up 30-60% (Eddinger and Murphy 

1991; Malmqvist et al., 1991a, 1991b). Zimmerman et al. (2004) showed that despite the 

relatively low abundance of SMAA in the mouse urinary bladder, its expression played 

an important role in achieving full, normal contraction of the bladder. Interestingly, the 

same group also noticed that while contractility was compromised in the absence of 

SMAA, the structural and histological features of the bladder remained the same as that 

of the wild type mice. 

 

This finding has been paralleled in humans by Milewicz et al. (2010b) by showing 

that humans with a de novo missense mutation in the ACTA2 gene demonstrated 

hypotonic or hypocontractile bladders along with expected sequlae such as urinary 

retention, dilated ureters, hydronephrosis, vesicoureteral reflux, recurrent urinary tract 

infections, etc. This finding corroborates that shown by Zimmerman et al. (2004) that 

despite the dominance of smooth muscle gamma actin in the bladder, SMAA does play a 

major contractile role in this tissue. 
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1.8 Anatomy of the Descending Colon 

In the mouse gastrointestinal system the descending colon is roughly the distal 

third of the large intestine moving caudally between the cecum and the rectum. It 

functions mainly for water and electrolyte absorption and storage of waste until it can be 

emptied from the body via the rectum. The colonic wall can be subdivided into four 

layers. The innermost layer is the mucosa with its own distinct sections of a simple 

columnar epithelium, lamina propria, and a very thin strip of smooth muscle called 

muscularis mucosae. The mucosa contains inward invaginations called crypts of 

Lieberkuhn that are lined with enterocytes that reabsorb water, mucus secreting goblet 

cells, enteroendocrine cells, and undifferentiated stem cells that may replace other cells. 

Unlike the relatively consistent human colon mucosa, the transverse folds of mucosa of 

the ascending colon can be distinguished from the longitudinal folds of mucosa of the 

mouse descending colon. The submucosa lies immediately below the mucosa and may 

contain some lymphatic tissue. Next is the muscularis externa, with an internal circular 

layer of continuous smooth muscle and an outer layer of longitudinal smooth muscle that 

unlike humans do not divide into three longitudinal strips of the taeniae coli, giving the 

mouse colon a smooth appearance with an absence of haustra (Treuting and Dintzis, 

2011). Between these two muscle layers runs the myenteric (Auerbach's) plexus of the 

enteric nervous system that regulates colonic peristalsis and facilitates the transit of 

materials through the lumen. The fourth and outermost layer of the colon is the serosa 
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layer which contains a thin membrane of serous fluid-secreting cells and some connective 

tissue that covers the descending colon all the way to the rectum. 

 

1.9 SMAA-related colonic pathologies 

A de novo mutation in ACTA2 discovered by Milewicz et al. (2010b) found that 

unlike previously described familial ACTA2 mutations, these patients demonstrated 

pleiotropic pathologies not limited to the vasculature but also involve bladder and the 

gastrointestinal tract. Patients with this abnormal SMAA displayed gastrointestinal 

hypoperistalsis and also some cases of malrotation. The described multi-systemic defects 

revolved a central unifying theme of reduced smooth muscle contractility, further 

highlighting the importance of SMAA. In another study, it was observed that in 

approximately one quarter of patients with a diagnosis of chronic idiopathic intestinal 

pseudo-obstruction, there was either a reduction or altered pattern of SMAA expression 

in the gastrointestinal tract (Knowles et al. 2004). However, the deranged SMAA 

expression was found only in the circular layer of smooth muscle in the jejunum. 

 

1.10 Main Objectives 

The main objective of this project was to determine the alterations in proteome 

caused by a lack of functional SMAA in the olfactory mucosa, thoracic aorta, urinary 

bladder, and descending colon of adult mice. It is anticipated that several proteins in each 

tissue will demonstrate changes in abundance that may be the cause of the pathological 
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changes observed or a cellular compensatory response for the lack of SMAA. This will 

also help us gain a deeper understanding of what the role of SMAA in OECs are and how 

this unique glial population functions. Identification of distinct protein changes in the 

olfactory mucosa without SMAA will also lend support to the theory that this protein is 

expressed by OECs and is used to perform its function. Characterizing the proteome 

changes in other smooth muscle-rich tissues will add to our understanding of the 

pathophysiology of SMAA null mice, and perhaps as well in patients with ACTA2 

mutations. This proteomic investigation is offers the first experimental insight into select 

proteins that may underlie adaptive (or maladaptive) features smooth muscle cells and 

OECs in mice lacking functional SMAA expression.  
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Figure 1. Fluorescence immunostaining of cultured mice mucosal OECs displaying a 

flattened appearance characteristic of this unique glial population in the olfactory nervous 

system. Smooth muscle alpha actin is stained in green and glial fibrillary acidic protein 

in red. Scale bars = 50µm. Photos modified from Rawji et al. (2013). 
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Figure 2. Ultrastructural appearance of mice OECs from the lamina propria. Extensive 

processes (blue) extend outward from the soma to form intercellular connections with 

other OEC processes (yellow) that surround up to hundreds of unmyelinated olfactory 

sensory neuron axons. Scale bar = 2μm. Photo modified from Rawji et al. (2013). 
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CHAPTER 2 

Materials and Methods 

2.1 Animals 

Smooth muscle α-actin null mice.  

Ten adult C57BL/6 wild type and SMAA null mutant mice were obtained from 

the breeding colony at Queen's University. Heterozygous SMAA founder mice were 

obtained from Dr. Robert Schwartz (Department of Molecular and Cell Biology, Baylor 

College of Medicine, Houston, Texas). The Acta2
-/-

, Acta2
+/-

 and Acta2
+/+

 mice were 

bred using transgenic heterozygous founder mice line generated by Dr. Robert Schwartz 

by inserting  a Pol II promoter neomycin hybrid gene (Pol2Neobp) cassette at the +1 

locus of the Acta2 gene (Schildmeyer et al., 2000). This effectively blocks the 

transcription of the SMAA gene. The animals were housed in the animal care facility at 

Queen's University under standard feed and low stress conditions until 1-3 months of age. 

For genotyping, DNA isolated from ear punches of the resulting progeny were amplified with 

the following primers to detect the mutated alleles by polymerase chain reaction (KAPA 

Mouse Genotyping Kit; Boston, MA): wild type (sense): 5’-

TTGTTCTGAGGGCTTAGGATGTT-3’ and (antisense) 5’-

CTTTTCCAGTAAATCAAGCGTTGTT-3' yielding a 521-bp product; and mutant (sense): 

5’-TTGGGCAACACAGGCTGGTTAATC-3’ and (antisense) 5’-

ATTGGAAGTAGCCGTTATTAGTGGA-3' yielding a 701-bp product. All animal 

procedures and surgical protocols were approved by the Queen's University Animal Care 
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Committee, in accordance with guidelines set forth by the Canadian Council on Animal 

Care. 

 

2.2 Proteomics 

Tissue collection 

1-3 month old mice (n=10 per strain) were deeply anesthetized using 0.4mL of 

sodium pentobarbitol through intraperitoneal injection. SMAA null and wild type mice 

olfactory epithelium, thoracic aorta, urinary bladder, and descending colon tissues were 

fixed by rapid transcardial perfusion with 4% paraformaldehyde in phosphate-buffered 

saline (pH 7.4) to remove blood and plasma proteins from the tissues. All tissues were 

then harvested from each mouse, coded, and frozen in liquid nitrogen and stored at -80
o
C. 

The harvested tissues were homogenized using a Sonic Dismembrator Model 500 (Fisher 

Scientific, Ottawa, ON) in homogenization buffer containing 50mM Tris (pH 8.8), 

protease and phosphatase inhibitors (Sigma-Aldrich, Oakville, ON). The samples from 

the tissue were quantified using a 2 dimensional quantification kit (GE Healthcare, Baie-

D'Urfe, QC).   

 

Isoelectric focusing and gel electrophoresis 

For isoelectric focusing, 150µg of protein from each tissue of each strain of mice 

were diluted to 0.5mL in 8M urea, 2M thiourea, 4% CHAPS with 1% (w/v) dithiothreitol 

(DTT), 0.5% (v/v) immobilized pH gradient (IPG) buffer for pH 4 to pH 7 (GE 
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Healthcare). In a reswelling tray (GE Healthcare), the 0.5mL protein solution was used to 

hydrate 24cm pH 4-7 Immobilized pH Gradient (IPG) strip (GE Healthcare, BioRad) for 

at least 16 hours at room temperature overnight. Isoelectric focusing used Protean IEF 

Cell (BioRad) at 250V for 8 hours, 500V for 1 hour, 1000 for 1 hour, linear ramping to 

10000V over 3 hours, and constant 10000V for 65kV hours. This protocol was optimized 

for voltage sequence for the best isoelectric focusing for these samples (data not shown). 

Focused strips were then immediately used for gel electrophoresis or stored at -80
o
C for 

future use.  

 

 2-dimensional polyacrylamide gel electrophoresis (2D-PAGE) was performed 

with thawed IEF strips. Our protocol uses 12% (w/v) acrylamide with Bis-Tris (pH 7.4) 

along with MOPS (3-(N-morpholino) propanesulfonic acid) for the electrophoresis 

buffer. IPG strips with focused proteins were equilibrated in a buffer containing 8M urea, 

30 % (w/v) glycerol, and 2% SDS in 50 mM Bis-Tris (pH 8.8) for 15 minutes on a rotator 

at 50rpm. This buffer was first supplemented with 1% (w/v) DTT, and next supplemented 

with 2.5% (w/v) iodoacetamide.  The strips were then individually placed directly on top 

of 2D gels, and a solution of 0.5% (w/v) low-melt agarose in MOPS electrophoresis 

buffer overlay with a trace of bromophenol blue was used to embed the strips.  Large 

format 2-dimensional SDS-PAGE electrophoresis was carried out in a DALT6 apparatus 

(GE Healthcare) at 80V at 4°C overnight, taken out when the blue bromophenol indicator 

has reached bottom of the gel the following day. 
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 The gels were stained using silver nitrate. Freshly electrophoresed gels were fixed 

in a 50% methanol, 10% glacial acetic acid solution for 30 minutes on a rotator at 25rpm. 

The immersive solution was then replaced with 50% methanol solution for 10 minutes 

and subsequently washed with deionized, distilled water for 30 minutes each. The gels 

were then sensitized for staining using 0.01% sodium thiosulfate with manual shaking, 

followed by two 1-minute water washes. Gels were then stained immediately with 1% 

(w/v) silver nitrate in cold water for 30 minutes and placed on rotator at 25rpm for 30 

minutes. The gels were then washed twice with water for 1 minute each. 300mL of the 

developing solution with 2% (w/v) sodium carbonate plus 0.04% formaldehyde was then 

quickly added to the gels and shaken vigorously and poured out after 30 seconds. 700mL 

of the developing solution was then added to the gels and developed to the desired 

intensity with occasional shaking. To stop the reaction, the gels were removed from the 

developing solution and placed into 1L of 5% glacial acetic acid. Three water washes 

were then used to equilibrate the gels in distilled, de-ionized water.  

 

Quantitative Analysis 

The gels were imaged using UMAX Powerlook2100XL and saved in tagged 

image file format. ImageJ software was then used on the imaged gels for spot analysis. 

Each spot that showed consistent size changes across the different sets of gels (N≥4) 

between wild type and knock-out mice were traced using the "oval draw" tool and area 
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measurements were made. The mean spot areas were compared using a two tailed t-test 

(p<0.05) for significant changes in spot size. Both statistics and plotting were done using 

GraphPad Prism 5.0 software. 

 

Mass spectrometry 

The scanned gels were dried between cellophane sheets using GelAir Drying 

System (Biorad). All consistent protein spot intensity changes identified over different 

sets of gels (n≥3) were selected for protein identification using mass spectrometry. The 

proteins of interest were then excised manually from the gels, rehydrated, and cut into 

small pieces. Gel plugs were digested with 6 ng/mL trypsin (sequencing grade modified 

trypsin; Promega, Nepean, ON, Canada) for 5 hours at 37
o
. The peptides were then 

extracted from the protein plugs first using a 1% formic acid/2% acetonitrile solution 

followed by a 50% acetonitrile solution. The solutions after extraction were combined 

and evaporated to 10µL. Peptides were then spotted onto a MALDI target plate on top of 

a Voyager DE-Pro matrix-assisted laser desorption ionization time of flight mass 

spectrometry mass spectrometer (MALD-TOF MS; PerSpective Biosystems, 

Framingham, MA, USA). Peptide masses were determined using Data Explorer software 

after multiple spectra were obtained for each sample. MS spectra were calibrated to 

baseline, noise filtered, externally calibrated to an adjacent spot with known 4 peptide 

mix, and then internally calibrated to Trypsin I and Trypsin III peaks, if available. 
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Peptide masses were selected manually and peak mass lists were used for peptide mass 

fingerprinting with the MASCOT PMF search engine (http://www.matrixscience.com).  

 

 The MASCOT search engine utilizes probabilistic scoring for identification of 

proteins based on the MOlecular Weight SEarch (MOWSE) algorithm. The molecular 

weight of each peptide fragment after proteolytic digestion by trypsin is compared to an 

existing database (SwissProt) of peptide masses. The greater the number of matched 

peptides translates to higher sequence coverage of the entire peptide and a higher 

MASCOT score. The software then generates a significance score for each protein match 

above which the chances of the protein identification expected to be random is less than 

5% (p<0.05). 

 

2.3 Immunostaining 

Tissue preparation for immunostaining 

1-3 month old mice (n=5 of each strain) were deeply anesthetized using 0.4mL of 

intraperitoneal sodium pentobarbital. The mice were then transcardially perfused with 4% 

paraformaldehyde in phosphate-buffered saline (pH 7.4) prior to harvesting of olfactory 

epithelium. The tissues were then cryoprotected in 30% sucrose for 3 days before 

sectioning with a cryostat to the thickness of 20μm. The sectioned tissues were mounted 

onto superfrost slides (Fisher Scientific) and stored at -20°C. 
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Immunofluorescence  

Tissue mounted slides were thawed and fixed in 4% paraformaldehyde for 15 

minutes in the fume hood to help the tissue stay on the slide. Each slide was then rinsed 

with 0.1M Tris Buffered Saline (TBS) for 5 minutes in a coplin jar, and this step was 

repeated after each step. The slides were then blocked with 10% Normal Donkey Serum 

(NDS) in 0.1M TBS and 0.25% Triton-X100 (TBX) for 1 hour. Following another TBS 

rinse the slides were incubated for 24-48 hours in the appropriate primary antibody. 

 

The primary antibodies used were goat anti-mouse α-tubulin IgG (1:100, Santa 

Cruz, Dallas, TX), and rabbit anti-mouse S100 (1:500, Millipore, Billerica, MA) both in 

3% NDS with 0.25% TBX. The secondary antibody with Fluorescein Isothiocyanate 

(FITC) tag in 1:200 ratio was added to 3% NDS in 0.25% TBX solution and 1ml was 

applied to each slide in the humidity chamber and left for 2 hours. Secondary antibodies 

were FITC-conjugated donkey anti-goat IgG (1:200, Medicorp) and Texas Red-

conjugated donkey anti-rabbit IgG (1:200, Medicorp). Slide mounted using DAPI-

conjugated media (Vector Labs, Burlingston, ON) and visualized on a Carl Zeiss Vision 

fluorescence microscope (Munchen-Hallbergmoos, Germany). 

 

2.4 RT-PCR 

Fresh thoracic aorta, urinary bladder, and descending colon were isolated from the 

SMAA
+/+

 and SMAA
-/-

 adult mice (n= 4 per genotype, by using the Ambion TRI-Reagent 
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Solution, Austin, TX).  Only RNA with OD 260/280 of 1.8-2.0 was used and any contaminating 

DNA was removed with DNase (DNA-free kit, Ambion).  The Ambion ThermoScript RT Kit 

(Carlsbad, CA) was used to produce cDNA.  The primers used were: mouse SMAA (sense) 5’- 

GCATCCACGAAACCACCTA -3’ and SMAA (antisense) 5’- 

CACGAGTAACAAATCAAAGC -3’ were used and yielded a 418-base product and mouse 

GAPDH (sense) 5’-GTTGCCATCAATGACCCCTTCATTG-3’ and GAPDH (antisense) 5’-

GCTTCACCACCTTCTTGATGTCATC-3’ were used and yielded a 700 base product. 

Amplification mix contained 1.5 mM magnesium. The parameters for amplification were 35 

cycles of 1 minute at 94ºC, 1 minute at 56ºC, and 1.5 minutes at 72ºC.   
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CHAPTER 3 

RESULTS 

 

Until now, there have been no previous studies looking into the possible proteome 

changes that accompany the pathophysiological phenotypes in the olfactory mucosa, 

aorta, bladder, and colon as a result of perturbed SMAA expression. To investigate what, 

if any, protein abundance changes occur in these tissues of SMAA null mice, we studied 

the whole tissue proteome of wild type C57BL/6 mice and its SMAA null mutant 

counterpart using 2DGE in conjunction with MALDI-TOF mass spectrometry. Overall, 

in the olfactory mucosa four proteins were upregulated in SMAA null mice olfactory 

mucosal tissue as compared to wild type mice (Figure 3). Fluorescence immunostaining 

was performed on one of the upregulated proteins, alpha tubulin, and is shown in figure 

4. In the thoracic aorta upregulation of three proteins and downregulation of one protein 

was detected in SMAA null mice (Figure 5). The urinary bladder displayed a reduction of 

two proteins (Figure 6), and the descending colon showed a reduction of four proteins in 

the SMAA null mice (Figure 7). Identified proteins of interest from all tissues are 

summarized in Table 1. All identified spot changes between wild type and SMAA null 

mice were quantified using no less than four sets of gels using ImageJ software and all 

mean spot areas were found to be either significantly increased or decreased using a two-

tailed t-test (p<0.05) (Figure 8). To ensure no functional SMAA mRNA was being 

transcribed, we confirmed the absence of SMAA mRNA in the thoracic aorta, urinary 

bladder, and descending colon of SMAA null mice through RT-PCR analysis (Figure 9). 
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At 22 cycles, low levels of product was observed for SMAA
 
null bladder and is 

consistent with bladder RT-PCR results of the same SMAA null mice model by 

Zimmerman et al. (2004) at 21 cycles, this group further demonstrated a lack of product 

in the bladder at 17 and 19 cycles. 

 

3.1 Olfactory Mucosa 

Upregulation in the expression of four proteins were detected in SMAA null mice 

olfactory mucosal tissue as compared to wild type mice (Figure 3). The four proteins are 

listed as follows: 1) Alpha tubulin (α-tubulin), 2) Vomeronasal Secretory Protein 1 

precursor (VNSP 1, lipocalin 3) Vomeronasal Secretory Protein 2 (VNSP 2, lipocalin 4), 

and 4) Epididymal-specific Lipocalin 13 precursor (Odourant Binding Protein 2a, 

lipocalin 13). Due to the large size of the protein spot for epididymal-specific lipocalin 13 

precursor identified as spot 4 in Figure 3, The spot was divided into three segments and 

excised individually and confirmed to be the same protein using MALDI-TOF mass 

spectrometry and peptide mass fingerprinting. 

 

Immunofluorescence staining was performed using anti-α-tubulin and anti-S100 

antibodies to characterize the pattern of α-tubulin and S100 expression neural crest 

derived cells (OECs and Schwann cells) of the olfactory mucosa of wild type and SMAA 

null mice (Figure 4). Analyses of the olfactory mucosa of at least five mice of each strain 

showed no major difference in the degree or pattern of expression of α-tubulin. However, 
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Alpha-tubulin was observed to be expressed throughout the neuroepithelium and lamina 

propria in discrete pockets of both strains and was not restricted to the S100 expressing 

cells. 

 

All three isoforms of the mouse α-tubulin protein were detected with equal 

significance scores due to their high sequence homology, and will be grouped together in 

our discussion as well due to their functional similarity. Alpha-tubulin is a cytoskeletal 

protein that may dimerize with its β-tubulin counterpart to form microtubules, a major 

cytoskeletal component of eukaryotic cells. Not dissimilar to actin cytoskeleton, 

microtubules play vital roles for cell growth and division, intracellular transport, motility, 

and structural stability and organization (Westerman and Weber, 2003). The other three 

protein upregulations in the olfactory mucosa of SMAA null mice all belong to a family 

of proteins called lipocalins, a very diverse group of proteins in terms of amino acid 

sequence and protein function, but share similar structural motifs as well as the properties 

of 1) binding small hydrophobic molecules, 2) forming complexes with soluble 

macromolecules, and 3) the ability to bind a specific cell surface receptor thus facilitating 

its interaction with the bound molecule (Flower, 1996). VNSP I (lipocalin 3) and II 

(lipocalin 4) are specifically known for binding and transporting small hydrophobic 

pheromone molecules that act as signaling stimuli for the vomeronasal organ (VNO). The 

oddity of our lipocalin group is the epididymal specific lipocalin 13 (Odorant Binding 

Protein 2a). Not much is known about the gene coding this protein beyond the fact that it 
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is part of a cluster of epididymal specific lipocalin genes, duplicated from the lipocalin 

gene family. Along with lipocalins 5, 8, 9, 10 and 12, epididymal-specific lipocalin 13 

functions exclusively in the mice epididymus and all 6 genes have varying patterns of 

expression. These genes on chromosome 2 of the mouse chromosome are conserved in a 

similar cluster in chromosome 9 in humans, with similar gene structure, sequence, and 

order that suggest an early adaptability to environment that may be crucial to male 

fertility (Suzuki et al., 2004).  

 

3.2 Thoracic Aorta 

 In the SMAA null mice thoracic aorta altered abundance of four proteins were 

observed (Figure 5): 1) Myosin alkali light chain 1/3 Skeletal muscle isoform 3F 

(MLC1F/MLC3F), 2) Myosin regulatory light chain 2 - Skeletal muscle isoform 

(skRLC), and 3) Gamma actin were upregulated while 4) alpha cardiac muscle actin (α-

cardiac muscle actin) was downregulated (Figure 5, Table 1). The two pairs of skeletal 

muscle myosin light chains are a component of the myosin II hexamer, their presence is 

critical for normal speed of the actin-myosin crossbridge cycling process and contraction 

in skeletal muscle. The peptide mass fingerprinting was unable to specify whether the 

gamma actin that was increased so the identification may be of either the ubiquitous 

cytoplasmic isoform or the smooth muscle isoform. Cytoplasmic gamma actin is mostly 

involved in the cytoskeletal apparatus and motility while the main function of smooth 

muscle gamma actin is contraction. Lastly, α-cardiac muscle actin is the major actin 
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isoform of the mature mouse heart that is required for normal heart function and survival, 

and its expression in the thoracic aorta has not been well characterized. 

 

 

3.3 Urinary Bladder 

We observed decreases in the expression of two proteins in the SMAA null mouse 

bladder as compared to normal wild type mice, shown in Figure 6. These proteins are 

myosin regulatory light chain 2 – Skeletal muscle isoform and myosin light chain 1/3 - 

Skeletal muscle isoform 3F as discussed previously in from our findings in the thoracic 

aorta. For this latter protein, a MASCOT score of 63 was one point shy of significance. 

We have included it in our results since it was the mostly likely candidate with the 

highest MASCOT score and the observed reduction was repeated in each set of 2D gels. 

The regulatory light chain is likely seen as two protein spots due to its ability to be 

phosphorylated by myosin regulatory light chain kinases. The addition of a phosphate 

group would lower the pI of the protein shifting it toward the left of the gel from spot 3 to 

spot 2 (Figure 6). Both spots displayed a decrease in SMAA null mice bladders. This is 

an interesting finding as the exact two pairs of skeletal muscle myosin light chains that 

were found to be increased in the thoracic aorta are decreased in the urinary bladder.  
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3.4 Descending Colon 

In the SMAA null mice descending colon there were 4 protein downregulations 

observed: 1) Annexin A5, 2) Chemotrypsinogen B precursor, 3) Ela3 protein (Pancreatic 

Elastase 3 Protein), and 4) Lithostathine 1 precursor (pancreatic stone protein) seen in 

figure 7. Annexin A5 interacts with the hydrocarbon chains of phospholipids in its Ca
2+

 

bound conformation using its exposed Tryptophan residue, allowing it to interact with 

membranes readily (Lewit-Bentley et al., 1992; Concha et al., 1993). Depending on the 

abundance and localization of this 2-dimensional array, Annexin A5 is able to induce 

membrane indentation and endocytosis, stabilizing cell membrane structures, changing 

cell shape, or shield the phospholipids of the membrane from usage in the coagulation 

cascade (Gerke et al., 2005). In addition, Annexin A5 has been observed to bind actin 

cytoskeleton in stimulated platelets in the presence of Ca
2+

, implying a role at the cell 

membrane-cytoskeleton interface during times of great structural change (Tzima et al., 

1999). Not much is known about the particular Chymotrypsinogen B precursor protein so 

we interpreted this finding as an increased concentration of the zymogen 

chymotrypsinogen which is normally activated via proteolytic cleavage to form 

chymotrypsin in the duodenum. Chymotrypsin is a well known serine protease that is 

released by the exocrine pancreas to be used in protein digestion (Blow, 1976; Appel 

1986). Similarly, ela 3 or pancreatic elastase 3 protein is another digestive protein, 

belonging to the subfamily of serine proteases (Lewis et al., 1956). Despite the name, 

pancreatic elastase can perform functions other than the breakdown of elastin, which is 



 

 

 

34 

usually high in tissues that require a high degree of elasticity for its function. The 

Lithostathine 1 precursor has many names due to its discovery in various locations on 

different occasions; common ones being Reg 1, PSP, PTP, and Regenerating Protein 1. 

Not much is known about the mouse lithostathine 1 protein and a large part of our 

knowledge comes from the rat homologue and human homologue Human lithostathine 

protein (HLIT). HLIT is the current name for a protein previously known as the 

Pancreatic Stone Protein, and which was found to have identical sequence as Reg protein 

(originally discovered in regenerating pancreatic islets) and Pancreatic Tread Protein 

(cleaved version of HLIT). While highly expressed in the pancreas of mice and humans, 

the pattern of expression is differentially localized to gastric mucosa and kidney in 

humans (Watanabe et al., 1990), and gallbladder and liver in mice (Unno et al., 1993). 
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Figure 3. Silver stained 2D proteomic gels of olfactory mucosa from SMAA
+/+

 mice 

(wild types; left) and SMAA
-/-

 mice (null mutants; right). Boxes and black arrow indicate 

those protein selected for determination of i) relative levels of expression change, and ii) 

identification by MASCOT. Four proteins were determined to be at higher levels in the 

null mutant mice as compared to their age-matched wild type siblings (see Figure 8): spot 

1, vomeronasal secretory protein 1 precursor (Lipocalin-3); spot 2, alpha tubulin (this 

spot is magnified in inset box on the bottom right corner); spot 3, vomeronasal secretory 

protein 2 precursor (Lipocalin-4); and spot 4, epididymal-specific lipocalin-13 precursor. 

Spots 5 and 6 were selected as comparison proteins that displayed no obvious changes in 

expression between null mutant and wild type mice.   

 



 

 

 

36 

 

Figure 3 
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Figure 4. Immunofluorescence staining of α-tubulin and S100 in the olfactory mucosa of 

SMAA
+/+

 (A, C, E) and SMAA
-/-

 mice (B, D, F). α-tubulin (green) is seen expressed 

throughout the neuroepithelium and lamina propria of the olfactory mucosa in both wild 

type and null mutant mice. No consistent change was seen in the level of α-tubulin 

between S100 (red) expressing cells of SMAA
+/+

 and SMAA
-/-

 mice.  Scale bars = 

100μm. (LP = lamina propria, OE = olfactory epithelium, FAS = fascicle).
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Figure 5. Silver stained 2D proteomic gels of thoracic aorta from SMAA
+/+

 mice (wild 

types; left) and SMAA
-/-

 mice (null mutants; right). Boxes indicate those proteins selected 

for determination of i) relative levels of expression change, and ii) identification by 

MASCOT. Three proteins were determined to be at higher levels in the null mutant mice 

as compared to their age-matched wild type siblings (see Figure 8): spot 1, Skeletal 

muscle myosin light chain 1/3; spot 2, Skeletal muscle myosin regulatory light chain 2; 

and spot 4, Gamma actin. One protein was determined to be at lower levels in the null 

mutant mice as compared to their age-matched wild type siblings (see Figure 8): spot 3, 

alpha cardiac muscle actin.  Spots 5 and 6 were selected as comparison proteins that 

displayed no obvious changes in expression between null mutant and wild type mice.   
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Figure 5 
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Figure 6. Silver stained 2D proteomic gels of urinary bladder from SMAA
+/+

 mice (wild 

types; left) and SMAA
-/-

 mice (null mutants; right). Boxes indicate those proteins selected 

for determination of i) relative levels of expression change, and ii) identification by 

MASCOT. Two proteins were determined to be at lower levels in the null mutant mice as 

compared to their age-matched wild type siblings (see Figure 8): spot 1, skeletal myosin 

light chain 1/3; and spot 2/3, skeletal muscle myosin regulatory light chain.  Spots 4 and 

5 were selected as comparison proteins that displayed no obvious changes in expression 

between null mutant and wild type mice.
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Figure 6 
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Figure 7. Silver stained 2D proteomic gels of descending colon from SMAA
+/+

 mice 

(wild types; left) and SMAA
-/-

 mice (null mutants; right). Boxes indicate those proteins 

selected for determination of i) relative levels of expression change, and ii) identification 

by MASCOT. Four proteins were determined to be at lower levels in the null mutant 

mice as compared to their age-matched wild type siblings (see Figure 8): spot 1, Annexin 

A5; spot 2, Chymotrypsinogen B precursor; spot 3, Ela3 protein; and spot 4, 

Lithostathine-1 precursor.  Spots 5 and 6 were selected as comparison proteins that 

displayed no obvious changes in expression between null mutant and wild type mice. 
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Figure 7 
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Figure 8.  Quantitative analyses of spot size differences from 2D gel proteomes of 

olfactory epithelium (A), thoracic aorta (B), urinary bladder (C) and descending colon 

(D)from age-matched SMAA
+/+

 and SMAA
-/-

 mice. Each spot number corresponds with 

those from Figures 1, 3, 4, and 5. Spots from no fewer than 4 different gels were 

compared between wild type and null mutant mice for each tissue.  Spots 1-4 in A, spots 

1-4 in B, spots 1-3 in C, and spots 1-4 in D show significant changes (i.e., increases or 

decreases) in spot size of null mutant mice (as compared to wild type mice) (p<0.05).   

Spots 5 and 6 (in A, B, and D) and spots 4 and 5 (in C) represent those selected as 

displaying no obvious change in size between genotypes.
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Figure 9. RT-PCR data showing presence of SMAA mRNA in the SMAA
+/+

 mice 

thoracic aorta (1A, 3A), urinary bladder (1B, 3B, 5B), and descending colon (1C, 3C 5C), 

and the absence of SMAA mRNA in the thoracic aorta (2A, 4A), urinary bladder (2B, 

4B, 6B), and descending colon (2C, 4C, 6C) of SMAA
-/-

 mice. No change in the level of 

GAPDH was observed between SMAA
+/+

 and SMAA
-/-

 mice aorta and colon, small 

amounts of product was observed for SMAA
-/-

 bladder at 22 cycles. 
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Table 1 - Protein Identification Results 

Protein MASCOT
1 

MW pI Sequence 

Coverage 

↑/↓
2 

Olfactory Mucosa      

     Alpha tubulin
3 

          Isoform 1A 

          Isoform 1B 

          Isoform 1C 

 

102 

50788 

50804 

50562 

4.94 

4.94 

4.96 

15% ↑ 

     Vomeronasal secretory protein 1 

     precursor (Lipocalin 3) 

 

76 20841 4.58 25% ↑ 

     Vomeronasal secretory protein 2 

     precursor (Lipocalin 4) 

 

105 21671 5.47 38% ↑ 

     Epididymal-specific lipocalin 13 

     precursor (Odourant binding  

     protein 2a) 

80 20154 5.98 27% ↑ 

 

Thoracic Aorta 
     

     Myosin light chain 1/3, 

     skeletal muscle isoform 3F 
85 16703 4.62 30% ↑ 

      

     Myosin regulatory light chain 2,  

     skeletal muscle isoform 

 

114 19057 4.82 42% ↑ 

     Gamma actin  118 41335 5.56 19% ↑ 

     Alpha cardiac muscle actin 138 42043 5.23 22% ↓ 

Urinary Bladder      

     Myosin light chain 1/3, skeletal  

     Muscle isoform 3F 
63 16703 4.62 27% ↓ 

      

     Myosin regulatory light chain 2, 

     Skeletal muscle isoform 
156 19057 4.82 44% ↓ 

      

Descending Colon      

     Annexin A5 81 35787 4.83 23% ↓ 

           

     Lithostathine 1 precursor 114 18906 6.08 48% ↓ 

      

     Chymotrypsinogen B precursor 70 28431 4.91 31% ↓ 

      

     Ela 3 protein 70 28167 5.52 31% ↓ 

1
MASCOT score is a measure of significance of the search engine. A score of 68 is considered significant 

(p<0.05), with higher scores representing greater significance. 
2
Indicates whether the protein was increased (↑) or decreased (↓) in the corresponding SMAA null mice 

tissue. 
3
All three tubulin isoforms received the same MASCOT score and sequence coverage. 
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CHAPTER 4 

DISCUSSION 

Pathological changes related to dysfunctional or lack of SMAA have been 

characterized in humans and mice alike, this has been seen in smooth muscle-rich tissues 

for some time but only recently for a glial population known as OECs. Although mice 

lacking functional SMAA are described as overtly normal, they demonstrate 

morphological changes in OECs (Rawji et al, 2013), impaired vascular contractility and 

integrity, blood pressure dysregulation, increased blood-retina barrier permeability, and 

reduced bladder, myoepithelial cell, airway contractility (Schildmeyer et al., 2000; 

Zimmerman et al., 2004; Tomasek et al., 2006; Haaksma et al., 2011; Shardonofsky et al., 

2012). These multi-systemic pathologies are paralleled in humans with inherited or de 

novo mutations in the ACTA2 gene that code for SMAA. These individuals are 

predisposed to having thoracic aortic aneurysms and dissections, coronary and 

cerebrovascular disease, mydriasis, hypotonic bladder and hypoperistalsis of the colon 

among many others (Guo et al., 2007, 2009; Milewicz et al., 2008, 2010b). Despite these 

differences in mechanism of SMAA perturbation, a unifying theme emerges around the 

important role that SMAA plays in smooth muscle not only in the vasculature but in 

many other systems throughout the body. The understanding of these pathological states 

is limited by a lack of research looking at the altered protein expression that accompanies 

these pathophysiological changes. Our study represents the first proteomic comparison of 

olfactory mucosa, aorta, bladder, and colon of wild type and SMAA null mice. In our 
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proteomic approach through 2DGE and MALDI-TOF mass spectrometry, we found 

various isoforms of actin and myosin changes that are relevant to the pathologies seen 

and some novels changes previously thought to be unrelated to SMAA. 

 

4.1 Olfactory Mucosa 

We found an increased abundance of 4 proteins in SMAA null mice olfactory 

mucosa, these proteins are α-tubulin, vomeronasal secretory proteins 1 and 2, and 

epididymal-specific lipocalin 13. From these protein expression alterations, the most 

relevant to solving our puzzle of OEC structural dysmorphology would be α-tubulin. A 

growing body of research into cytoskeletal protein interactions point to a high degree of 

"crosstalk" between actin and microtubules in cell motility (Etienne-Manneville, 2004). 

This bidirectional and coordinated system of interaction between these two cytoskeletal 

structures may explain why a tubulin protein is upregulated in the absence of SMAA. In 

cell migration, while cytoplasmic protrusions at the leading edge of the cell require actin 

for filopodia and lamellipodia formation (Pollard and Borisy, 2003), growing evidence 

suggests microtubule involvement as well (Bretscher, 1996). In fact, disruption of 

microtubule dynamics arrests the formation of lamellipodia in astrocytes and fibroblasts 

(Liao et al., 1995; Etienne-Manneville and Hall, 2001), highlighting their importance in 

this process. Though perhaps more extensive, the cytoplasmic protrusions of OECs that 

are entrusted to ensheath the olfactory axon fila are not dissimilar to the protrusions from 

these astrocytes and fibroblasts previously mentioned at a cellular mechanistic level. So 
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in our OECs lacking SMAA, there may be a feedback drive to compensate for this actin 

reduction with increased microtubule polymerization through augmented expression of α-

tubulin. While this appears to be a futile effort judging by the dysmorphic OEC processes 

previously seen (Rawji et al., 2013), it nevertheless could reflect a novel compensatory 

mechanism at play.  

 

An alternative theory may be that the α-tubulin upregulation is occurring in 

primary olfactory neurons of the olfactory neuroepithelium. Despite the poor cellular 

localization of our α-tubulin immunostaining, we were still able to discern its expression 

throughout the olfactory mucosa (Figure 4), including the neuroepithelium where the 

primary olfactory neurons reside. This conjecture is supported by the fact that 

microtubules are known for their role in neuronal polarization in terms of axonal and 

dendritic formation and growth, a normal process in the maturation of neurons (Witte and 

Bradke, 2008). At the olfactory mucosa where primary bipolar olfactory neurons and 

their axons are replaced regularly, there is huge demand for the cytoskeletal formation 

and turnover to support continual growth and maturation. Existing evidence suggest that 

in the normal formation of neuron axons, there is purposeful instability created in actin 

cytoskeleton via various mechanisms at the site of future axon formation. This in turn 

disinhibits microtubule growth that physically advances the growth cone that is to 

become the future mature axon (Witte and Bradke, 2008). In an olfactory system lacking 

the supportive role provided by normal functioning OECs the primary olfactory neuron 
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axons will likely have a much harder journey through the lamina propria. The neurites of 

primary olfactory axons could be occurring at an accelerated pace in an attempt to find 

the right path to the olfactory bulb. The likely less efficient route would require 

additional growth cone formation and extended axon length to ultimately reach their 

intended targets, requiring additional microtubule polymerization and therefore more α-

tubulin. Future studies making ultrastructural observations of the primary olfactory 

neurons of SMAA null olfactory mucosa could support this hypothesis.  

 

VNSP I (lipocalin 3) and II (lipocalin 4) function in the VNO, which is found in 

most mammals and plays an important role as a chemoreceptor for pheromones that are 

thought to be important in mating and reproductive behaviours (Doving and Trotier, 

1998), although its presence and function in humans is still a subject of debate. VNSP 1 

in particular is thought to function in the mucus layer of the olfactory epithelium to 

concentrate and deliver pheromone molecules to their appropriate olfactory neuron 

receptors (Miyawaki et al., 1994). VNSP II is thought to perform complementary but 

independent functions alongside VNSP 1, as the two proteins are co-localized to a shared 

area of the olfactory system that is thought to not overlap with other lipocalin proteins 

(Miyawaki et al., 1994), yet the two proteins may function separately as they are 

temporally separated such that VNSP 1 is expressed in the neonatal period of mice 

whereas VNSP 2 is not (Miyawaki et al., 1994). 
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The increase in VNSP1 and VNSP2 are novel findings in this SMAA null mice 

model and is a curious consequence of the lack of an actin isoform. Their increased 

expression may be related to a feedback system for the detection of pheromones that 

many mammals rely on for reproduction and mate finding, and as such would be an 

evolutionarily adaptive compensatory mechanism. The hindered pheromone detection by 

olfactory neurons could be a result of the degenerative phenotype of OECs and hindered 

olfactory neuron axon regeneration in the SMAA null mice olfactory mucosa as 

discussed earlier. Without normal OECs to guide and stimulate the extension of 

regenerating primary olfactory neuron axons, less pheromones are picked up by the 

mouse VNO and therefore processed for mating. The fact that these SMAA null mice 

have been characterized as reproductively normal (Schildmeyer et al., 2000) may at least 

in part be attributed to the upregulation of VNSP I and II or simply because their 

breeding environments did not require normal sensitivity of pheromone detection for 

successful reproduction. 

 

Lastly, epididymal-specific lipocalin 13 was increased in our SMAA null mice 

model. As tissues were extracted carefully from the mice olfactory mucosa to minimize 

contamination, it is likely that we have found a novel site of expression for the protein 

previously thought to reside only in the epididymis. As it is unlikely to play a role in male 

fertility in the olfactory mucosa, future investigation would have to explore the function 
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of this protein in the olfactory mucosa and its link to SMAA before conclusions can be 

drawn about the significance of its upregulation in SMAA null mice. 

 

4.2 Thoracic Aorta 

In the thoracic aorta, we found an upregulation of skeletal muscle myosin light 

chains in SMAA null mice. Myosin II is a hexameric unit composed of two alkali 

(essential) myosin light chains, two myosin regulatory light chains, and two myosin 

heavy chains. The smooth muscle regulatory light chain's (smRLC) role in contraction is 

well understood but much less is known about the function of the skeletal (skRLC) and 

cardiac (cRLC) muscle counterparts. However, research has shown that skRLC and 

cRLC do exist, as do skeletal muscle (skMLCK) and cardiac muscle (cMLCK) myosin 

regulatory light chain kinases that phosphorylate and modulate these proteins (Manning 

and Stull, 1982; Sweeney and Stull, 1986; Ding et al., 2010; Stull et al., 2011). 

Structurally, skRLC's position at the head-rod junction of myosin allows it to perform a 

role in the crossbridge cycling process (Sweeney et al., 1993). The theory of skRLC 

function stems from the observation that its phosphorylation by skMLCK causes a shift 

in the average position of the myosin head where it interacts with the actin thin filament 

to form the crossbridge required for force generation. The shift away from the thick 

filament (toward the actin thin filament) facilitates both increased magnitude and rate of 

that force generation when skRLC is phosphorylated in mammalian skeletal muscle 

(Sweeney and Stull, 1986), therefore increasing contraction efficiency. Indeed, research 

has shown phosphorylation of skRLC in skeletal muscle increases the rate of force 
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development with submaximal levels of Ca
2+

 (Sweeney and Stull 1986). It has also been 

suggested that the skRLC phosphorylation acts as a sort of muscle "memory" of recent 

activation as they remain phosphorylated after the drop off in the frequency of motor unit 

firing. This helps to maintain small degrees of contraction over long periods of time 

(tone) with a much lower level of intracellular Ca
2+

, making subsequent activation more 

efficient by maximizing Ca
2+

 release effectiveness (Sweeney and Stull 1993). skRLC is 

also developmentally important as it is required for the normal growth of fast and slow 

skeletal muscle in mice. Knock-out mice without of the Mylpf gene coding for skRLC 

died immediately after birth, suggesting a crucial role of skRLC during embryogenesis 

(Wang et al., 2007). 

 

The pair of myosin essential light chains are often grouped together due to their 

highly similar structure such that they share a common c-terminus of 141 amino acids 

and differ at the n-terminus, which is 50 amino acids long in the alkali light chain 1 

(MLC1F) and 8 amino acid long in chain 3 (MLC3F) from alternative splicing (Robert et 

al., 1984). These alkali light chains forms the strongest non-covalent bonds with the 

MHC and RLC. Similar to the skRLC, the MLC1F/MLC3F alkali light chains have also 

shown to be crucial to maintenance of normal speed and magnitude of force generation 

through crossbridge cycling (Lowey et al., 1993) 
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Skeletal muscle contraction primarily relies on Troponin and not the Ca
2+

-

calmodulin and MLCK pathway. In striated muscle, Ca
2+

 influx through Ca
2+

-channels 

causes a rapid transient release of stored Ca
2+

 from the sarcoplasmic reticulum that binds 

to Troponin C and triggers conformational changes in the thin filaments allowing 

crossbridge cycling to take place. As such, previous studies have found that elimination 

of either or both skRLCs and MLC1F/MLC3F from the striated muscle myosin hexamer 

does not stop actin-myosin Mg-ATPase activity (Wagner and giniger, 1981; 

Sivaramakrishnan and Burke, 1982). However, a landmark paper published by Lowey et 

al. (1993) showed that although not essential to myosin Mg-ATPase activity, eliminating 

skRLC and MLC1F/MLC3F from skeletal muscle myosin significantly reduced that 

cycling rate of actin-myosin crossbridge cycling by over 10-fold and that restitution of 

the skRLC restored previous cycling speeds. The selective elimination of either skRLC or 

MLC1F/MLC3F produced smaller reduction in cycling speeds but still significantly 

diminished compared to normal physiological speeds. These findings suggest that while 

not necessary for myosin Mg-ATPase activity, skRLC plays a crucial part of the 

conversion of chemical energy to mechanical energy in force generation and contraction 

in skeletal muscle.  

 

These myosin light chain upregulations likely represent a compensation for the 

reduced contractility of the thoracic aorta smooth muscle due to the loss of SMAA. 

Previous research has shown a compensatory increase in α-skeletal actin (α-SKA) in the 
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vascular smooth muscle of an identical SMAA null mice model (Schildmeyer et al., 

2000). Thus, taking into consideration previous evidence that the most effective muscular 

contraction in terms of myosin ATPase activation occurs when actin is interacting with 

myosin of the same tissue isoform (Gordon et al., 1977; Sobieszek and Small, 1977; 

Próchniewicz and Strzelecka-Gołaszewska, 1980; Rubenstein, 1990), the upregulation of 

the skeletal muscle myosin is not only understandable but adaptive. In compromised 

aortic smooth muscle without functional SMAA, the increased expression of α-SKA 

accompanied by skeletal muscle myosin demonstrates remarkable flexibility in actin gene 

expression regulation that is retained in adult mice. The fact that we were unable to detect 

the increase in α-SKA previously demonstrated by Schildmeyer et al., may be due to a 

difference in technique and reduced sensitivity of 2-dimensional gel electrophoresis to 

small changes in protein expression using qualitative analysis. 

 

Our results from mass spectrometry did not tell us the precise isoform of gamma 

actin that was observed to be upregulated in SMAA null mice aorta. This is not entirely 

surprising given the fact that all of the actin isoforms only differ 5% in their sequence 

(Vandekerckhove and Weber, 1978a, 1978b, 1979). As vascular smooth muscle is known 

to express both α- and γ-smooth muscle actin, it is probable that the smooth muscle γ-

actin (γ-SMA) is upregulated in order to supplement contractility in the aortic smooth 

muscle instead of the non-muscular and ubiquitous γ cytoplasmic actin (γ-CYA) that is 

more involved in cytoskeletal apparatus and microfilaments in the cell (Vandekerckhove 
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and Weber, 1978b). The presence of γ-CYA is very limited in differentiated muscle cells 

but is ubiquitously expressed in adult non-muscle tissue and developing undifferentiated 

muscle tissue. γ-CYA predominates in pancreas and auditory hair cells and is minimally 

expressed in skeletal and smooth muscle. However, its role in the formation of immature 

Z-disks and costameres that anchor the peripheral myofibrils to the plasma membrane has 

been previously noted in skeletal muscle (Craig and Pardo, 1983; Ryba-kova et al., 

2000). This would appear to suggest that the upregulation of γ actin that we have seen 

will have a relatively minor impact on the contractility of the smooth muscle cell. 

However, our particular case is a special one for the following reasons. One, the regular 

and periodic sarcomeric organization does not exist in the smooth muscle cell and 

therefore subcellular localization of γ actin alone cannot solely act as evidence for or 

against its role in contractility of the smooth muscle cell. Two, the previous studies were 

done in muscle that have functional SMAA, and as previously mentioned the cell would 

preferentially utilize this major isoform in vascular smooth muscle for contractile 

purposes, but it is quite possible that in the absence of functional SMAA, γ-actin can be 

incorporated into the contractile apparatus. Thus it is entirely possible that γ actin, 

smooth muscle or cytoplasmic isoform, could be upregulated in the aortic smooth muscle 

to compensate to some degree for the loss of SMAA in the contractile apparatus of the 

aorta. Indeed, previous studies have shown that while muscle actin isoforms are 

preferred, nonmuscle isoforms are still able to be substituted in contractile assembly 

(Jaeger et al., 2009; Perrin and Ervasti, 2010). A third possibility is that reduced 
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contractility in the aortic smooth muscle stimulated increased vascular smooth muscle 

proliferation, which has been previously characterized in humans with ACTA2 mutations 

(Milewicz et al., 2010a) but not mice. The increased γ-actin and myosin light chains we 

have observed may be simply reflective of the growing number of muscle cells in the 

thoracic aorta of SMAA null mice. This however, is an unlikely explanation as no other 

isoforms of actin or myosin were increased.  

 

Lastly, we found a decrease in α-cardiac muscle actin in the aorta of SMAA null 

mice. This isoactin is typically found as the predominant actin in the thin filament 

structures of the mature mouse heart and is required for the normal contraction of cardiac 

muscle (Kumar et al., 1997; Abdelwahid et al., 2004). Its expression is critical to the 

survival of the mouse as α-cardiac actin knock-out mice do not survive past week 2 post-

natally (Kumar et al., 1997). The reduction of α-cardiac actin in SMAA null mice aorta is 

harder to explain as it does not fit the existing frame of compensatory upregulation of 

alternative actin and myosin isoforms we have presented. However, it may be the case 

that the skeletal muscle isoactins are more adaptive and more readily upregulated and 

utilized in smooth muscle tissue to play a contractile role. It would simply be a case of 

selective allocation of limited resources to upregulate the skeletal isoform instead of the 

cardiac isoform. On the other hand, this may represent a maladaptive mechanism causing 

impaired vascular contractility seen by Schildmeyer et al., (2000). Even though they did 
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not detect a decrease in α-cardiac actin mRNA, there may be disturbances at the level of 

protein translation not seen by northern blots but detectable by our proteomic approach. 

 

4.3 Urinary Bladder 

In the urinary bladder of our SMAA null mice we found that the two pairs of 

skeletal muscle myosin light chains skRLC and MLC1F/MLC3F were both 

downregulated. This is interesting as the same proteins were observed to be upregulated 

in the thoracic aorta of SMAA null mice. One hypothesis is that since the predominant 

actin isoform in bladder is γ-smooth muscle actin, knocking out SMAA produces a 

different effect in actin and myosin expression than expected in SMAA dominant tissues 

like the aorta. While we do not know how this decrease in skRLC and MLC1F/MLC3F is 

occurring, this observation provides a mechanism for the contractile deficits of mice and 

human bladder in the absence of functional SMAA (Zimmerman et al., 2004; Milewicz et 

al., 2010b). It has been previously thought that this was directly due to the absence of 

SMAA in these mice, but our evidence now suggest that decreased expression of myosin 

likely also plays a role in the decreased contractility of the bladder in mice and humans 

lacking functional SMAA. As there is expected to be little skeletal myosin present in the 

bladder, just what the role that this particular isoform plays and how much of an effect it 

has on contractility should be a subject of further investigation. Interestingly, the absence 

of SMAA failed to bring about any structural or developmental defects in the mouse 
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bladder despite physiological deficits. This suggests that SMAA has more of a role in the 

actual functioning of the bladder smooth muscle than its formation and development.  

 

4.4 Descending Colon 

In the descending colon of SMAA null mice we found 4 downregulations in the 

proteins Annexin A5, Chymotrypsinogen B, Pancreatic elastase 3 protein, and 

Lithostathine 1. Fecal reduction of both chymotrypsinogen and pancreatic elastase 3 are 

used clinically as signs of pancreatic insufficiency in humans (Boeck et al., 2001), a 

previously uncharacterized symptom in SMAA null mice and patients with ACTA2 

mutations. As these pancreatic digestive proteins are unlikely to be found in the 

parenchyma of colonic tissue, it may well be that despite our best attempts some lumenal 

contents, possibly fecal contaminants, remained in our homogenized tissue. However, 

this inadvertent sampling of lumenal digestive enzymes reveals a possible abnormal 

release of pancreatic digestive enzymes in the absence of SMAA. This may be a novel 

side effect of deficient pancreatic function, which may rely on SMAA for normal 

secretion of pancreatic enzymes. It is also possible that these digestive protein reductions 

are caused by gastrointestinal hypoperistalsis and reduced motility, a previously 

characterized feature of SMAA mutations (Milewicz et al., 2010b). Whatever the cause, 

it is clear that the lack of SMAA has had an impact on the transit of crucial digestive 

enzymes through the GI system to the descending colon.  
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The Lithostathine 1 precursor has diverse and seemingly unrelated functions 

including maintenance of cellular function of the exocrine (Gross et al., 1985; De Caro et 

al., 1987, 1989) and endocrine pancreas (Perfetti et al., 1994), stimulation of regeneration 

of pancreatic islets after pancreatectomy in rats (Watanabe et al., 1994), and inhibition of 

pancreatic stone formation through coating of calcium carbonate crystals in pancreatic 

ducts (Giorgi et al., 1989, Bernard et al., 1992, 1995). Although this last function has 

been challenged by Reggi et al. (1998), the presence of lithostathine 1 protein has not 

been previously characterized in the colon or rectum, except in tumorigenesis in humans 

(Wanatabe, 1990). If our detection of lithostathine 1 is reflective of local expression in 

the descending colon, then this represents a novel locus of expression in mice. Further 

studies could investigate the significance of its reduction in the colon of SMAA null 

mice, as these two proteins have no known relationship. Alternatively, the cause of 

reduction may be the same pancreatic insufficiency or loss of gastrointestinal motility 

that we suspected in the reduction of Chymotrypsinogen B and pancreatic elastase 3 

protein.  

 

The annexins are a family of proteins that are known for their unique ability to 

simultaneously bind and be regulated by Ca
2+

 in their reversible interactions with 

negatively charged phospholipids (ie. cell membranes). They have a highly conserved C-

terminal 'convex' core domain for interaction with phospholipids and a variable N-

terminus domain that allows various annexins to mediate different membrane related 
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tasks in response to changes in intracellular Ca
2+

 levels (Gerke and Moss, 2002; Gerke et 

al., 2005). Annexin A5 molecules form trimers that in turn act as the building blocks for a 

2-dimensional crystalline network that binds to the lipid bilayer (Gerke et al., 2005). This 

last role confers upon its most famous ability to act as an anticoagulant, although 

precisely how it exits the cell to perform this function is unknown. In addition, Annexin 

A5 has been observed to bind actin cytoskeleton in stimulated platelets in the presence of 

Ca
2+

, implying a role at the cell membrane-cytoskeleton interface during times of great 

structural change (Tzima et al., 1999). 

 

Due to the many different roles that annexin A5 is able to play through its trimer 

and 2-dimensional array formation, it is difficult to elucidate the cause of its 

downregulation in the descending colon or its effect. But the fact that only Annexin A5 

and no of the other members of its large family are affected suggests that it may have a 

special interaction with SMAA. It may be the case that Annexin A5 associates with the 

actin cytoskeleton in smooth muscle and plays a previously unknown role in stabilizing 

the cell structure. Not dissimilar to an activated platelet, an active smooth muscle cell can 

undergo dramatic shape changes between its relaxed and contracted states, and Annexin 

A5 may well play a role in facilitating that change. This viewpoint is supported by 

actions that have previously been ascribed to this family of proteins such as membrane 

stabilization, cell shape changes, and vesicle formation (Gerke et al., 2005). Further 

studies should investigate the effect of annexin A5 on smooth muscle contractility, to see 
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whether its reduction in SMAA null descending colon may be a mechanism of decreased 

contractility and hypoperistalsis. 

 

We were limited in this study by the degree of protein abundance change we were 

able to detect from our 2D gels using qualitative analysis techniques. As a result, only the 

most prominent changes in protein expression that were consistent between tissue-

specific sets of gels were selected in this study to be identified using mass spectrometry. 

While this methodology serves its purpose as an initial exploratory investigation into the 

proteome shifts in SMAA null mice olfactory system, it invariably misses minor changes 

that may be of physiological significance. Future studies should use a computerized 

analytical approach of the gels using software that can more effectively detect both large 

and small changes in protein expression. It would be of value to observe the progression 

of adaptive and maladaptive protein changes as the SMAA null mice age alongside their 

wild type counterparts. A longitudinal study may reveal novel changes in protein 

expression that may or may not be consistent through the life of the SMAA null animal, 

and in either case would prove useful in understanding the effect of SMAA on the 

olfactory mucosa. Additionally, olfactory sensitivity can be compared and contrasted for 

wild type and SMAA null mice to various odourants. This will shed light on the 

physiological manifestations of the proteomic and ultrastructural changes that we 

observed in the olfactory mucosa and whether it is odour-dependent, if it is affected at all. 
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Our study has yielded helpful insights into SMAA expression in OECs and the 

protein changes behind the pathological morphology displayed by null mice OECs. The 

altered expression of proteins in the absence of functional SMAA supports the existence 

and functional importance of SMAA in the development of the olfactory nervous system. 

The shift to higher α-tubulin expression suggests that microtubules may have a role 

similar to that of SMAA in the formation of OEC processes. It also supports the existence 

of a feedback mechanism that may attempt to compensate for the decrease of actin with 

increases of microtubules and vise versa, supporting the idea that these proteins are 

intimately linked in cell morphology and motility in OECs. 

 

 It is worth noting that although the SMAA null mice model share many 

pathophysiological changes with humans carrying ACTA2 mutations, the causal 

mechanism of the gene and protein perturbations are very different. A mutation of a 

segment of ACTA2 does not necessitate its complete loss of function in humans, and the 

variability in mutations provides us with a diverse group with wide ranging pathologies. 

Therefore, conclusions must be drawn carefully about the possible changes in protein 

expression as it relates to humans. We also recognize that the ages of the adult SMAA 

null mice displaying pathophysiological changes vary from study to study, and that our 

proteomic approach represents a cross-sectional view of the protein changes in early 

adulthood. Taking into consideration these limitations, we were successful in finding 

novel proteome changes in the aorta, bladder, and colon that accompany 
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pathophysiological changes in mice and humans. Some changes like the downregulation 

of α-cardiac muscle actin in the aorta, myosin light chains in the bladder, and annexin A5 

shed light on pathological mechanisms, while others like increased γ-actin and myosin 

light chains in the aorta suggested adaptive compensatory mechanisms responding to a 

lack of SMAA. Future studies should investigate further the relationship of these proteins 

with SMAA and characterize their expression pattern changes at a cellular level through 

immunohistochemistry. 
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CHAPTER 4 

CONCLUSION 

We set out to perform an exploratory investigation into the changes in protein 

expression in the olfactory mucosa, thoracic aorta, urinary bladder, and descending colon 

of SMAA null mice. The mouse model was originally developed to explore the 

significance of SMAA in tissues where smooth muscle played a large role, and identify 

phenotypic changes that may give clues as to the purpose of SMAA in smooth muscle 

physiology. Serendipitously, attempts at finding a novel biomarker for OECs using a 

proteomic approach in our lab identified SMAA's expression in OECs and was 

subsequently found in immunohistochemical analysis of rats, mice, rabbits, guinea pigs, 

cats, and monkeys (Jahed et al., 2007; Smithson and Kawaja, 2009; Rawji et al., 2013). 

This suggested that OECs at least to some degree share similar structural and cytoskeletal 

properties as smooth muscle. While SMAA expression was seen in both mucosal and 

bulbar OECs of rats in vivo and in vitro, mice mucosal OECs only displayed SMAA 

expression in vitro. However, ultrastructural examination showed that SMAA null mice 

mucosal OECs had grossly shrunken cytoplasmic processes that lacked the intercellular 

connections that are normally extensive enough to surround hundreds of axons. 

Moreover, the nuclei of approximately half of bulbar OECs displayed abnormal 

morphology including irregularly shaped, condensed, and indented appearances that was 

rarely seen in wild type nuclei (Rawji et al., 2013). Together, this evidence of SMAA 

expression in mice OECs point to its expression and functional significance at least at 



 

 

 

66 

some point in their development that is crucial for their morphology and most likely 

function later in life.  

 

With this understanding, we inquired as to what protein changes could bring 

about the morphological pathologies seen in these OECs. Interestingly, only 4 protein 

expression changes were observed. Alpha tubulin upregulation represented the most 

structurally relevant finding. We speculate that due to the close interactions between actin 

and microtubules in motility and cell shape, this upregulation is the result of a thus far 

unknown feedback mechanism in an attempt to compensate for the loss of actin through 

increased microtubule polymerization. The morphology of these OECs, however, suggest 

that this may be a futile attempt, which is supported by the fact that actin in required in 

the protrusive leading edge of the membrane in most cells (Tanaka et al., 1995). As the 

entire olfactory mucosa was extracted from wild type and SMAA null mice, we could not 

preclude the possibility that this alteration in SMAA is occurring in other types of cells of 

the mucosa. Even though OECs are the cell population most likely to be responsible for 

these changes as discussed earlier, it may also be possible that primary olfactory neurons 

are behind this increase in α-tubulin. Growth cones are the leading edge of axonal growth 

and require both actin and microtubule dynamics for successful elongation. It may be that 

the olfactory neurons axons tasked with the formidable task of finding its way from the 

neuroepithelium of the peripheral nervous system into the olfactory bulb glomeruli of the 

central nervous system are unable to do it alone with any degree of efficiency. Without 
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both the directional sensing provided by actin (Tanaka et al., 1995) and the guidance and 

facilitation provided normally provided by mucosal OECs' extensive processes, the axons 

most likely would require additional microtubule polymerization to support more trial-

and-error pathfinding. Future studies should take a close look at the olfactory neuron 

axons in SMAA null mice and the α-tubulin expression at the cellular level. 

 

In addition, we discovered three members of the lipocalin family of proteins. 

VNSP I and II are both involved in pheromone detection in the VNO of the accessory 

olfactory system, and our finding may represent a compensatory increase in secretion to 

facilitate detection. As no previous studies have measured the sensitivity of olfaction in 

SMAA null mice, this may be the first indirect clue of compromised sensitivity of 

olfaction in SMAA null mice. Neither the epididymal specific nor the form secreted by 

liver, pancreas, and skeletal muscle (Cho et al., 2011) of the lipocalin 13 protein 

performed any functions related to that of the olfactory system. As the latter form is 

secreted into the bloodstream, its increased presence in the olfactory mucosa could 

suggest a more global change in metabolism of the animal, but more studies need to 

examine its role in the olfactory system before any further conclusions are drawn. 

  

From the olfactory mucosa, we expanded the scope of our study to encompass 

other smooth muscle-rich tissues known to express SMAA. In fact, our lab has previously 

demonstrated the expression of SMAA in the bladder detrusor muscle and the muscularis 
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externa of the descending colon using immunohistochemistry and SMAA-LacZ 

transgenic mice (with β-galactosidase staining), and its absence in these tissues of the 

same SMAA null mice model we use in this study (Rawji et al., 2013). The significance 

of SMAA expression in the vasculature has been strongly supported as well (Schildmeyer 

et al., 2000). To explore what protein changes, if any, result from a lack of SMAA 

expression in the thoracic aorta, urinary bladder, and descending colon, we used the same 

2DGE and MALDI-TOF approach to proteome analysis. 

 

In the thoracic aorta, we found increased abundance of myosin regulatory 

(skRLC) and alkali (MLC1F/MLC3F) light chains of the skeletal muscle isoform. This 

complements the previous discovery of a compensatory upregulation of α-skeletal muscle 

actin in the vascular smooth muscle of SMAA null mice (Schildmeyer et al., 2000). As it 

has been demonstrated that contractility is optimized in interactions between the same 

isoform of actin and myosins (Gordon et al., 1977; Sobieszek and Small, 1977; 

Próchniewicz and Strzelecka-Gołaszewska, 1980), our finding completes the picture of a 

shift to skeletal muscle cytoskeletal elements for contraction in the absence of SMAA in 

aortic vascular smooth muscle. The upregulation in either γ-smooth muscle actin or γ-

cytoplasmic actin may again be another form of compensatory change in cytoskeletal or 

contractile protein expression to mitigate the loss of SMAA-mediated contractility. 

Lastly, the reduction in α-cardiac muscle actin is surprising as its expression outside of 

the heart has not been well characterized. We hypothesize that this may be a novel 
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mechanism of impaired vascular contractility in SMAA null mice or possibly be a shift of 

limited cellular resources to expression of other actin isoforms that is more adaptive to 

contractile functions in the aortic smooth muscle. However, future studies should 

investigate α-cardiac muscle actin's role in the thoracic aorta to fully appreciate the 

significance of its reduction. 

 

Interestingly, the two myosin light chain pairs seen to be increased in the aorta 

were decreased in the urinary bladder of SMAA null mice. This finding helps explain the 

presence of hypocontractile bladders seen in both mice and humans with SMAA 

disturbances, and provides an additional mechanism for its manifestation in addition to 

lack of SMAA. Further studies would have to elucidate the link between SMAA and 

myosin light chain reduction in these urinary bladders to further support this claim. 

 

Lastly, in our descending colon proteomes Annexin A5, pancreatic elastase 3 

protein, lithostathine 1 precursor and chymotrypsinogen B precursors were reduced in 

SMAA null mice. The reduction of chymotrypsinogen B and pancreatic elastase 3 are 

unexpected findings. This may be due to a sampling of colonic contents in our processing 

of descending colon tissue for analysis. These consistent decreases across different sets of 

gels from different animals may suggest a reduction in pancreatic function in the SMAA 

null population. The next step should be to look at the levels of these proteins in the 

pancreas to determine if this is due to pancreatic insufficiency or reduced transit of 
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digestive proteins through the gastrointestinal system. Similar mechanism may be at play 

for the reduction in lithostathine 1. This protein is typically expressed in the regenerating 

pancreatic islets, kidney, and gastric mucosa and possesses controversial functions 

(Terazono et al., 1988).  

 

Annexin A5's role as a Ca
2+

-dependent protein and its capacity to bind actin-based 

cytoskeleton of activated platelets (Tzima et al., 1999) give it properties that are highly 

relevant to smooth muscle functioning, even though this possibility has not been 

previously studied. Calcium signaling plays a large role in smooth muscle contraction 

involving Ca
2+

-Calmodulin and myosin light chain kinase, so a similar role for annexin 

A5 in the interaction with the membrane associated actin cytoskeleton is possible in the 

colonic smooth muscle. Whether this decreased abundance could contribute to 

hypomotility of the colon would have to be elucidated based on future experiments into 

its function in enteric smooth muscle cells. 

 

In conclusion, our exploratory investigations using a proteomic approach helped 

shed light onto the altered proteomes behind the many pathophysiological changes seen 

in mice and humans lacking normal SMAA. Some of these changes represented possible 

mechanisms to pathology as seen by the reduction in myosin of the bladder, α-cardiac 

muscle actin of the aorta, and annexin A5 in the colon; while many others are suggestive 

of compensatory changes such as the upregulation of α-tubulin in olfactory mucosa and 
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γ-actin and myosin in the thoracic aorta. These discoveries speaks to the value of 

exploratory proteomic studies that not only further our understanding of pathological 

conditions but also raises as many questions that open new paths for future investigators. 
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