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Abstract 

In normal adult physiology, intestinal smooth muscle cells (ISMC) are characterized as 

contractile and non-proliferative. Inflammation induces permanent changes to the intestine 

including hypertrophy of the smooth muscle layer largely due to smooth muscle cell (SMC) 

proliferation. While the consequences of this hyperplasia are largely unknown, increased 

muscularis mass may present permanent challenges to organ motility.  Similar SMC hyperplasia 

is observed in other inflammatory pathologies including atherosclerosis and pulmonary arterial 

hypertension (PAH) where SMC de-differentiate into a ‘synthetic’ phenotype and the mitogens 

responsible for hyperplasia have been well studied. However, there are limited investigations of 

SMC mitogens in intestinal inflammation. The identification of these factors may be of critical 

importance in the case of intestinal strictures, whereby recurring inflammation can lead to bowel 

obstruction requiring surgical intervention.  A novel, primary rat ISMC model was developed to 

identify the factors responsible for ISMC proliferation in vitro. Primary ISMC cultures are likely 

more representative of SMC in vivo than the commonly used late-passage cultures. As such, this 

primary ISMC model is valuable in the evaluation of mitogens involved in the onset of 

proliferation.  This primary ISMC model was used to conduct a comprehensive evaluation of 

potential mitogens including basic fibroblast growth factor (bFGF), epidermal growth factor 

(EGF), insulin-like growth factor-1 (IGF-1) and platelet-derived growth factor-BB (PDGF-BB. 

This work identified IGF-1 and PDGF-BB as ISMC mitogens. However, multiple lines of 

evidence indicated that PDGF-BB was a more potent mitogen and the involvement of PDGF-BB 

was subsequently examined in vivo using the trinitrobenzenesulfonic acid (TNBS) model of rat 

intestinal inflammation.  While control ISMC lacked expression of the PDGF-BB receptor 

(PDGF-Rβ), robust expression was observed within only 6 hr following the induction of TNBS 

inflammation. By Day 2, when ISMC proliferation in vivo is maximal, freshly isolated ISMC 

showed on-going PDGF-Rβ activation that was further increased by exogenous PDGF-BB.  
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Taken together, the conclusions from this work in vitro identify PDGF-BB as a potent ISMC 

mitogen in vivo. Further, this work establishes PDGF-BB and its receptor as potential targets in 

the medical treatment of intestinal stricture formation.  
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Chapter 1 

General Introduction 

Thesis Overview: 

Intestinal smooth muscle cells provide the mechanical force to mix and propel intestinal contents 

the length of the organ. While these cells are characterized as contractile and non-proliferative, 

inflammation induces changes to the smooth muscle at both the tissue and cellular level resulting 

in permanent alterations to organ function. Hypertrophy of the smooth muscle layer is one such 

change identified and using animal models, this has been shown to be largely the result of SMC 

hyperplasia. SMC hyperplasia is seen in other inflammatory pathologies including atherosclerosis 

and pulmonary arterial hypertension, where SMC de-differentiate into a ‘synthetic’ phenotype 

and the mitogens responsible for hyperplasia have been well studied. However, there are limited 

investigations of SMC mitogens in intestinal inflammation.  

 

This thesis commences with the development of a novel, primary ISMC model. Most studies to-

date of SMC growth factors rely on late-passaged cell models, which are culture-adapted and 

highly prolific. While the use of late-passaged cells may be useful in the examination of the 

effects of mitogens on de-differentiated, proliferating SMC, primary SMC cultures are likely 

more representative of SMC in vivo, thereby making these a valuable model for studying 

mitogens involved in the onset of proliferation.  

 

After demonstrating this primary ISMC model to be representative of ISMC in vivo, a 

comprehensive evaluation of potential mitogens including bFGF, EGF, IGF-1 and PDGF-BB, 
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was conducted using this system. To date, no other single study has evaluated multiple factors as 

potential mitogens in any smooth muscle system. The result of this work was the identification of 

IGF-1 and PDGF-BB as ISMC mitogens. While IGF-1 has been previously studied as an ISMC 

mitogen, multiple lines of evidence supported the enhanced potency of PDGF-BB. Based on this 

finding, the involvement of PDGF-BB was examined in vivo, using the well established TNBS rat 

model of intestinal inflammation, in which ISMC hyperplasia has been reported. Control ISMC 

lacked expression of PDGF-Rβ. However, this changed rapidly in TNBS inflammation, and by 

Day 2, when ISMC proliferation in vivo is maximal, freshly isolated ISMC showed on-going 

PDGF-Rβ activation that was further increased by exogenous PDGF-BB. 

 

Overall, the results derived from this work in vitro identify a potent ISMC mitogen that is active 

in vivo. This chapter is an overview of the literature that leads to the development of the major 

thesis goals. 
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Gastrointestinal Tract and Organ Function: 

The gastrointestinal (GI) tract is a hollow, muscular tube consisting of distinct tissue layers each 

of which is responsible for specific roles in regulating organ function. From inner to outermost 

layers, the GI tract is organized into the mucosa, the submucosa/submucosal plexus, the circular 

smooth muscle (CSM) layer, the myenteric plexus and the longitudinal smooth muscle cell 

(LSM) layer (LSM) (Figure 1-1). Together, they are responsible for digestion, as well as other 

functions, such as water absorption and immune homeostasis. While the layers of the GI tract 

work in a highly coordinated manner, they have specific individual functions. 
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Figure 1-1: Schematic diagram of general gastrointestinal tract structure, showing major structures of the 
small intestine (Smout and Akkermans, 1992).   



 

5 

 

 
Specific Structures and Functions: 

Mucosa:  

The innermost layer of the intestine is the largest mucosal surface in the body, which is in 

continuous contact with dietary antigens and diverse microorganisms. The mucosa is also the 

primary site at which the mucosa-associated lymphoid tissue (MALT) interacts with the external 

environment. The presence of the MALT makes the mucosal surface a key site of innate and 

adaptive immune regulation. Lined with epithelial cells that form a ‘leaky’ barrier, the mucosa is 

also responsible for nutrient absorption and waste secretion (Turner, 2009). Mucosal function is 

largely regulated by input from neurons of the submucosal plexus. Given the large, continuous 

contact with antigens in the lumen, any disturbances at the level of the epithelium can pose 

serious inflammatory challenges. 

 

Enteric Nervous System (ENS):  

Neural regulation of the GI tract is provided by neural bodies both within, as well as 

spatially distinct from the GI tract. The neurons residing within the walls of the GI tract provide 

intrinsic innervation and can provide autonomous regulation of organ function.  Collectively, 

these neurons are termed the ENS. The ENS is derived from the neural crest of the vagal nerve 

and is regarded as a distinct component of the autonomic nervous system (Goyal and Hirano, 

1996). In humans, the ENS consists of approximately 500 million neurons with neurochemistry, 

structure and complexity similar to those of the spinal cord (Furness and Costa, 1980). The ENS 

is composed of two neural layers: the innermost layer is the submucosal plexus and resides within 

the submucosal tissue, while the outermost layer is the myenteric plexus and resides between the 

longitudinal and circular smooth muscle layers (Furness et al, 2003, Furness, 2006). In general, 
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neurons of the submucosal layer regulate mucosal functions, such as absorption and secretion, 

whereas neurons of the myenteric plexus regulate motility through secretion of excitatory and 

inhibitory neurotransmitters and their actions on the circular and longitudinal smooth muscle 

layers. However, communication also exists between the two neural layers (reviewed in Furness, 

2006). While the intrinsic ENS can provide autonomous regulation of the GI tract, extrinsic 

innervation by the central nervous system (CNS) also modulates GI function through reciprocal 

connections with the ENS.  

 

Smooth Muscle Layer:  

The external layer of the GI tract consists of an outer longitudinal and an inner circular 

smooth muscle layer. The rhythmic contractions of these layers provide the mechanical force 

required for mixing and propulsion of intestinal contents. Further, active relaxation of the smooth 

muscle tissue provides adequate time for absorption and allows for storage. Smooth muscle cells 

are innervated by neurons of the myenteric plexus, whose axons form a complex network and 

project throughout the smooth muscle tissue. These neurons, through secretion of excitatory and 

inhibitory neurotransmitters, regulate GI motility. Given the importance of smooth muscle 

innervation, however, any disruption could pose a serious challenge to maintaining normal organ 

physiology. For the purposes of this thesis, the intestinal smooth muscle will now be discussed in 

further detail. 

 

Gastrointestinal Smooth Muscle Tissue and Tissue Function: 

The Nature of the Smooth Muscle Cell: 
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Mature ISMC are characterized as long, spindle-like cells. Further, they are contractile, 

non-proliferative cells and express a complement of specific marker proteins, including smooth 

muscle actin (SMA), smooth muscle myosin heavy chain (SMMHC), SM-22α and desmin. 

Studies of isolated ISMC have provided key insight into the contractile machinery of these cells, 

such as responsiveness to the excitatory agonists acetylcholine (ACh) and serotonin, and 

subsequent intracellular calcium (Ca2+) mobilization as described below.  

 

In contrast to skeletal muscle cells, smooth muscle cells are not terminally differentiated 

and retain the capacity to revert to a developmental, proliferative phenotype both in vivo and in 

vitro (reviewed in Kawai-Kowase, and Owens, 2007 and McHugh, 1996). These proliferative 

SMC have been identified in pathologies including atherosclerosis and pulmonary arterial 

hypertension. While SMC proliferation has also been identified in the intestine in both human and 

animal models of inflammation, the underlying cause and subsequent consequences have not 

been well studied. 

 

Intestinal Smooth Muscle Contractility:  

Studies of ISMC isolated from animals, such as rodents have provided key insight into 

ISMC contractility and have shown evidence of both neurogenic and myogenic regulation. 

Stimulation of a neuron induces release of neurotransmitters from axonal varicosities into the 

surrounding microenvironment (neurogenic). When an excitatory neurotransmitter interacts with 

an ISMC, the ISMC is activated and can then communicate with nearby ISMC. This allows many 

ISMC to contract as a single unit (myogenic). There is also evidence that interstitial cells of Cajal 

(ICC) act as intermediary cells in this process (e.g. Ward, 2000). For the purposes of this thesis, 
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neurotransmitters will be considered to act on ISMC directly and contraction initiated at the level 

of the ISMC. The net effect of neurotransmitter stimulation of ISMC is coordinated contraction 

and active relaxation of the GI tract, resulting in the movement of the food bolus through the 

intestine in an oral-to-anal direction.  

 

Mechanism of Contraction:  

Stimulation of excitatory neurons results in the release of neurotransmitters from axonal 

varicosities. These can act on nearby SMC, which in turn can stimulate other adjacent SMC to act 

in concert and produce a region of contraction. The major excitatory neurotransmitters for ISMC 

are cholinergic and serotonergic, ACh and serotonin (5-HT), respectively. 

 

The contractile response of both cholinergic and serotonergic neurotransmitters is 

mediated through their specific receptors on SMC membranes. Cholinergic signaling is facilitated 

through muscarinic receptors, of which two (M2 and M3) are found on SMC. Serotonergic 

signaling is mediated through 5-HT receptors, of which multiple isoforms have been identified in 

SMC including 5-HT2A and 5-HT4. Both cholinergic and muscarinic receptors are linked to 

trimeric guanosine triphosphate (GTP)-binding proteins (G-protein coupled receptors). Following 

stimulation with ACh, muscarinic activation of G-protein coupled receptors induces 

phospholipase C (PLC) activation. Activated PLC hydrolyzes phosphatidylinositol 4,5-

bisphosphate (PIP2) into the second messengers 1,4,5-trisphosphate (IP3) and 1,2,diacylglycerol 

(DAG), which ultimately induces contraction by increasing the intracellular Ca2+ concentration. 

(Makhlouf and Murthy, 1997). While serotonergic signaling through the 5-HT2A receptor is 

identical to the G-protein linked to M3 receptors, signaling through the 5-HT4 receptors activate 
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Gs G-protein, which up-regulates adenylyl cyclase (AC) activity.  AC then increases the 

production of cAMP (cyclic adenosine monophosphate), which antagonizes the mobilization of 

intracellular Ca2+. This contrasting effect is hypothesized to serve as an internal regulator of 

stimulated intracellular Ca2+ release (Kuemmerle and Makhlouf, 1995, Kuemmerle, et al, 1995 

and Grider and Makhlouf, 1988).  

 

This increased intracellular Ca2+ binds the calcium-binding protein, calmodulin. Ca2+-

calmodulin activates myosin light chain kinase (MLCK), which then phosphorylates regulatory 

subunits on the myosin heads termed, myosin light chains (MLC) (Figure 1-2). MLC 

phosphorylation induces cross-bridge formation between the myosin heads and actin filaments 

leading to contraction. 
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Figure 1-2: ISMC contractility. This schematic illustrates the intracellular signaling responsible for ISMC 
contraction and relaxation through modulation of intracellular Ca2+  (Adapted from Webb, 2003) 
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Intracellular Ca2+ levels play a central role in regulating SMC contractility. Work by Wells has 

employed quantification of intracellular Ca2+ levels as a sensitive assay for elucidating the 

physiology of ISMC contractility. For example, using isolated ISMC from the rat, Wells has 

demonstrated reproducible increases in Ca2+ in response to contractility agonists with 

concomitant shortening of the ISMC (Wells, et al, 2008) (Figure 1-3).  
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Figure 1-3: ISMC Contractility. This figure illustrates the central role of intracellular Ca2+ in regulating 
isolated rat ISMC contractility. Following ACh stimulation, intracellular Ca2+ increases (a-g and closed 
circles) resulting in contraction (open triangles) (Adapted from Wells, et al, 2008).  
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Smooth Muscle Relaxation:  

 Neurotransmitters from inhibitory neurons are responsible for relaxation of SMC through 

release of either nitric oxide (NO) or vasoactive intestinal peptide (VIP). Of these, the major 

inhibitory neurotransmitter is thought to be NO, which is produced by neuronal NO-synthase 

(nNOS) in nitrergic neurons.  Stimulation of a nitrergic neuron causes the activation of nNOS 

causing the production and release of NO. NO diffuses into the SMC and activates guanylate 

cyclase (GC), producing cyclic guanosine monophosphate (cGMP).  cGMP activates protein 

kinase G (PKG) and  inhibits the ability of SMC to increase intracellular Ca+2  (Makhlouf and 

Murthy, 1997 and Murthy, et al, 1995). In addition to its role in relaxation, recent work has also 

demonstrated that NO has a role in inhibiting SMC proliferation, which is discussed later in the 

thesis (Pelletier, et al, 2010). 

 

Much of what was known of intestinal motility has been derived from studies of whole organ or 

tissue strips (see Wells, and Blennerhassett, 2004). However, more recent studies at the level of 

the individual ISMC have provided critical insight into the underlying mechanisms. For example, 

this work has shown that ISMC have differentiated properties, such as expression of 

neurotransmitter receptors and contractile filaments that permit SM tissue to contract and relax 

under appropriate myogenic and neurogenic control (e.g. Wells et al, 2008). However, in GI 

pathologies, motility is often impaired. Using ISMC isolated from inflamed rat colons, Wells has 

identified both transient and permanent alterations to the contractility machinery, which could 

play important roles in this impaired motility (e.g. Wells et al, 2008).  
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Intestinal Smooth Muscle Development:  

Embryonic development of the gut is becoming increasingly well studied through the use 

of vertebrate models, such as chick, mouse, zebrafish and more recently, invertebrate models, 

such as Caenorhabditis elegans, Drosophilia. Using both loss- and gain-of function experiments, 

genes and cellular mechanisms regulating gut development have been identified (reviewed in 

Stainier, 2005). However, in comparison to epithelial or neuronal development in the gut, the 

events of ISMC development have not been well characterized.  

 

Development of ISMC occurs in a cranial to caudal direction from the mesenchyme and gives 

rise to two distinct concentric layers, the circular and longitudinal (reviewed in Bolcato-Bellemin 

et al, 2003). In situ studies in the mouse indicate that these undifferentiated mesenchymal cells 

initially differentiate into α-SMA-positive, γ-SMA-negative cells. These are referred to as smooth 

muscle myoblasts and are equivalent to smooth muscle cells of the synthetic phenotype, which 

are proliferative and non-contractile. At approximately embryonic day 11 in the mouse, the 

primary induction of ISMC differentiation occurs. Within 24 hr, these myoblasts further 

differentiate into immature smooth muscle myocytes and are characterized by the first appearance 

of γ-SMA expression. Under light microscopy, the immature smooth muscle myocytes become 

more compacted, but do not undergo further differentiation until postnatal development.  

 

As indicated, the expression of specific isoactins has been used to characterize development as 

both immature and mature ISMC co-express these proteins. The proportions of α and γ-SMA, 

however, change through development with immature ISMC predominantly expressing α-SMA 

and mature ISMC predominantly expressing γ-SMA (reviewed in McHugh, 1996). Other markers 
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of mature ISMC include SMMHC, SM-22α and desmin and are discussed in greater detail later in 

the thesis. 

 

Concurrent with smooth muscle differentiation, cranial neural crest cells migrate to and colonize 

the gut, forming the two neuronal plexi (see Stainier, 2005). While numerous lines of evidence 

have supported the hypothesis that the ENS is involved in smooth muscle development, this 

remains controversial. Structural evidence, such as the development of mature neurons prior to 

the presence of mature SMC and the neuronal expression of neurotransmitters prior to SMC 

contraction suggests that enteric neurons may play a role in smooth muscle development 

(reviewed in Seiler et al, 2010). Further, a motility assay in zebrafish found that ENS-deficient 

mutants fail to develop coordinated contractions (Kuhlman and Eisen, 2007). However, more 

recent work shows that these mutants do not have obvious smooth muscle defects and do possess 

functional peristalsis, albeit less than wild type (Seiler et al, 2010 and Davuluri et al, 2010).  

  

In addition to the developing ENS, the developing epithelial layer may also modulate smooth 

muscle development through Hedgehog signaling (Hh). Hh signaling is a key regulator of both 

development and adult homeostasis in many organ systems. In the gut, Hh signaling is mediated 

by epithelium-produced Indian  (Ihh) and Sonic Hedgehog (Shh), which act on Patched (Ptch) 

receptors on mesenchymal cells (reviewed in Zacharias et al, 2011). In a mouse model, decreased 

prenatal Hh signaling perturbed smooth muscle development leading to loss of smooth muscle 

differentiation through decreased myocardin, a master regulator of smooth muscle differentiation. 

Furthermore, activation of myocardin by exogenous Hh induces differentiation of cultured 

primary mesenchymal cells (Zacharias et al, 2011). While important in the induction of 
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myocardin-induced smooth muscle differentiation, other factors, such as transforming growth 

factor beta (TGF-β1) can also activate myocardin signaling independent of Hh. In addition to the 

developing enteric neurons and epithelial layer, interaction with the developing basement 

membrane (BM) also supports smooth muscle development.  

 

The basement membrane, a highly specialized extracellular matrix (ECM), underlies cells and 

tissues to provide mechanical stability and physical barriers between different cell types. The 

ECM, which undergoes constant turnover, is involved in a number of processes including: cell 

adhesion, differentiation, migration, morphology and survival (Fessler and Fessler, 1989 and 

Timpl, 1996). While the composition of the basement membrane varies among tissues and 

developmental stage, it is composed largely of mesh networks of laminins and collagen IV 

(Urbano et al, 2009). In the gut, basement membranes exist in two locations and are composed 

not only of laminins and the type IV collagens, but also of nidogen and perlecan, which are 

synthesized and secreted by adjacent cells in the subepithelial basement membrane. The first 

location is the subepithelial basement membrane and is located at the endoderm/mesenchyme 

interface. The smooth muscle basement membrane is the second location and it surrounds 

individual cells organized into the circular and longitudinal muscle layers (reviewed in Bolcato-

Bellemin et al, 2003). Of all ECM proteins, the laminins are hypothesized to play a key role in 

development.  

 

Laminins are heterotrimers made up of a distinct combination of α, β and γ chains. These 

heterotrimers are involved in cell adhesion and interaction of laminins, and induce cell 

differentiation and cell migration (Colognato and Yurchenco, 2000). Electron microscopy 
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analysis of mutant Drosophila embryos incapable of forming laminin trimers revealed the 

absence of basement membranes and disorganization of the remaining ECM components, such as 

collagen IV (Urbano et al, 2009). In the mesenchyme, the expression of laminin α-5 parallels 

ISMC differentiation, and in a mutant mouse model, Bolcato-Bellemin, found that loss of laminin 

α-5 reduced the prenatal expression of the smooth muscle marker protein, desmin (Bolcato-

Bellemin et al, 2003).  Such evidence supports an important role for extracellular signaling in 

smooth muscle development.    

 

The importance of the ECM extends into adulthood, where the ECM is constantly remodeled.  

ECM remodeling is controlled by growth factors, such as TGF-β1 and IGF-1. Both of these 

factors induce collagen deposition, as well as reduce the expression of matrix metalloproteinase 

(MMP) enzymes, which degrade the ECM. Further, TGF-β1 enhances the expression of tissue 

inhibitors of matrix metalloproteinases (TIMPs). This remodeling equilibrium is disturbed during 

intestinal inflammation resulting in excessive collagen IV deposition leading to tissue fibrosis, 

which is discussed later in the thesis (reviewed in Li et al, 2003).  

 

The neonatal period presents a unique developmental stage in SMC physiology. While the 

intestine is growing, indicative of proliferative SMC, it is concomitantly capable of producing 

peristaltic contractions, indicative of mature, differentiated SMC. Therefore, the neonatal 

intestine contains distinct immature, proliferative, as well as mature, contractile SMC. Ultimately, 

these SMC will differentiate into the contractile, non-proliferative cells that populate the adult 

intestine. Unlike terminally differentiated skeletal and cardiac myocytes, however, ISMC retain 

their developmental potential and can revert from a contractile, mature to a proliferative, smooth 
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muscle myoblast phenotype (reviewed in McHugh, 1996). This phenotypic modulation is a 

hallmark of intestinal inflammatory pathologies where ISMC can re-enter the cell cycle causing 

an increase in smooth muscle mass and permanent challenges to organ function (e.g. Lourenssen, 

et al, 2005).  

 

Intestinal Inflammation: 

Inflammation is a complex biological response to damaging stimuli, such as pathogens, damaged 

cells and/or irritants. This protective response is mediated by a variety of factors, known as 

cytokines that are released as plasma proteins from affected cells or are secreted by local resident 

cells, immune cells, such as mast cells, platelets, macrophages or neutrophils, which are 

themselves actively involved in the process. Inflammation can be characterized as either being 

acute or chronic. Acute inflammation is described as a rapid onset response aimed at killing 

bacteria, parasites and viruses, while promoting wound healing. In contrast, chronic inflammation 

is more prolonged and results in permanent consequences including fibrosis and tissue necrosis. 

Chronic inflammation is observed in a number of pathologies including rheumatoid arthritis, 

atherosclerosis, asthma/pulmonary arterial hypertension, as well as inflammatory bowel disease 

(IBD) (reviewed in Feghali and Wright, 1997).  

 

Acute inflammation in the GI tract, termed acute gastroenteritis, is typically linked to infection 

from certain viruses, bacteria or parasites and is self-limited. That is, once the stimulus is cleared 

and the affected area, typically the mucosa heals and homeostasis is re-established with no long-

term consequences. However, these infections can lead to a persistent, chronic inflammation 

possibly due to the failure to down-regulate inflammation after the acute insult (Marshall, 2009). 
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The precise etiology of chronic inflammation is not always clear, but is believed to involve a 

combination of genetic and environmental factors. Ultimately, these precipitating factors lead to 

immune dysregulation, resulting in significant patient morbidity (Abraham and Cho, 2009).   

 

Inflammatory Bowel Disease:  

 IBD are idiopathic chronic inflammatory diseases with no clear etiology. However, 

genetic and environmental factors have been shown to be involved. Accumulating evidence 

indicates that IBD is the consequence of an inappropriate inflammatory response to intestinal 

bacteria in a genetically susceptible host (Abraham and Cho, 2009). Patients suffer from frequent 

relapses into inflammatory episodes producing abdominal pain, diarrhea, rectal bleeding and 

weight loss. IBD consists largely of UC and CD. A study of a Canadian population found a 

prevalence of 169.7 and 198.5/100,000 for UC and CD, respectively (Rawsthorne et al, 1999, 

Bernstein et al, 1999). Further, IBD is also characterized by periods of remission followed by 

exacerbation of the disease. While both CD and UC occur in genetically predisposed individuals 

through interplay with poorly understood environmental elements, each has a number of 

distinguishing characteristics including anatomic localization, genetic markers and specific 

inflammatory mediators (Kaser et al, 2010). 

 

Inflammation in UC largely affects the mucosal and submucosal layers and is often limited to the 

colon (reviewed in Cho, 2008). Genetic studies have identified a number of loci specific to UC 

including those involved in regulatory pathways (e.g. IL-10 and ARPC2), epithelial cell function 

(e.g. ECM1) and an E3 ubiquitin ligase (e.g. HERC2). However, based on reduced phenotypic 

concordance in monozygotic twins in comparison to CD, heritability is less in UC (reviewed in 
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Kaser et al, 2010). Further, studies in humans and mice have identified the increase in IL-17 and 

T helper (Th)2 cytokines, including IL-4, -5 and -13 (reviewed in Abraham, and Cho, 2012). 

 

Unlike UC, inflammation in CD is typically transmural, affecting the entire thickness of the organ 

and can occur in any portion of the GI tract. Genetic analysis has identified more than 30 risk-

conferring loci including those involved in the IL-23 and Th17 pathways, as well as involved in 

autophagy (e.g. ATF16L1 and IRGM), NOD-like receptors (e.g. NOD2) and interlectins (e.g. 

ITLN1) (reviewed in Kaser et al, 2010).   Further, studies in humans and mice have identified the 

increase in the Th17 cytokine IL-17 and the Th1 cytokines interferon-γ and TNFα, as well as IL-6 

and IL-12 (reviewed in Abraham and Cho, 2012). 

 

Since experimental manipulations are generally not feasible in humans, numerous animal models 

have been developed and have provided key insight into the study of IBD. For example, animal 

models have corroborated reports of smooth muscle tissue hypertrophy in CD. Such models were 

used to demonstrate that this muscle hypertrophy was largely the result of ISMC hyperplasia and 

that proliferation was an early event following the onset of inflammation (Lourenssen et al, 

2005). Further, these models provide the opportunity for in vitro and in vivo exploration of the 

factors responsible for this observed ISMC proliferation.  

 

 

Models of Vertebrate Inflammation:  

The best model in which to study IBD has long been debated. The fact that multiple 

models exist argues for the absence of the perfect IBD model (Lin and Hackam, 2011). In fact, 
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since IBD pathogenesis involves the complex effects of host genetics and environmental factors 

(microbiota, diet, etc), the development of a single model is likely not feasible. Therefore, it has 

been proposed that the model used should best mimic the specific disease-related question posed. 

For example, research focused on epithelial repair mechanisms may best be investigated using an 

epithelial toxin model, such as dextran sodium sulphate (DSS), while research into the 

mechanisms of inflammation-induced ISMC hyperplasia may be best served by the haptenating 

trinitrobenzene sulfonate model (reviewed in Lin and Hackam, 2011). These are two of the more 

commonly used IBD models and are discussed below. 

  

  DSS Model: 

 Administration of DSS in drinking water induces diarrhea and weight loss in test 

animals, resulting from defects in epithelial integrity producing increased mucosal permeability. 

Ultimately, DSS produces a self-limited mucosal inflammation that resembles UC (reviewed in 

Sartor, 1997 and Lin and Hackam, 2011). DSS is a simple, reproducible model that allows for the 

study of epithelial repair following injury. This model has been used experimentally to induce a 

characteristic intestinal inflammation in many mammal species including mice, rats, guinea pigs, 

rabbits, pigs and dogs, which supports the applicability of this model. The use of DSS to induce a 

UC-phenotype in larger animals could be of importance in evaluating therapeutic approaches to 

this pathology. However, extrapolation to human UC may be difficult due to lack of a genetic 

component.  Further, the DSS model lacks some important clinical features of human IBD, such 

as lack of transmural inflammation and involvement of the small intestine. 
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 TNBS Model:  

One of the most widely used models of IBD is the TNBS model (reviewed in te 

Velde et al, 2006). Intra-rectal instillation of TNBS dissolved in ethanol produces a severe 

transmural inflammation of the mid-descending colon resulting in abdominal pain, diarrhea, 

rectal bleeding and weight loss in test animals. Peak inflammation occurs on days 4-to-6 post-

TNBS, as evidenced by damage scores (edema, erythema and adhesions with microscopic 

evidence of severe mucosal ulceration and transmural leukocyte infiltration) (Figure 1-4)(Wells 

and Blennerhassett, 2004).  
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Figure 1-4: Immune cell infiltration and tissue damage over the time-course of the TNBS model of rat 
colitis. Myeloperoxidase (MPO) activity, primarily reflecting neutrophil influx shows a rapid increase early 
during inflammation and returns to normal by Day 16 (A). In parallel with the time course of MPO activity, 
damage scores also show a rapid increase and return to near-normal levels by Day 16 (B). (Adapted from 
Wells, and Blennerhassett, 2004).  
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Inflammation is resolved over subsequent days and the tissue is overtly normal by day 35 with 

hypertrophy of the smooth muscle layer (Figure 1-5) and adhesions present at the site of 

inflammation (Lourenssen, et al, 2005).  
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Figure 1-5: Hypertrophy of the intestinal smooth muscle tissue during inflammation. This image illustrates 
hypertrophy of the rat smooth muscle tissue following the overt resolution of inflammation in the TNBS 
model. Image (A) is a cross-section of a control rat colon, while image (B) is that of TNBS Day 35 colon. 
Image (C) presents data from experiments examining the consequences of intestinal inflammation on ISMC 
number (Adapted from Lourenssen, et al, 2005).  
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The TNBS model is postulated to be representative of CD in humans. TNBS is a haptenating 

substance that alters the native microbial flora making them more immunogenic, which like CD  

(Lin and Hackam, 2011) induces a Th1 inflammatory response with potent production of the pro-

inflammatory cytokines IL-12, interferon-gamma (IFNγ) and tumor necrosis factor alpha (TNFα) 

(reviewed in te Velde, 2006). Further, TNBS results in mucosal ulcers, transmural inflammation 

and fibrosis, as well as loss of T-cell tolerance to native microflora similar to CD (Sartor, 1997 

and Lin and Hackam, 2011).  

 

The TNBS model has been used to study numerous features of CD including acute and chronic 

aspects. While some consequences of TNBS have been evaluated within only hours after 

instillation, for example, neuron and ISMC number (Sanovic et al, 1999 and Lourenssen et al, 

2005, respectively) (Figure 1-6 and 1-5), reactivation of colitis by low subcutaneous TNBS doses 

or chronicity driven by repeated TNBS or even DSS administration has been used in mice to 

study chronic inflammation (Sartor, 1997).  
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Figure 1-6: Inflammation causes loss of enteric neurons. These graphs represent data from experiments 
examining the consequences of intestinal inflammation on rat enteric neuron number over the time-course 
of DNBS-induced inflammation (adapted from Sanovic, et al, 1999) 
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Chronic inflammation has also been reported in animals that did not receive a secondary 

stimulation. Recent work by Marlow reported the sporadic appearance of strictures, similar to 

those occurring in some CD patients in this model. Strictures are localized regions of thickened, 

non-compliant tissue found at sites of previous or ongoing inflammation and can cause 

potentially life-threatening intestinal obstruction (Marlow and Blennerhassett, 2006). These 

stricture regions were characterized by a complete absence of enteric neurons and thickened, 

disorganized smooth muscle tissue that showed continual proliferation even 90 days after TNBS 

instillation. 

 

 Like DSS, TNBS has also been used in a number of animals to produce a characteristic 

phenotype, making it of potential value for assessment of therapeutic treatments (Lin and 

Hackam, 2011). However, like DSS, the TNBS model also lacks a genetic component making 

extrapolation to human pathology difficult (Lin and Hackman, 2011). Despite this, TNBS is a 

common model for CD and has provided critical insight into a number of aspects of the disease 

including affects on organ innervation and contractility. For example, the TNBS model produces 

significant alterations to the ENS ranging from temporary loss of axons to permanent loss of 

neurons (Lourenssen et al, 2005 and Sanovic et al, 1999). Further, permanent smooth muscle 

hypertrophy and alterations of the ISMC contractility apparatus have been observed and likely 

contribute to permanent alterations in organ contractility in CD (Lourenssen et al, 2005 and Wells 

et al, 2008). These will be discussed in detail below. 
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Regardless of the model, inflammation presents challenges to intestinal function. For the purpose 

of this thesis, the effects discussed will be limited to those affecting the intestinal smooth muscle, 

including altered motility and the induction of proliferation. 

 

 

Effects of Inflammation on Smooth Muscle Tissue: 

Motility:  

Inflammation of the intestine results in altered organ motility, in part through changes in the ENS, 

as well changes in the smooth muscle tissue. For example, in the DNBS model of CD, Sanovic 

reported that inflammation caused substantial damage to the ENS by 24 hrs with the permanent 

loss of 50 percent of the neurons in the myenteric plexus by Day 2 of inflammation (Figure 1-6). 

This study found no significant loss of innervation (axon per SMC) at any time-point examined. 

A more recent study in the TNBS model found a significant decrease in axons per SMC at the 

earliest time examined, Day 1, which persisted until Day 6 (the earliest time examined in Sanovic 

et al 1999 and Lourenssen et al, 2005).  

 

Changes in neurotransmitters have been also been reported. For example, impaired release of the 

neurotransmitters ACh and noradrenaline was observed in preparations of the longitudinal muscle 

and myenteric plexus from the inflamed rat intestine (Jacobson et al., 1995 and Collins et al., 

1989). In addition, selective decrease in the expression of the synaptic vesicle protein NCS-1 

during colitis in the rat may indicate an important mechanism explaining the impaired 

neurotransmitter release in the inflamed region (Lourenssen et al 2002). 
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A number of studies have detected altered smooth muscle contractility at the tissue level during 

inflammation (e.g. Moreels et al, 2001 and Myers et al, 1997) and more recent work has 

identified alterations at the individual ISMC level in the TNBS model. These changes, including 

impaired shortening were linked to alterations in muscarinic and serotonergic receptor expression 

(Wells and Blennerhassett, 2004). Further, by Day 4 in this model, Ca2+ elevation was delayed 

and reduced to three-fold less than control following ACh stimulation. As well, time to 

contraction and peak contraction were attenuated in ISMC from inflamed animals in response to 

this agonist (Wells et al, 2008). A further consequence of inflammation that may provide a 

challenge to intestinal motility is the hypertrophy of the smooth muscle layer. 

 

Hypertrophy and Hyperplasia:  

Hypertrophy of the smooth muscle tissue has been reported in both human and animal models of 

inflammation (Blennerhassett, et al., 1992, Dubbins, 1984 and Lee et al., 1991) (Figure 1-5). In 

the early stages of inflammation, hypertrophy of the smooth muscle layer is largely the result of 

immune cell infiltration and edema, as characterized in the TNBS model of colitis (reviewed in 

Lourenssen et al, 2005). While this infiltration and edema is a transient consequence of 

inflammation, hypertrophy of the smooth muscle tissue represents a permanent alteration and is 

the outcome of both smooth muscle cell hypertrophy and hyperplasia. For example, using a 

parasite model, Blennerhassett reported ISMC hypertrophy through a decrease in the number of 

ISMC per area (Blennerhassett et al, 1992), as well as an increase in total protein per isolated 

ISMC (Blennerhassett, M.G., et al, 1999). In addition, ISMC hypertrophy has recently been 

examined in the TNBS model. This study found that ISMC isolated from day 35 animals were 

30% larger than those from control animals (Nair et al, 2011), which is in agreement with earlier 
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work by Wells (Wells and Blennerhassett, 2004). These data indicate that inflammation causes a 

permanent hypertrophy of the individual smooth muscle cell (Figure 1-7).  
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Figure 1-7: Hypertrophy of the smooth muscle cell during inflammation. This image illustrates hypertrophy 
of the rat smooth muscle cell following the overt resolution of inflammation in the TNBS model. Image (A) 
is a phase-contrast image of ISMC freshly isolated from the colon at day 35. Image (B) displays the results 
of image analysis of the ISMC size from ISMC isolated from control and day 35 colon. (Adapted from Nair 
et al, 2011).  
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However, smooth muscle cell hyperplasia appears to be the primary factor responsible. In this 

model, a 2-fold increase in ISMC number was observed only 48 hr after the onset of 

inflammation, ultimately resulting in a permanent 3-fold increase in ISMC (Lourenssen et al, 

2005) (Figure 1-5). This represents a significant phenotypic switch in the ISMC from a 

contractile to a proliferative phenotype and has been observed in smooth muscle pathologies 

elsewhere (reviewed in Andrae et al, 2008). The precise underlying factors responsible for ISMC 

proliferation are not known, but may represent a spectrum of effects including the onset of 

responsiveness of the ISMC to inflammation-derived growth factors and loss or inhibition of 

growth suppressive mechanisms, such as alterations in innervation (see Pelletier et al, 2010). 

Regardless of the causal event, this increased muscle mass presents a continuing challenge to 

intestinal motility. 

 

SMC Phenotype:  

In addition to SMC hyperplasia, inflammation has also been observed to modulate SMC 

phenotype in both airway and vascular systems. In normal physiology, SMC display a contractile, 

differentiated phenotype, which is characterized by the expression of a number of contractile 

filaments, as well as intermediate filaments. Unlike skeletal and cardiac muscle, SMC are not 

terminally differentiated and environmental stimuli have been shown to induce a phenotypic 

switch in both airway and vascular SMC during injury or repair. 

 

Alterations in SMC phenotype have been best characterized in the vasculature (e.g. Alexander 

and Owens, 2011 and Owens, 2007). While this phenotypic modulation once referred strictly to 

alterations in cell morphology, further characterization has prompted the inclusion of functional 
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changes such as cell signaling and gene expression. Consequently, there has been considerable 

research into the genetic responses of SMC to environmental change in recent years. 

 

A major alteration during inflammation is the loss of SMC marker expression. It has been 

reported that the expression of a number of these markers, including SM-actin, SM-MHC and 

SM-22α depends upon CArG elements [CC(A/T)6GG] in their 5’ untranslated regions. In normal 

physiology, expression of these proteins is regulated by serum response factor (SRF), which 

binds these motifs, as well as recruitment of necessary co-factors, the most important of which is 

myocardin. Nearly 200 SRF target genes have been identified, and nearly half of these are 

involved in cytoskeletal dynamics and contractility (Posern and Treisman, 2006, Miano et al, 

2007). In response to inflammation, disruption of SRF/myocardin signaling has been reported to 

be responsible for the down-regulation of these marker proteins. 

 

Not surprisingly, the underlying mechanism for this change in inflammation has garnered 

considerable interest. A number of environmental cues have been hypothesized to play a role in 

maintaining a differentiated signal, including contractile agonists, cell-to-cell interaction, extra-

cellular proteins, mechanical forces, and neuronal influence. Disruptions of these factors lead to 

rapid phenotypic modulation (see Owens et al, 2004). Additionally, a number of factors have 

been found to mediate phenotypic switching by repressing SMC marker proteins, including 

PDGF-BB.  
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Smooth Muscle Cell Mitogens:  

While there is limited research on ISMC mitogens, an extensive body of work regarding SMC 

mitogens exists in other systems. The majority of this comes from the vascular system in the 

context of atherosclerosis and the respiratory system in the context of asthma and PAH.  

 

Atherosclerosis was originally hypothesized to be the consequence of a response to endothelial 

cell injury. Researchers now describe atherosclerosis as a chronic inflammatory condition due to 

the presence of activated immune cells and their products. These infiltrating immune cells secrete 

a number of factors, some of which are thought to be responsible for proliferation and migration 

of SMC from the media into the neo-intima resulting in the formation of the hallmark 

subendothelial fibrous cap (reviewed in Andrae et al, 2008).   

 

PAH is a severe condition potentially resulting in right cardiac ventricle failure. While the 

etiology is not well understood, pulmonary artery remodeling, due to proliferation of pulmonary 

arterial SMC is thought to play a key role. A number of underlying mechanisms have been 

identified, based on therapeutic targets including prostaglandins and nitric oxide. However, more 

recent work has demonstrated the importance of growth factors in this disease (reviewed in 

Andrae et al, 2008 and Perros et al, 2007).  

 

From these and other bodies of work, a few key mitogens have been identified including PDGF, 

IGF, bFGF, and EGF. 
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Platelet-Derived Growth Factor:  

PDGF is a prototypic growth factor and has been well-studied in the context of vascular and 

airway SMC biology. First identified in 1974 as a serum growth factor for SMC, fibroblasts and 

glia, PDGF has been characterized as not only a potent mitogen, but also a migratory factor in 

vitro. In vivo data indicate that, despite crucial roles of PDGF in development, there is little 

evidence for its role in normal adult physiology. However, PDGF has been linked to wound 

healing, as well as numerous pathologies including various cancers, fibrotic diseases, 

atherosclerosis, PAH and asthma which all demonstrate deleterious effects of increased PDGF 

signaling (reviewed in Andrae et al, 2008).  

 

PDGF was first isolated as a mitogen in blood serum and later isolated from platelets. This PDGF 

was found to consist of a 2 polypeptide chain dimer, A and B linked together by disulfide bonds. 

Sequence analysis showed that PDGF-A and PDGF B have 60% amino acid identity. Encoded on 

2 genes, PDGF-A and B can be incorporated as homodimers or a heterodimer, PDGF-AA, 

PDGF-BB and PDGF-AB, respectively. More recent work has found that the PDGF family 

contains two further members, PDGF-C and PDGF-D. Unlike the original PDGF isoforms 

identified, PDGF-C and D do not form heterodimers. While PDGF isoforms share common 

mitogenic properties, they have been found to act largely on distinct tissues with some overlap. 

Further, the expression pattern of PDGFs is rather complex. In general, PDGF-A and C are 

expressed in epithelial cells, muscle and neuronal progenitor cells, PDGF-B is mainly expressed 

by vascular endothelial cells, megakaryocytes and neurons and PDGF-D has not been well-

characterized, but is observed in SMC and fibroblasts. Of these isoforms, the strongest evidence 

supports PDGF-B as the mitogen for SMC (reviewed in Andrae et al, 2008 and Raines, 2004). 
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PDGF Signaling:  

PDGF exerts its actions through activation of its receptor, PDGF-R. PDGF-R is a prototypic 

receptor tyrosine kinase. Activation of receptor is achieved by binding of dimerized PDGF, 

resulting in PDGF-R dimerization and activation of the receptor kinase leading to 

phosphorylation of specific tyrosine domains that serve as docking sites for downstream signaling 

components. A number of signal transduction molecules are involved in PDGF stimulation. In 

brief, PDGF-R activation involves activation of: phosphoinositide-3-kinase (PI-3-K), protein 

kinase B (Akt), Jun N terminal kinase (JNK) and mitogen activated protein kinase (MAPK), 

PLC-γ (increased intracellular Ca2+), as well as interacting with the adapter, sodium-hydrogen 

exchanger regulatory factor (NHERF) to modulate F-actin (Andrae et al, 2008) (Figure 1-8).  
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Figure 1-8: PDGF signal transduction pathway. These schematics illustrate the intracellular signaling 
pathways activated by the PDGF receptors. Adapted from Andrae et al, 2008.  
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PDGF-Rs are closely related to other receptor tyrosine kinases including tyrosine-protein kinase 

Kit (c-Kit), SRF and vascular endothelial growth factor receptor (VEGFR). Two PDGF-R 

isoforms have been identified, PDGF-Rα and PDGF-Rβ, and show specificity for different PDGF 

isoforms. Based on in vitro studies, a number combinations of receptor and ligand are possible, 

however, in vivo work indicates functional evidence for only a few interactions: PDGF-Rα binds 

PDGF-CC and AA, while PDGF-Rβ binds PDGF-BB (reviewed in Andrae et al, 2008), and 

recent work shows that it also binds PDGF-DD (Thomas et al 2009).  

 

PDGF as the Key Mitogen for Vascular Smooth Muscle Cells (VSMC) in Atherosclerosis:  

The earlier view of atherosclerosis pathogenesis is that of a ‘response-to-injury’ model in which 

platelets aggregate, activate and release PDGF at the site of endothelial injury. As a consequence, 

VSMC from the media migrate into the intima of the damaged blood vessel and proliferate to 

repair vessel damage (Ross and Glomset, 1976). In support of this, PDGF expression (A-D) has 

been reported in virtually every cell type in the atherosclerotic vessel wall and the expression of 

both receptors have been detected on VSMC. While the contemporary understanding of 

atherosclerosis is that it is the consequence of chronic local inflammation, PDGF still plays a 

pivotal role (Andrae et al, 2008).  

 

Of the PDGF family members, PDGF-B has been well-characterized as the key mitogen through 

activation of its receptor, PDGF-Rβ (reviewed in Andrae et al, 2008). A number of lines of 

evidence show that interfering with PDGF-B signalling modulates SMC accumulation in the 

thickened neointima: PDGF-R kinase inhibitors (Banai et al, 1998), immunoneutralizing 

antibodies (Ferns et al, 1991) and PDGF-B aptamers (Leppanen et al, 2000) attenuate, while 



 

40 

 

addition of PDGF-B exacerbates SMC proliferation in models of arterial injury (Jawien et al, 

1992 and Nabel et al, 1993).  Further support for PDGF-BB and PDGF-Rβ in atherosclerosis-

induced VSMC proliferation arises from studies of low-density lipoprotein receptor-related 

protein 1 (LRP-1). 

 

LRP-1, a multifunctional transmembrane receptor, binds to a number of ligands, including 

PDGF-BB and is tyrosine phosphorylated. Since apolipoprotein E (ApoE) can block PDGF-BB-

induced LRP1 phosphorylation and prevent SMC proliferation in vitro, Boucher hypothesized 

that LRP-1 plays a regulatory role in VSMC proliferation in atherogenesis in vivo (Figure 1-9).  
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Figure 1-9: The interplay between ApoE, LRP-1 and PDGF-Rβ. This schematic presents the molecular 
interactions of ApoE, LRP-1 and PDGF-Rβ in the VSMC in an atherosclerotic lesion. PDGF-BB 
phosphorylates both PDGF-Rβ and LRP-1. Activation of LRP-1 induces transcription and activation of 
PDGF-Rβ leading to VSMC migration and proliferation. However, the interaction of ApoE with LRP-1 
inhibits PDGF-Rβ expression and activation (adapted from Boucher et al, 2003). 
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Through the use of a SMC-specific LRP-1 inactivation, Boucher et al detected PDGF-Rβ 

overexpression and chronic PDGF-Rβ phosphorylation resulting in VSMC proliferation and 

hypertrophy of arterial vessel walls that could be antagonized by Imatinib mesylate (STI571), a 

PDGF receptor-inhibitor (Boucher et al, 2003). 

 

The involvement of PDGF in inflammation-induced ISMC proliferation has not been examined. 

 

Up-regulation of PDGF-Rβ in Vascular Pathologies 

There is little evidence for PDGF-B activity in normal adult physiology. In vivo, work in the 

vascular and respiratory systems have detected little or no PDGF-Rβ expression. However, in 

atherosclerosis or models of blood vessel damage (e.g. balloon carotid artery injury), PDGF-Rβ 

expression is rapidly up-regulated and PDGF-B signaling has been detected (see Kawai-Kowase 

and Owens, 2007). Similar PDGF-Rβ up-regulation is also observed in airway pathologies such 

as asthma and PAH.  

 

Since PDGF-B has been shown to be a key mitogen for SMC in vascular and respiratory 

pathologies such as atherosclerosis or PAH, induction of its receptor, PDGF-Rβ is clearly a 

critical step in the onset and progression of these inflammatory pathologies. Considerable work 

examining PDGF-R expression has been conducted in the context of cancer, where increased 

PDGF-signaling is implicated in the progression of various oncologies (e.g. Funa and Uramoto, 

2003). Subsequently, the objective of these studies was identifying the underlying mechanism 

involved in repressing PDGF-R expression. Identification of the mechanism responsible for 

PDGF-R up-regulation, however, remains largely unstudied. In fact, most research in this area is 
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limited to PDGF-Rα, with little evidence for up-regulation of PDGF-Rβ. Since PDGF-BB has 

been shown to be the key SMC mitogen in a number of inflammatory diseases, and PDGF-Rβ is 

up-regulated shortly after onset of inflammation, it is reasonable to hypothesize that factors 

present at this time such as pro-inflammatory cytokines are involved the expression of both 

PDGF-BB and PDGF-Rβ.  

 

While not well-characterized elsewhere, PDGF-Rβ up-regulation remains completely unstudied 

in the intestine, but could be significant to understanding ISMC proliferation. 

 

Insulin-Like Growth Factor: 

 IGF is another growth factor that has been characterized as a SMC mitogen, although it 

has not been as well studied in this context as PDGF. First identified as a growth hormone-

dependent serum growth factor, IGF was characterized as possessing insulin-like activity that 

could not be neutralized by anti-insulin antibodies (see Pavelic et al, 2007). IGF proteins were 

found to modulate metabolic and growth related activities. IGF signaling has also been implicated 

in pathologies such as cancer and is the only factor examined in the context of inflammation-

induced ISMC (e.g. Hazelgrove et al, 2009).  

 

Two IGF proteins have been identified and characterized, termed IGF-1 and IGF-2 (Rinderknecht 

and Humbel, 1978). While these short signal peptides (70 and 67 amino acids) have 70% identity, 

IGF-1 has been shown to be most relevant in post-natal biology and is found in high 

concentrations in the blood (see Pavelic et al, 2007).   
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IGF Signaling:  

IGF-1 signaling is considered complex and involves not only different receptors, but also a 

number of circulating binding proteins and a specific intracellular response substrate. While the 

liver is the main source, other cell types also synthesize IGF-1, thereby permitting autocrine and 

paracrine signaling. Serum IGF-1 can be bound by a family of 6 conserved proteins termed IGF-

binding proteins (IGF-BP). By binding to IGF-1, IGF-BP generally inhibit signaling, but also 

serve to increase IGF protein half-life. However, binding to certain IGF-BP members, such as 

IGF-BP-1, -3, and -5 has also been documented to enhance IGF-1 signaling and augment the 

mitogenic effect. IGF-1 can be liberated from IGF-BPs through IGF-BP modifications including 

glycosylation, phosphorylation and degradation. Once unbound, IGF-1 can then bind to its high 

affinity receptor, IGF-R1, but also has low affinity for the insulin receptor (IR).  IGF-R1, a 

prototypic receptor tyrosine kinase, exists as a heterotetramer consisting of two ligand-binding α-

subunits and two transmembrane, kinase domain β-subunits. Binding of IGF-1 induces receptor 

autophosphorylation and activation of the intracellular kinase domains and phosphorylation of 

specific substrates including the insulin receptor substrate (IRS). This in turn leads to activation 

of PI3K, mammalian target of rapamycin (mTOR), and MAPK to result in responses such as cell 

proliferation, cell survival, migration or differentiation (see Kuemmerle, 2003, Kuemmerle and 

Bushman, 1998 and Hazelgrove et al, 2008) (Figure 1-10). 
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Figure 1-10: IGF-1 signal transduction pathway. This schematics illustrates the intracellular signaling 
pathways activated by the IGF-1 receptors. Adapted from BIOCARTA, RGCB © 2011 - OrCa-dB Team. 
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IGF in Intestinal Inflammation: 

To date, the only mitogen examined in ISMC hyperplasia is IGF-1. In both humans and animal 

models of Crohn’s disease, increased IGF-1 expression was observed in all tissue layers, 

including the smooth muscle (Zimmermann et al, 2001, Zeeh et al, 1995 and Zeeh et al, 1998). 

Further, in vivo support for IGF as an intestinal SM mitogen comes from tissue binding assays, 

which demonstrated enhanced IGF binding in sections of TNBS rat colon. In this study, Zeeh also 

observed increased IGFBP-4 and -5 mRNA and concluded that they were responsible for the 

enhanced binding (Zeeh et al 1995). Work in vitro has also demonstrated that ISMC express 

IGFBP-4 and -5, in addition to IGFBP-3 (Zeeh et al 1998, Kuemmerle et al, 2004 and 

Kuemmerle and Zhou 2002). The significance of IGF-BP expression was evaluated in vitro by 

assessing its effect on IGF-induced proliferation. This work demonstrated that while IGFBP-3 

inhibited, IGFBP-5 augmented proliferation. Given this finding and that report that increased IGF 

and IGFBP-5 expression are characteristic of intestinal inflammation, researchers concluded that 

IGF is likely involved in ISMC proliferation (e.g. Kuemmerle, 2003 and Kuemmerle and 

Bushman, 2006). 

 

Further, work by the Kuemmerle laboratory has provided key insight into IGF-1 signaling in an in 

vitro ISMC model. After providing evidence that IGF-1 is a mitogen, inducing a near 3-fold 

increase in thymidine-incorporation (Kuemmerle and Bushman, 1998), Kuemmerle found 

evidence for IGF-1 being an autocrine factor. That is, addition of an IGF-neutralizing antibody in 

the absence of exogenous IGF-1 reduced baseline proliferation (Kuemmerle, 1997).  In addition, 

this group demonstrated that IGF-1 signal transduction in ISMC occurred through similar 
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mechanisms established elsewhere, mainly that IGF-1 activates PI3K and MAPK (e.g. 

Kuemmerle and Bushman, 1998 and Kuemmerle, 2003).   

 

There are, however, concerns that can be raised with the model used in these studies. Firstly, this 

work was conducted on ISMC isolated from morbidly obese patients undergoing surgical 

procedures. It is possible that ISMC from morbidly obese individuals behave differently than 

those of non-morbidly obese individuals. For example, it is not known if these individuals were 

diabetic and if so, the SMC could have altered responsiveness to IGF-1. A further issue to 

consider is that experiments were conducted on passaged cells. While these are only first passage 

and not late passage, which is typically used for vascular SMC study, these cells are likely to 

have undergone cultural adaptation. Such adaptation has been shown to result in cellular 

phenotypes that are not representative of the in vivo state. For example, it is clear that these first-

passage ISMC are responsive to mitogens and proliferating, while in vivo, these cells are 

differentiated and non-proliferative.   

 

Further evidence also supports the role of IGF in ISMC proliferation. Simmons evaluated the 

effects of IGF signaling using a line of genetic knock-out mice which have a component of the 

IGF signaling cascade, IRS-1, deleted (Simmons et al, 2007). These animals presented with 

decreased muscularis mass suggesting that IGF signaling was involved in normal muscularis 

development (Figure 1-11). However, the consequences of this knock-out in the face of 

inflammation have not been evaluated.  
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Figure 1-11: Potential role of IGF signaling in the intestine. Images demonstrate that insulin-response 
substrate-1 (IRS-1) deletion decreases muscularis mass in IRS knock-out mice (IRS -/-) vs control animals. 

Adapted from Simmons et al, 2007.  
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In another recent study, Hazelgrove investigated IGF-1 signaling in CSM using the TNBS model 

of inflammation. Interestingly, a basal level of IGF-R phosphorylation was detected in CSM 

isolated from control rats suggesting that in normal conditions IGF-1 signaling is active. CSM 

from Day 7 TNBS animals had increased phosphorylation indicating that IGF-1 signaling is 

enhanced during colitis (Hazelgrove et al, 2009). However, previous work using the TNBS model 

has demonstrated that SMC proliferation occurs largely between Day 2 to 4 and is complete by 

Day 6 (Lourenssen et al, 2005). Subsequently, the consequence of activated IGF-R observed by 

Hazelgrove may not be responsible for ISMC proliferation but rather a post-mitotic event such as 

initiation of fibrosis.  

 

Other SMC Mitogens: 

 There is also evidence for CSM mitogens in asthma. Asthma is caused by an 

inappropriate immune response mounted to a usually innocuous inhaled substance resulting in the 

airway constriction. A further characteristic, smooth muscle remodeling, has been shown to 

involve SMC proliferation. Two growth factors shown to be involved in asthma-driven SMC 

hyperplasia include bFGF-2 (Bosse and Rola-Pleszczynski, 2008), as well as the EGF (Ingram 

and Bonner, 2006). However, to date there is no evidence that either is involved in ISMC 

proliferation. 

 

In addition to their vasoactive roles, 5-HT and thromboxane A2 have been shown to stimulate 

SMC proliferation in vitro (e.g. Pakala et al, 1997). Released from activated platelets, these 

compounds can act as SMC mitogens themselves, as well as act synergistically with other growth 

factors, such as PDGF and FGF to induce enhanced proliferation (Sachinidis et al, 1995 and 
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Nemecek et al, 1986). The involvement of these peptides, if any, remain unstudied in 

inflammation-induced ISMC proliferation 

 

Research Challenges: 

Inflammation alters intestinal motility through a number of structural and functional changes. 

One such change is the permanent increase in muscle mass due to ISMC proliferation. While 

normally contractile, ISMC are not terminally differentiated and during inflammation appear to 

revert to a proliferative myoblast phenotype. SMC proliferation also occurs in vascular and 

airway pathologies and is thought to be due to the loss of growth-suppressive mechanisms and 

appearance of growth-stimulating factors. Recent work in the intestine has found evidence for the 

loss of a growth inhibitory mechanism during inflammation (Pelletier et al, 2010). However, 

exploration of growth-stimulating factors in intestinal inflammation is limited to a single factor 

and was conducted in a single laboratory largely using passaged ISMC. Given the consequences 

of ISMC proliferation on motility, as well as the potential for stricture formation, it is imperative 

that the current understanding of ISMC proliferation during inflammation is expanded and the 

underlying mechanisms responsible be elucidated. For this, a primary culture that more closely 

represents ISMC in vivo should be used. Instead of a single growth factor, numerous putative 

factors need to be evaluated using this primary culture. Finally, the in vitro findings need to be 

corroborated in vivo using a suitable model of intestinal inflammation. 
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Thesis Goals: 

Inflammation induces ISMC proliferation, but the mitogens involved have not been thoroughly 

studied. The main hypothesis was that PDGF-BB is the key ISMC mitogen during inflammation. 

To date, only a single growth factor, IGF-1, has been evaluated. For my First Goal, I chose to 

develop a primary ISMC culture model, which would better represent ISMC in vivo and hence be 

a justifiable model in which to evaluate putative ISMC mitogens. While there is clear evidence 

for the involvement of IGF-1 in ISMC hyperplasia, no other candidate growth factors have been 

evaluated. My Second Goal is to use the primary ISMC model to assess multiple candidate 

mitogens including IGF-1, PDGF-BB, as well as bFGF and EGF. In vitro models are essential in 

the study of SMC growth factors. However, a complete study is not to be limited to the petri dish 

and must be validated in vivo. Therefore, my Third Goal is to corroborate findings in vivo with 

the TNBS rat model of intestinal inflammation. For this, the validity of putative mitogens 

identified in Goal Two will be evaluated by examining receptor expression and activation during 

acute inflammation. 
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Chapter 2 

Mitogenic Factors Promoting Intestinal Smooth Muscle Cell 

Proliferation. Stanzel, R.D., Lourenssen, S., Nair, D.G., Blennerhassett, 

M.G. Published in American Journal of Physiology - Cell Physiology 

2010 299(4):C805-17 

Abstract: 

Intestinal smooth muscle cells are normally quiescent but in the widely studied model of TNBS-

induced colitis in the rat, the onset of inflammation causes proliferation that leads to increased 

cell number and an altered phenotype.  The factors that drive this are unclear and were studied in 

primary cultures of circular smooth muscle cells (CSMC) from the rat colon.  While PDGF-AA, 

FGF and EGF were ineffective, PDGF-BB and IGF-1 caused significant increase in 3H-thymidine 

incorporation, BrDU uptake and increased CSMC number, with PDGF-BB (≥0.2 nM) 

substantially more effective than IGF-1.  Surprisingly, CSMC lacked expression of PDGF 

receptor-β (PDGF-Rβ) upon isolation but by 4 days in vitro, gained expression of PDGF-Rβ as 

shown by quantitative PCR, western blotting and immunocytochemistry; these CSMC responded 

to PDGF-BB but not IGF-1.  PDGF-BB caused PDGF-Rβ phosphorylation and mobilization from 

the surface member, leading to activation of both Akt and ERK signaling pathways, which were 

essential for subsequent proliferation. In contrast, PDGF-AA, FGF, EGF and IGF-1 were 

ineffective.  In vivo, control CSMC lacked expression of PDGF-Rβ.  However, this changed 

rapidly with TNBS-colitis and by Day 2, when CSMC proliferation in vivo is maximal, freshly 

isolated CSMC showed on-going PDGF-Rβ phosphorylation that was further increased by 
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exogenous PDGF-BB. This suggests that the onset of PDGF-R expression is a key factor in 

CSMC growth in vitro and in vivo, where inflammation may damage intrinsic inhibitory 

mechanisms and thus lead to hyperplasia. 
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Chapter 3 

  

Introduction: 

Inflammation characteristically perturbs intestinal motility, causing both structural and functional 

alterations among the visceral regulatory and motor systems.  Among these changes, hyperplasia 

of smooth muscle cells (SMC) is the principal cause of the thickening of the intestinal wall that is 

seen in both human disease and in animal models (Blennerhassett et al, 1992, Dubbins, 1984 and 

Lee et al, 1991).  This reflects an increased muscle mass and potentially altered force production, 

at the same time as inflammation-induced damage to enteric neurons challenges the ability of the 

enteric nervous system (ENS) to regulate contraction and relaxation (Lourenssen et al, 2005 and 

Sanovic et al, 1999).  While the intestinal smooth muscle cell (ISMC) is normally contractile and 

non-proliferative (e.g. differentiated), inflammation causes the ISMC to re-enter the cell cycle, 

leading to rapid and substantial proliferation.  In the TNBS model of colitis in the rat, the most 

widely studied animal model of transmural T-helper type 1 predominant inflammation, we 

showed that ISMC number increased by 2 days after the onset of inflammation and caused a 

permanent 3-fold increase in ISMC number by 6 days post initiation of colitis (Lourenssen et al, 

2005).  The factors responsible for this early and rapid hyperplasia are unknown. 

 

Elsewhere, SMC hyperplasia is commonly observed in inflammatory diseases affecting the 

vascular and respiratory systems (Bates et al, 2009, Owens et al, 2004 and Pietra et al, 2004).  In 

general, the serum growth factor platelet-derived growth factor (PDGF) is an important 

determinant of the responses of mesenchymal cells in both vascular and fibrotic disorders, such as 
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atherosclerosis, pulmonary hypertension and pulmonary fibrosis (reviewed in Andrae et al, 2008).  

A dimer of the polypeptides PDGF-A or PDGF-B, PDGF acts via two receptor-tyrosine kinases, 

PDGF-Rα or PDGF-Rβ, with functional evidence indicating that PDGF-AA acts via PDGF-Rα 

while PDGF-BB acts via PDGF-Rβ.  Aspects of both acute and chronic inflammation are 

involved in driving the characteristic SMC growth that follows acute endothelial injury, but the 

common element is a response to PDGF released from activated platelets and immune cells 

(Andrae et al, 2008).  

 

Relatively little is known of the role of PDGF in the adult intestine, although it is important in 

embryogenesis where there is the transient expression of both PDGF receptor subtypes in mouse 

intestinal mesenchyme (Kurahashi et al, 2008).  There is limited knowledge of its role in 

intestinal SMC hyperplasia, beyond the pioneering work in cultured human ISMC of Graham et 

al. (Graham et al, 1996).  However, the broadly influential growth factor insulin-like growth 

factor-1 (IGF-1) stimulates growth in ISMC cell lines (Kuemmerle et al, 2004), affects the 

growth and development of myofibroblasts and the epithelial cell compartment (Modica et al, 

2009, and Simmons et al, 2002), as well as influences the development of the muscularis externa 

in vivo (Simmons et al, 2007).  IGF-1 also has widespread effects in pathological conditions such 

as cardiovascular disease and hyperglycemia-induced vascular SMC proliferation (Clemmons, 

2007), Lee et al, 1991 and Zhu et al, 2001).  The receptor for IGF-1 is present in cultured rat 

colonic smooth muscle cells (Zeeh et al, 1997) and recent work has identified an involvement of 

IGF-1 in established TNBS colitis in the rat, showing increased IGF-1 receptor phosphorylation 

and increased basal rates of proliferation in cultures of ISMC isolated from animals at Day 7 of 



 

56 

 

inflammation (Hazelgrove et al, 2009).  This study identified an unsuspected consequence of the 

initial hyperplasia, but did not identify the causative factors for that event. 

 

In vitro experiments have long established that continued growth of vascular SMC in culture 

causes a progressive loss of the contractile phenotype and acquisition of a synthetic or 

proliferative phenotype with concomitant increase in extracellular matrix deposition (reviewed in 

(Krzystek-Korpacka et al, 2009)).  In vivo, ISMC that arise in inflammation-driven hyperplasia 

may be prone to a continued mitotic response and ultimately, a phenotypic alteration that could 

lead to the eventual formation of intestinal strictures (in severely inflamed regions of intestine), as 

seen in both the TNBS model (Marlow and Blennerhassett, 2006) and in chronic human disease 

in IBD (Graham et al, 1988). 

 

We recently identified a mechanism of neural regulation of CSMC proliferation in vitro, and 

proposed that inflammation-induced damage might increase the responsiveness of CSMC to 

growth factors in vivo (Pelletier et al, 2010).  Now, we hypothesized that the growth factors 

PDGF and IGF-1 could be important in the early hyperplastic response in colitis, as it is in other 

smooth muscle systems and studied this both in vitro and in the TNBS model of colitis in the rat.  

Since the nature of the ISMC may vary between the initial and subsequent stages of colitis and is 

likely to be strongly affected by growth in vitro, ISMC were enzymatically isolated from the 

control rat colon as described previously (Wells and Blennerhassett, 2004) to develop a primary 

tissue culture model for the study of the onset of mitotic responsiveness in initially contractile, 

highly differentiated ISMC over the first few days in vitro. 
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Methods: 

Animals: 

Adult male Sprague-Dawley rats were obtained from Charles River (Quebec, Canada) and housed 

in pairs in microfilter-isolated cages for at least 5 days prior to use with free access to food and 

water. Animals were sacrificed by cervical dislocation under isoflurane anaesthesia at various 

times after the initiation of colitis. All procedures received prior approval by the University 

Animal Care Committee of Queen’s University. 

 

Induction of colitis: 

Colitis was induced by instillation of 500 µl of 200 mM trinitrobenzene sulfonic acid (Fluka) 

dissolved in 50% ethanol into the colon 8 cm proximal to the anus, under light anesthesia by 

inhalation of isoflurane as previously described (Wells and Blennerhassett, 2004). 

 

Tissue preparation: 

The inflamed region of the mid-descending colon (or corresponding region in control animals) 

was identified and removed, fixed in 4% neutral buffered formalin (NBF) for 24 hr, followed by 

routine embedding in paraffin. 4 µm cross-sections were processed for immunocytochemistry as 

described below. In all cases, the presence of inflammation was verified using the independent 

criteria of weight loss and histological evaluation of transmural inflammation. 

 

Whole mount preparations were also obtained from control animals as described previously (Lin 

et al, 2005). A segment of mid-descending colon was opened along the mesenteric border, and 

pinned mucosal side up in Hank's saline with 10 mM HEPES (Hank’s HEPES, pH 7.0). The 
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mucosa and submucosa were removed, and the circular smooth muscle layer was removed, fixed 

in NBF for 1 hr and processed for immunocytochemistry as described below. 

 

Isolation of primary circular smooth muscle cells (CSMC): 

CSMC were obtained as previously described with slight modifications (Wells and 

Blennerhassett, 2004). Briefly, small strips of circular smooth muscle tissue were removed from 

the mid-descending colon using fine dissection in HEPES-buffered Hank’s saline (pH 7.35), after 

removing the mucosa and submucosa. These were enzymatically dissociated as described (Van 

Assche et al, 2004 and Wells and Blennerhassett, 2004), with muscle strips placed in a HEPES-

buffered (HPSS) digestion solution containing papain (0.5 mg ml/mL; Sigma), BSA (1 mg/mL), 

DL-dithiothreitol (1 µM; Sigma) and collagenase type-F (0.5 mg/mL; Sigma) and incubated at 4 

oC for 2 hr, then room temperature for 1 hr and finally 37 oC for 1 hr. The solution was replaced 

with culture media with 5% fetal calf serum (Invitrogen) and cells were gently triturated to 

produce a suspension of viable individual circular smooth muscle cells (CSMC). Cells were then 

seeded in 24-well plates on either plastic wells (for immunoblotting or 3H-thymidine assay) or on 

rat tail collagen-coated glass coverslips (for immunocytochemistry).  Pilot studies found that 

cohort cultures established on laminin, collagen or fibronectin showed similar responses to 

growth factors, and collagen was used in subsequent experiments.  Phase contrast microscopy 

(Olympus IMT-2) was used to examine cell morphology of CSMC at various times following 

isolation. Cell viability was evaluated using Calcein-AM (Molecular Probes, USA) and trypan 

blue staining. Image acquisition and analysis was carried out using Image ProPlus 6.0 (Media 

Cybernetics, USA). 
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RT-PCR and quantitative RT-PCR: 

Total RNA was isolated from freshly isolated intestinal smooth muscle cells or cells cultured for 

4 days in DMEM with 5% FCS (day 4) using an RNeasy kit (Qiagen) according to the 

manufacturer’s protocol. ~1 µg of total RNA after DNase I treatment was converted into cDNA 

using the iScript RT kit (Bio-Rad). PCR was used to check the expression of PDGF-Rα and 

PDGF-Rβ using GAPDH as the internal control. Primer sequences were PDGF-Rα forward, 5’-

ATGTTTCTAGACTCGCAGCTCA-3’, and reverse, 5’-ATAAACAAAGGCAGTGA TACAG-

3’, yielding an amplicon of 692 bp; PDGF-Rβ forward, 5’-CAACATTTCGAGCACCTTTGT-3’, 

and reverse, 5’-AGGGCACTCCGA AGAGGTAA-3’, yielding an amplicon of 677 bp; GAPDH 

forward, 5’-TGACAACTTT GGCATCGTGG-3’, and reverse, 5’-

TACTCCTTGGAGGCCATGT-3’, producing a 513 bp amplicon. The PCR conditions were 

94°C for 4 min, 94°C for 30 sec, 55°C for 30 sec, and 72°C for 45 sec (30 cycles), and 72°C for 

10 min as final extension. The PCR products were resolved on a 1 % agarose gel and imaged 

using Image Pro Plus 6.0 software (Media Cybernetics). 

 

For quantitative RT- PCR, cDNA from freshly isolated or cultured CSMC (~150–200 ng) was 

taken for real-time PCR using iTaq™ Fast SYBR® Green supermix with ROX (Bio-Rad) in an 

Applied Biosystems 7500 Real-Time PCR instrument (Applied Biosystems). Primer sequences 

were PDGF-Rβ forward, 5′-AATGACCACGGCGATGAGA-3′; and reverse, 5′-

TCTTCCAGTGTTTCCAGC AGC-3′; GAPDH forward 5’-TGCACCACCAACT GCTTAG-3’ 

and reverse 5’- GATGCAGGGATGATGTTC-3′. Dissociation curve analysis following each 

amplification reaction confirmed the specificity of amplification. RNA expression levels were 

determined by Ct analysis settings of 7500 System Sequence Detection Software v1.3 using the 
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ΔΔCt comparative method of relative quantification. Results were expressed as fold-change 

relative to the control (Day 0) cells. 

 

Immunocytochemistry: 

Immunocytochemistry of CSMC in culture was carried out as previously described 

(Blennerhassett and Lourenssen, 2000).  Cells were fixed in 4% NBF, and then blocked for 1 hr at 

room temperature in 0.2% Tween-20 in PBS containing 1% goat serum to prevent non-specific 

antibody labeling. This was followed by incubation with antibodies to α-smooth muscle actin 

(1/500; DAKO), desmin (1/250; Sigma), PDGF-Rβ (1/250; Cell Signaling Technology Ab28E1) 

or IGF-R1 (Cell Signaling Technology) overnight at 4o C.  Following incubation in appropriate 

ALEXA-linked secondary antibodies, cells were incubated with 1 µg/ml Hoechst 33342 for 30 

sec to label nuclei. For determination of cell phenotype in freshly isolated cell suspensions, 

aliquots of cells were dried onto glass slides and then prepared as above.  These preparations and 

primary cultures were examined for the presence of glia, neurons and interstitial cells of Cajal 

using antibodies to GFAP or S-100 (Sigma), HuD (Molecular Probes), or c-kit (DAKO) 

respectively.  Freshly isolated cells from the neonatal rat small intestine were used as a positive 

control for c-kit staining.  

 

To examine PDGF-R/IGF-R mobilization, pre-confluent primary CSMC were used (Day 6-8). 

PDGF-BB (Peprotech) or IGF-I (CedarLane), were added 30 min prior to fixation and processed 

as indicated above.  All antibodies were diluted in antibody diluting buffer (DAKO). 
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To evaluate uptake of bromo-deoxyuridine (BrdU) in vitro, cultures were first serum-deprived for 

3 days before exposure to potential mitogens.  Seventeen hr after mitogen addition, BrdU was 

added for 4 hr (20 µL/mL of a 0.5 mM solution of BrdU), followed by fixation in 

methanol/acetone (50:50) for 5 min. After washing in PBS, cultures were exposed to 2N HCl for 

2 hr, neutralized in NaBO4 (0.04 g/mL), washed in PBS, and processed for immunocytochemistry 

with anti-BrdU antibodies for 4 hr at room temperature (1/500; BU-33, Sigma).  Secondary 

detection was for 30 min at room temperature (ALEXA 488-goat anti-mouse, 1/1000), followed 

by nuclear staining as above.  BrdU labeling was quantified by direct counting of positive nuclei 

in fields selected randomly at 20x objective magnification (6 fields/culture; 2-3 cultures per 

experiment) and comparison with the number of total nuclei obtained from Hoechst labeling.  

Each experiment was repeated 4 times and the outcomes averaged. 

 

For immunocytochemistry of control and inflamed tissue, paraffin cross-sections (4 µm) or 

whole-mount preparations were blocked as above, followed by overnight labeling at 4 oC with 

antibodies to PDGF-Rβ, smooth muscle actin, desmin or PECAM (1/2000; Cell Signaling 

Technology).  This was followed by 1 hr incubation with appropriate ALEXA 555- or ALEXA 

488-labelled secondary antibodies.  Since the PECAM antibody is of goat origin and required an 

anti-goat secondary antibody, dual labeling immunocytochemistry with PDGF-Rβ required a 

modified protocol; PECAM labeling (primary and secondary antibody incubations) were 

completed prior to PDGF-Rβ labeling, and followed by treatment with Hoechst 33342. Staining 

was visualized with fluorescence microscopy (Olympus BX51). 
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To determine the number of PDGF-Rβ positive CSMC, complete cross-sections of control or 

inflamed colon were labeled using the PDGF-Rβ antibody and nuclei stained non-specifically 

with Hoechst 33342. Images were taken from 6 random, non-overlapping fields from sections of 

each of ≥3 animals per time point (approximately 500-800 cells total per time point), and CSMC 

were identified based on elongated nuclear morphology (Wells and Blennerhassett, 2004). The 

proportion of PDGF-Rβ immunoreactive CSMC was expressed as per cent of total CSMC.  Some 

sections were dual- labeled with anti-PECAM antibodies and imaged using laser confocal 

microscopy (Olympus IX-70 and Fluoview F-300).    

 

Immunoblotting: 

To examine the expression of PDGF-Rβ, IGF-R or downstream signaling effector proteins, 

immunoblotting was performed on confluent primary CSM. After rinsing cells in serum-free 

culture media, fresh serum-free culture media was added and cells were incubated for 72 hr. Cells 

were then incubated with PDGF-BB (50 ng/mL), IGF-1 (50-100 ng/mL) or vehicle for 15 min 

and lysed. Proteins were resolved by SDS-PAGE, and transferred to PVDF membrane using a 

semi-dry transfer apparatus (BioRad). Blots were incubated for 1 hr at room temperature with 

blocking solution (5% non-fat milk in Tris-buffered saline containing 0.2% Tween-20 (TBS-T)). 

The membrane was then incubated with primary antibodies to PDGF-Rβ, phosphorylated-PDGF-

RΒ, IGF-R, phosphorylated-IGF-R, Akt, phosphorylated-Akt, ERK or phosphorylated-ERK 

overnight at 4 oC (antibodies to phospho-proteins were from Cell Signalling and used at 1/1000). 

This was followed by 2 hr incubation in goat anti-rabbit horseradish peroxidase at room 

temperature. Bands were visualized using BioMax film after incubation in chemiluminescent 
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substrate (Super Signal, Pierce). Samples were subsequently re-probed with antibodies to α-

tubulin (Sigma; 1/5000) to ensure equal protein loading.  

 

Immunoprecipitation: 

For some experiments, cells isolated from colons removed from control animals or animals 

treated with TNBS 2 days earlier were treated with IGF-1 or PDGF-BB (100 ng/mL) or vehicle. 

Cells were lysed and immunoprecipitated for IGF-R or PDGF-Rβ using the manufacturer’s 

protocol. Briefly, 200 µg protein was made up to a final volume of 200 µL with lysis buffer and 4 

µl anti-IGF-R or PDGF-Rβ was added. Following an overnight incubation at 4 oC, 20 µl of 

protein G-conjugated agarose beads (Pierce Biolynx, Fisher) were added and incubated at 4 oC 

for 2 hr. Beads were then washed 5 times with lysis buffer. Samples were then immunoblotted 

using either pIGF-R and IGF-R or pPDGF-Rβ and PDGF-Rβ as described above. 

 

Proliferation assay:  

 To evaluate the growth responses to PDGF and IGF, 3H-thymidine incorporation assays were 

performed on primary CSMC at 7-12 days in vitro.  Cultures were incubated in serum-free media 

for 72 hr, before the medium was replaced with either culture media alone (control) or with media 

containing fetal calf serum (FCS) or EGF, bFGF, IGF-1, PDGF-AA or PDGF-BB (PeproTech; 

Cedarlane).  Following a 17 hr incubation, 3H-thymidine was added for 5 hr and cells were 

processed for scintillation counting (Blennerhassett and Lourenssen, 2000). Counts were 

normalized to cohort negative controls and expressed as fold-increases over control.  In some 

cases, the roles of ERK and AKT phosphorylation were tested by pretreatment with either 

PD98059 or LY294002 for 60 min before stimulation with PDGF-BB and subsequent assay as 
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above.  Maximum doses for each inhibitor were determined by limits of solubility (PD98059, 100 

µM) or cytotoxicity (LY294002, 1µM) and control experiments showed no effect of the carrier 

(DMSO) alone. 

 

To confirm growth factor-induced proliferation, cohort plates were set up as above using 100 

ng/ml of growth factor incubated for 72 hr post-stimulus and counted manually. Counts were 

normalized to cohort negative controls and expressed as fold-increase over control.  

 

Solutions: 

Solution compositions were as follows: HPSS-digestion solution; (in mM: NaCl, 125; glucose, 

10; Na-HEPES, 10; MgCl2, 1; KCl, 4; CaCl2, 1; EDTA, 0.25; taurine, 10; pH 7.2) with additional 

CaCl2 (2.5mM), papain (0.25 g/ml), bovine serum albumin (BSA; 0.5 g/ml), DL-dithiothreitol 

(DTT; 1 µM) and collagenase type-F (0.25 mg/ml).  Culture medium was Dulbecco’s modified 

essential media with penicillin and streptomycin (Sigma) and ciprofloxacin (Bayer, Inc).  The 

composition of the lysis buffer was (in mM) Tris-HCl, 10; NaCl, 150; EDTA, 5; 0.2% Triton X-

100, 0.5% sodium deoxycholate; pH 8.0 with leupeptin (10 µM), aprotinin (10 µM), 

phenylmethylsulfonyl fluoride (1 mM) and orthovanadate (1 mM). After 30 min incubation at 4 

°C, the tissue was centrifuged for 10 min at 13,000 rpm in a refrigerated microcentrifuge. The 

supernatant was split into aliquots and stored at −70 °C. Except where mentioned, all chemicals 

and solutions were purchased from Sigma. 
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Statistics:  

Values are expressed as the average ± standard error of the mean of (n) animals.  Statistical 

significance was assumed when p≤0.05 (t-test or ANOVA). 
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Results: 

Characterization of primary cultures of circular smooth muscle cells.  

The study of smooth muscle in tissue culture is informative, but commonly uses cells that have 

already undergone adaptation to culture and are already highly proliferative.  To date, no study 

has examined the onset of responsiveness to mitogens in early SMC cultures immediately after 

isolation, which is relevant to understanding the events of inflammation-induced hyperplasia in 

vivo.  Therefore, in this study a primary culture model was developed to identify and characterize 

CSMC mitogens.   

 

To develop our culture model, rat colonic CSMC were isolated by enzymatic dissociation 

similarly to our earlier studies of cellular contractility (Wells and Blennerhassett, 2004). This 

yielded large numbers of long, brightly refractile smooth muscle cells with very high viability 

(Figure 2-1A).  These cells quite rapidly began to shorten and assume a flattened roughly 

spheroidal appearance as they attached to the culture surface.  Over the first 2 days, cell 

extensions became visible and a typical ribbon-shaped appearance resulted, as illustrated by 

repeated imaging over time of a single cell in Figure 2-1C.  Over the next few days, growth was 

apparent within the culture wells, with increasing cell number, overlapping cells and the 

formation of the typical hill-and-valley appearance of cultured smooth muscle (Figure 2-1D).   
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Figure 2-1: Representative phase contrast images showing appearance of freshly isolated circular smooth 
muscle cells in vitro during the process of adaption to primary culture, and images of fluorescence 
immunocytochemistry showing expression of smooth muscle-specific markers.   
(A) Photomicrograph of freshly isolated cells from strips of circular smooth muscle at 30 min post 
isolation.  Cells showed uniform elongated, spindle-like morphology with high viability and only very rare 
dead cells (arrowhead), and were already starting to adapt to culture by shortening and becoming more 
round (contrast the cells indicated by double-headed arrow).  Scale bar, 100 µm. 
(B) Appearance of a sub-confluent culture of cells at 4 days in vitro, showing increasing presence of 
attached and flattened cells with extended processes.  Scale bar, 40 µm. 
(C) Consecutive images at 24 hr intervals of a single cell showing adaption to tissue culture. Scale bar, 20 
µm. 
(D) Cell growth occurred by 6 days giving rise to a typical smooth muscle culture with regions of high 
density and overlapping cells as well as lower density or open areas. Scale bar, 40 µm. 
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Immunocytochemistry of these cultures showed uniformly high expression of smooth muscle 

specific α-actin, desmin and smoothelin, which are markers of the smooth muscle phenotype 

(Figure 2-2).   

 

Culture purity was a consequence of careful attention to the dissection of small strips of pure 

circular smooth muscle for subsequent dissociation, which avoided the neurons and glia-rich 

environment of the myenteric plexus.  Assessment of glia in primary cultures of CSMC by 

immunocytochemistry (e.g. Figure 2-2F) showed only a very rare presence, at <0.01% of cells.  

The additional possibility of vascular smooth muscle cells in these cultures was assessed by 

immunocytochemistry for PDGF-Rβ (based on results presented below).  PDGF-Rβ-positive, 

smooth muscle specific α-actin-positive cells could only very occasionally be found among 

freshly isolated smooth muscle cells (Figure 2-2E), showing that their presence in subsequent 

cultures was negligible.  Similarly, we assessed the presence of interstitial cells of Cajal using 

immunocytochemistry for c-kit in freshly isolated cells and primary cultures.  Since positive 

staining was never detected, despite successful staining of positive controls, this implies that 

these cells failed to survive the isolation process.       
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Figure 2-2: Immunocytochemical assessment of phenotype of cells in primary cultures established from 
adult circular smooth muscle and demonstration of smooth muscle nature of the predominant cell type.   
(A) (Left), appearance of cells after enzymatic isolation and (right), immunocytochemical detection of α-
smooth muscle specific actin (red; nuclei stained blue with Hoechst), showing uniform expression of this 
smooth muscle marker.  Scale bar, 200 µm. 
(B) Typical appearance of the uniform expression of α-smooth muscle specific actin (red) among cells in 
primary cultures at 10 days in vitro. Scale bar, 50 µm. 
(C) Strong expression of smoothelin, a marker specific to smooth muscle cells, shown at low magnification  
(inset) and higher magnification showing prominent polarization of filaments. Nuclei (blue) were labeled 
with Hoechst 333252.  Scale bar, 30 µm; inset 60 µm. 
(D) Widespread expression of desmin (green; low magnification in inset) was oriented into intracellular 
filaments. Scale bar, 30 µm; inset 60 µm. 
(E)Assessment of presence of vascular smooth muscle cells by detection of PDGF-Rβ among in initial cell 
isolates, showing a rare example of positive labeling for PDGF-Rβ (green; arrow) among the uniform 
smooth muscle actin-positive staining (red).  Scale bar, 150 µm. 
 (F) Evaluation of enteric glia in ISMC cultures by immunocytochemistry for expression of S100 in a 
primary culture, showing rare positive staining (green) among smooth muscle cells (nuclei stained blue 
with Hoechst).  Scale bar, 60 µm. 
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To assess the response of CSMC to culture, cell number was measured after trypsinization to free 

the cells from the culture surface.  This showed that CSMC number was roughly constant over 

the first 3 days in vitro, at 66 ± 18% of initial number by 24 hr, and 68.9 ± 24% and 54 ± 8% at 

48 and 72 hr, respectively.   However, this increased to 119 ± 22 % by 120 hr, evidence of a near-

doubling in cell number from the number of adhering cells at 24 hr  (contrast Figure 2-1B and 2-

1D; n=7 separate isolations in each case).  Since this likely involved the expression of receptors 

for growth factors, the response of primary CSMC to mitogens was examined using 3H-thymidine 

incorporation, BrdU incorporation and immunoblotting. 

 

Primary CSMC proliferation assays: 

Primary cultures of CSMC were established in 24-well plates and processed for 3H-thymidine 

incorporation in response to the potential mitogens IGF-1, PDGF-AA and PDGF-BB, as well as 

EGF and bFGF.  The positive control of 2.5% FCS (found maximal in initial experiments; not 

shown)) caused a 6.8 ± 1.6-fold increase in 3H-thymidine incorporation over controls, but among 

the cohort culture wells that received the candidate growth factors, only PDGF-BB and IGF-1 

caused a significant increase in 3H-t incorporation (Figure 2-3).  Neither PDGF-AA, EGF nor 

bFGF induced 3H-thymidine incorporation at any concentration evaluated (≤ 100 ng/mL)(Figure 

2-3A-C).  PDGF-BB at 5 ng/mL increased 3H-thymidine incorporation significantly, and higher 

concentrations of 50-100 ng/mL caused similar approximately 6-fold increases (Figure 2-3B), 

similar to the effect of FCS.  IGF-1 was much less effective than PDGF-BB - IGF-1 at 100 ng/mL 

induced significant increases in 3H-thymidine incorporation over control of 3 ± 0.6-fold. 
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Cell counts were carried out to confirm the interpretation of the 3H-thymidine incorporation data.  

This showed that stimulation with either PDGF-BB or IGF-1 increased cell number by 72 hr post 

stimulation, while EGF and FGF did not (Figure 2-3D).  However, PDGF-BB was more effective 

than IGF-1, since PDGF-BB (100 ng/ml) induced a 90 ± 16% increase in cell number over 

control (p<0.05), while IGF-1 (100 ng/ml) induced only a 35 ± 0.7 % increase (p<0.05 vs control; 

Figure 2-3D).  

 

Cells treated with IGF-1 received greater molar-equivalent stimulation than with PDGF-BB in the 

above experiments, since the molecular weight of IGF-1 is less than that of the other mitogens 

and in particular PDGF-BB.  Repetition of the 3H-thymidine incorporation assays using equi-

molar concentrations of PDGF-BB and IGF-1 corresponding to 50 and 100 ng/ml of PDGF-BB 

(2.0 and 3.9 nM, respectively) emphasized the greater response with PDGF-BB than IGF-1:  

PDGF-BB caused 7.8 ± 1 and 6.3 ± 0.2 -fold increases in 3H-thymidine incorporation 

respectively, while the IGF-1 responses were not significantly different from control.   
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Figure 2-3: PDGF-BB and IGF induce 3H-thymidine incorporation and cell number increase in primary 
cultures of circular smooth muscle cells (CSMC).  Data, mean ± SEM with each panel containing 
independent experiments. 
(A) Graph showing 3H-thymidine incorporation in CSMC in response to 2.5% FCS (positive control), but 
not EGF or FGF (ng/mL).  Data expressed relative to untreated control; n = 4 independent experiments). 
(B) PDGF-BB or IGF-1 stimulates 3H-thymidine uptake with different efficacies.  PDGF-BB caused a 
nearly 6-fold increase over control cells, much greater than IGF at either 50 or 100 ng/mL.  Data expressed 
relative to untreated control; *, p< 0.05 vs untreated control.  **, p<0.05 vs IGF (100 ng/mL); n=5 
experiments.   
(C) PDGF-AA is ineffective in stimulating 3H-thymidine uptake compared to PDGF-BB (50 ng/mL for 
each).  The response to PDGF-BB was equal to that of FCS, and both were significantly greater than 
control (n=3 independent experiments). 
(D) Verification of cell number increase at 72 hr post mitogen stimulation with either 2.5% FCS (positive 
control) or growth factors (100 ng/mL), expressed as fold relative to control.  PDGF-BB (100 ng/mL; 3.9 
nM) nearly doubled cell number while IGF-1 (100 ng/mL; 13 nM) caused only 35 ±0.7% increase.  EGF 
and FGF had no effect.  (*, p<0.05 vs control; **, p<0.05 vs IGF-treated cultures; n =3 independent 
experiments). 
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We proposed that the appearance of responsiveness to PDGF-BB was an early marker of the 

onset of CSMC proliferation in vitro.  First, we examined the presence of mRNA for the PDGF-

Rα and PDGF-Rβ receptors using reverse-transcription PCR as well as quantitative PCR.  This 

showed that mRNA for PDGF-Rβ was initially scarce, but increased more than 20-fold relative to 

GAPDH by 4 days in culture (Figure 2-4).  In contrast, mRNA for PDGF-Rα was constitutively 

present and showed no change in adaptation to culture (not shown).  Since there was no effect of 

PDGF-AA (the ligand for PDGF-Rα), further study focused on the role of PDGF-Rβ and the 

response to PDGF-BB.   

 

Immunocytochemistry for the uptake of BrdU was used to study cell responses at early time 

points, since these could be scored on a cell-by-cell basis.  Primary cultures of CSMC at 4 days 

post initiation were exposed to either PDGF-BB or IGF-1 at equal molar concentrations of 2 nM 

(ie, 50 ng/mL of PDGF-BB) and subsequently scored for BrdU uptake over a 4 hr period 

commencing 17 hr later.  Figure. 2-4C-F shows that PDGF-BB caused a large increase in BrDU-

positive nuclei that was statistically similar to that of 2.5% FCS, while IGF-1 had no significant 

effect. 
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Figure 2-4: Appearance of mRNA for PDGF-Rβ and correlation with onset of PDGF-BB, but not IGF-1, 
induced BrdU incorporation in early subconfluent (Day 4) primary cultures of circular smooth muscle cells 
(CSMC).   Data, mean ± SEM of 4 independent experiments, with 2-3 replicate cultures per experiment. 
Scale bar for A-C, 60 µm. 
(A) Image of representative outcome of RT-PCR (30 cycles) for mRNA of PDGF-Rβ, showing relative 
increase in amplification product by 4 days in vitro, with GAPDH internal control. 
(B) Outcome of quantitative PCR analysis of mRNA for PDGF-Rβ in CSMC at Day 0 (freshly isolated) or 
4 days in culture.  Data expressed relative to GAPDH;  n=3 independent isolations and experiments. 
C-E.  Representative images of immunocytochemistry showing uptake of BrdU in primary CSMC in 
control (C), PDGF-BB (2.0 nM; D) or IGF-1 (2.0 nM; E) treated cultures at 17-21 hr post stimulation.  
Nuclei with positive labeling for BrdU appear yellow (eg, arrow).  All nuclei were non-specifically stained 
with Hoechst (blue). 
F.  Data showing distribution of BrdU positive nuclei in control or growth-factor treated cultures, as 
illustrated in C-E.  The responses to FCS (2.5%) and PDGF-BB were similar to each other and greater than 
control (*; p<0.05) while IGF-1 had no significant effect. 
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These findings show that both PDGF-BB and IGF-1 are mitogens for primary rat CSMC in vitro, 

while PDGF-BB is substantially more potent.  Therefore, we evaluated receptor expression and 

activation, as well as the intracellular responses to each mitogen in order to look for evidence of 

the signal transduction responsible for CSM proliferation. 

 

PDGF signaling is active in primary CSMC: 

Immunocytochemistry was used to examine both onset and localization of PDGF-Rβ expression 

in primary CSMC.  While freshly isolated CSMC did not show staining, a small number of cells 

were positive for PDGF-Rβ expression by 24 hr post-isolation (10 ± 0.6%), and the proportion of 

cells expressing PDGF-Rβ steadily increased over time in culture, with nearly all cells positive by 

Day 7 (92 ± 1.5 %).  Positive staining was localized to cell membranes and to the peri-nuclear 

region of the cytoplasm, creating a distinct outline of the cell extensions (Figure 2-5A).   

 

The appearance of immunoreactivity for PDGF-Rβ expression in vitro correlated with the onset 

of PDGF-BB-induced cell growth in these cells.  Since an early event following PDGF-BB 

stimulation is the re-distribution of its receptor from the cell membrane to the cytoplasm (Heldin, 

C.H., et al, 1982), we used immunocytochemistry to test for this in CSMC following exposure to 

PDGF-BB. CSMC at 10-12 days in vitro showed PDGF-Rβ expression that was consistently high 

and uniform, outlining the cell shapes well. By 30 min after addition of PDGF-BB (50 ng/mL), 

there was redistribution of staining with loss of membrane expression and strong punctate 

cytoplasmic expression, such that cell outlines were largely lost (Figure 2-5A,B).  Image analysis 

by quantification of line scans across control or PDGF-stimulated smooth muscle cells showed 

distinct profiles indicative of a redistribution of PDGF-Rβ away from the cell margins toward the 
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nucleus (Figure 2-5C,D) and suggestive of the onset of signal transduction after internalization of 

the PDGF-Rβ. 

 

Functional expression of the PDGF-Rβ on CSMC was investigated by immunoblotting.  First, the 

outcome of immunoblotting of primary cultures of CSMC on Day 7 corroborated the 

immunocytochemistry by showing strong expression of the 190 kD PDGF-Rβ (Figure 2-5E).  

Stimulation with PDGF-BB (50 ng/ml) for 15 min caused the appearance of phosphorylated 

PDGF-Rβ (pPDGF-Rβ; Figure 2-5E), which was absent from control cultures.  In addition, 

cohort cultures showed that both phospho-AKT and phospho-ERK were highly induced by 5 and 

15 min post stimulation with PDGF-BB (Figure 2-5E), evidence for activation of these two main 

signaling cascades downstream of PDGF-Rβ which could be responsible for induced 

proliferation.  Use of the inhibitors PD98059 and LY24002 showed that both pathways are 

crucial to CSMC proliferation, since each inhibitor caused a significant, concentration-dependent 

reduction in 3H-thymidine uptake (Figure 2-5F).  
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Figure 2-5: Immunocytochemistry and western blotting showing that PDGF-Rβ signaling becomes active 
in primary cultures of circular smooth muscle cells (CSMC).   
Control appearance of PDGF-Rβ distribution in Day 12 CSMC, showing distinct outlining of the smooth 
muscle cells through both membrane and cytoplasmic staining.  Scale bar, 50 µm.  
Cohort culture to B, showing altered staining for PDGF-Rβ by 30 min post treatment with PDGF-BB (50 
ng/ml).  PDGF-Rβ expression has become mostly punctuate and localized to the peri-nuclear region 
(arrow), and fails to outline the cell peripheries (image magnification, exposure and processing identical as 
B).    
C,D.  Analysis of images of control (C) or PDGF-stimulated (D) smooth muscle cells stained for PDGF-
Rβ, showing altered distribution of staining intensity after stimulation with PDGF (50 ng/mL; 30 min).  
Individual line scans across cells (gray lines) were normalized for intensity and centred on the nucleus 
(gray bar; mean size 16.9 ± 0.4 (n=32) µm), with the average intensity calculated at 3 µm intervals (black 
line ± sem).  PDGF stimulation caused decreased staining intensity at cell margins with perinuclear 
staining.   
PDGF treatment induces activation of PDGF signaling via receptor activation and ERK and AKT 
phosphorylation (E).  Left, representative western blot showing PDGF-Rβ phosphorylation at 15’ post 
PDGF-BB treatment, with comparisons to total PDGF-Rβ and α-tubulin. Centre and right, representative 
immunoblots showing that PDGF-BB (50 ng/ml) induces both Akt and ERK phosphorylation. 
Inhibition of ERK and AKT phosphorylation limited PDGF-BB-induced 3H-thymidine incorporation (F).  
PD98059 or LY294002 were applied 60 min before addition of PDGF-BB (50 ng/mL). *, p<0.05 vs PDGF 
treatment alone. 
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High concentrations of IGF-1 required to activate IGF-1-signaling in primary CSMC: 

The onset of IGF-1 receptor expression and activation was studied similarly by 

immunocytochemistry and immunoblotting.  Unlike PDGF-Rβ expression, IGF-1-R expression 

was largely cytosolic at all time points studied in vitro, and stimulation with IGF-1 failed to 

induce cellular re-distribution of IGF-1-R (Figure 2-6A,B).  IGF-1 signaling also involves 

phosphorylation of its receptor (Pollak, 2008).  Addition of IGF-1 (50 ng/ml) for 15 min failed to 

induce receptor phosphorylation, in line with minimal stimulation of IGF-1-dependent growth 

stimulation seen above (Figure 2-6C).  Control experiments confirmed the detection of pIGF-1R 

in a positive control (IEC-18 cells) under identical conditions, implying a low sensitivity of IGF-

1R for its ligand in CSMC under these conditions.  Both higher concentrations of IGF-1 and 

longer times of stimulation were necessary to obtain evidence for IGF-1R phosphorylation in 

CSMC:  while 15 min stimulation with 100 ng/ml induced only weak IGF-1R phosphorylation 

but 30 min stimulation induced a more robust level of IGF-1R phosphorylation (Figure 2-6C).   
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Figure 2-6: IGF-R signaling in primary cultures of circular smooth muscle cells. 
(A) Immunocytochemistry for IGF-1R showing intracellular localization and lack of membrane staining 
(note absence of cell edges compared with Fig. 2-5B above).  Scale bar, 50 µm.   
(B) Similar appearance of IGF-1R staining by 30 min after stimulation with IGF-1 (100 ng/mL) as in 
control in A; same magnification and image processing. 
(C) Left, representative immunoblots showing that IGF did not induce phosphorylation of IGF-1R by 15 
min (50 ng/mL) although effective in the positive control (IEC-18 cells).  Right, representative 
immunoblots showing that a longer stimulation time and higher concentration of IGF (15 min and 30 min 
with 100 ng/mL) could induce IGF-R phosphorylation in primary CSMC. 
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These multiple lines of evidence showed that IGF-1 signaling was present in primary cultures of 

CSMC but only weakly active in causing CSMC proliferation compared with the effective 

signaling and growth stimulation of PDGF-BB on these cells.  This suggested a potentially 

similar and dominant role for PDGF-BB-induced smooth muscle growth in vivo, and this was 

studied in the rat model of TNBS-induced colitis, where we have described inflammation-induced 

hyperplasia of the smooth muscle (Blennerhassett et al, 1992). 

 

PDGF-Rβ expression in vivo: 

Immunocytochemistry showed that PDGF-Rβ was expressed in all layers of the intestine of 

control animals, although to greatly varying degrees (Figure 2-7A).  In the mucosal layer, 

strongly immunoreactive cells underneath the epithelium were interpreted to be sub-epithelial 

myofibroblasts, and PDGF-Rβ staining was present in both the medial vascular smooth muscle 

cells and the outer adventitia of the larger blood vessels of the submucosa.  However, PDGF-Rβ 

expression in the smooth muscle layers was limited to only a small proportion of cells, which 

failed to show co-localization of staining for desmin (e.g. Figure 2-7B), and thus were not 

intestinal smooth muscle cells.  Dual label immunocytochemistry showed that this PDGF-Rβ 

labeling was closely associated with an endothelial marker, platelet/endothelial cell adhesion 

molecule (PECAM), present on the small blood vessels in the smooth muscle layer (Figure 2-6C).  

This was particularly evident in whole-mount preparations of the circular smooth muscle layer, 

where PDGF-Rβ-positive vascular cells were seen in close association with PECAM-positive 

endothelial cells and could be identified as pericytes (inset, Figure 2-7C).  In sections of the 

colon, the majority of PDGF-Rβ positive cells in the smooth muscle tissue showed similar close, 

but non-overlapping association with dual labeling for PECAM expression, with only a small 
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proportion of cells expressing PDGF-Rβ alone, possibly due to the exclusion of the remainder of 

the vessel from the section. 
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Figure 2-7: Immunocytochemistry for the presence and distribution of PDGF-Rβ in the mid-descending 
colon of the control rat. 
(A) Fluorescence micrograph showing expression of PDGF-Rβ (bright areas) is expressed in all layers of 
the control colon.  In the smooth muscle layer, PDGF-Rβ is expressed on a small proportion of cells 
(arrow).  There is strong labeling in the mucosa of subepithelial myofibroblasts (eg, arrows) and of blood 
vessels in the submucosa (eg, asterisk).  In the smooth muscle layers, there were small numbers of 
dispersed positive cells (arrowhead).  Scale bar, 110 µm. 
(B) Higher magnification images of smooth muscle layers of control colon after staining for PDGF-Rβ 
(red) and for the differentiated smooth muscle marker, desmin (green) showing lack of co-localization 
within the circular smooth muscle layer (note arrows). Scale bar, 90 µm. 
(C) Proximity of staining of PDGF-Rβ (green) with the endothelial marker, PECAM (red).  In the 
submucosa, larger blood vessels were identified with strongly PECAM-positive endothelial cells (arrows) 
and PDGF-Rβ expression on both the vascular smooth muscle cells and the outer adventitia.  In the smooth 
muscle layers, PECAM was expressed on smaller blood vessels (lower arrows) in close proximity to 
PDGF-Rβ, with PDGF-Rβ immunoreactivity rarely observed alone (eg, arrowhead).  Inset, representative 
image of PDGF-Rβ (green) and PECAM (red) labeling of a whole mount of the circular smooth muscle 
layer, showing close, but non-overlapping expression of PDGF-Rβ (green) on pericytes (arrow) adjacent to 
PECAM-positive endothelial cells. Scale bar, 140 µm; inset, 10 µm. 
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While few or no intestinal smooth muscle cells expressed PDGF-Rβ in the control colon (Figure 

2-7A), induction of colitis by mucosal application of TNBS caused a rapid and obvious increase 

in staining of PDGF-Rβ-positive intestinal smooth muscle cells by Day 4 (Figure 2-8A).  

Quantification showing that more than 20% of cells were PDGF-Rβ-positive by 6 hr, increasing 

to 30% by Day 4 (Figure 2-8B).  To address the possible contribution of angiogenesis to this 

increase, dual-label immunocytochemistry and confocal microscopy were used to show the 

relative distributions of PDGF-Rβ and PECAM immunoreactive cells (Figure 2-8C).  This 

consistently showed that the great majority of PDGF-Rβ positive CSMC occurred independently 

of PECAM-labeling, implying a lack of contribution of vascular smooth muscle.    
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Figure 2-8: Immunocytochemistry showing TNBS-induced colitis induces rapid upregulation of PDGF-Rβ 
among intestinal smooth muscle cells of the inflamed mid-descending rat colon. 
(A) Fluorescence micrograph showing extensive presence of PDGF-Rβ (green) on smooth muscle cells in 
the circular smooth muscle layer by Day 4 of colitis.  Arrows indicate examples of positive (arrow) vs 
negative (arrowhead) cells (nuclear staining with Hoechst (blue)).   Scale bar, 120 µm. 
(B) Quantification of the number of PDGF-Rβ-positive CSMC at early time points of colitis. *, p<0.05 vs 
control; n≥ 3 animals per time point; cell numbers = 810 (6 hr) and 717 (Day 4).  
(C) Confocal micrograph of a section of inflamed colon showing distribution of PDGF-Rβ (green) and 
PECAM (red) among cells of the circular smooth muscle (CSM) and longitudinal smooth muscle (LSM) on 
Day 4 of TNBS-induced colitis.  Stacked image compiled from four Z-scans at 0.45 µm separation with 
cellular structure visualized with Nomarski optics.  Note labeling of intestinal smooth muscle cells for 
PDGF-Rβ (eg, arrows) that is distinct and separate from vascular elements (BV).  Scale bar, 25 µm. 
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The increase in PDGF-Rβ expression correlated well with the presence of ISMC hyperplasia in 

this model, where increased SMC number is first observed by Day 2 and is increased by Day 4 

but complete with no further proliferation by Day 6 (Lourenssen et al, 2005).  Mitogenic 

signaling should therefore appear early, and might match with the appearance of PDGF-Rβ over 

this time course.  This was examined in small strips of circular smooth muscle, which were taken 

from either control or Day 2 animals as described for the establishment of the culture model 

above and subjected to enzymatic dissociation.  The resulting cell suspensions were briefly 

stimulated (15 min) with IGF-1, PDGF-BB or vehicle before homogenizing and 

immunoprecipitation using the IGF-1-R or PDGF-Rβ antibody.    

 

Immunoblots showed no expression of PDGF-RΒ in control freshly isolated CSMC but strong 

expression in CSMC isolated on Day 2 of colitis (Figure 2-9A), in agreement with data for 

immunocytochemistry in vivo.  Further, stimulation with PDGF-BB (100 ng/mL for 15 min) 

caused the appearance of pPDGF-RΒ in CSMC from the inflamed colon but not the control 

colon, showing functional expression of its receptor in these isolated CSMC.  As expected, the 

positive control of primary cultured CSMC showed robust expression of pPDGF-Rβ following 

exposure to PDGF-BB, since these cells showed a strong growth response to this stimulus.  In 

contrast, IGF-1-R was detected in roughly similar amounts in CSMC from either the control or 

inflamed colon (Figure 2-9B) and there was no detectable expression of pIGF-1-R in 

unstimulated CSMC from the control or inflamed colon.  Moreover, application of IGF-1 (100 

ng/mL) did not induce pIGF-1-R in these isolated CSMC.  This is interpreted as evidence that 

inflammation causes the expression of functional PDGF-Rβ in circular smooth muscle.  This may 
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represent the major mechanism for the hyperplasia of ISMC that occurs early in the inflamed 

colon. 
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Figure 2-9: Circular smooth muscle cells (CSMC) from the acutely inflamed intestine of the rat are 
responsive to PDGF but not IGF-1.  CSMC were isolated from control rats or at 2 days of TNBS-induced 
colitis and incubated with either PDGF-BB, IGF-1 (100 ng/ml; (+)) or vehicle. Following 
immunoprecipitation with the PDGF-Rβ or IGF-R antibody, samples were immunoblotted using pPDGF-
Rβ and PDGF-Rβ or pIGF-R and IGF-R antibodies, respectively.  Outcomes are representative of at least 3 
independent experiments. 
(A) Representative immunoblots showing that freshly isolated control CSMC did not express PDGF-Rβ 
and no pPDGF-Rβ was detected after stimulation.  However, freshly isolated TNBS Day 2 CSMC 
expressed PDGF-Rβ as well as phosphorylated PDGF-Rβ that was markedly increased with stimulation by 
PDGF-BB.  Primary CSMC (ie, cultured to confluence) were used as a positive control.  
(B) Representative immunoblots showing that IGF-1R was expressed in CSMC from both control rats and 
at Day 2 of colitis without detectable base-line phosphorylation.  Appearance of pIGF-1R did not increase 
with stimulation of CSMC from the inflamed colon by IGF-1 (100 ng/mL), although a strong response was 
detected in the positive control of primary CSMC (ie, confluent cultures).  
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Discussion: 

In the normal intestine, ISMC are contractile, non-proliferating cells.  However, inflammation 

changes many aspects of ISMC physiology such as their contractile properties (Wells and 

Blennerhassett, 2004) and for a substantial number of cells, causing a re-entry into the cell cycle 

that gives rise to significant increases in tissue mass (Blennerhassett et al, 1992 and Lourenssen et 

al, 2005).  While hyperplasia and altered cellular contractility will contribute to altered tissue and 

organ function during inflammation, these linked processes could be part of a lasting/persistent 

challenge to intestinal motility, with effects such as increased tissue mass that remain following 

resolution.  With repeated inflammatory episodes, like those characteristic of Crohn’s disease, 

alterations of cellular number and nature may lead to intestinal obstruction and stricture formation 

Van Assche et al, 2004).   

 

The reasons for the onset of growth of smooth muscle in the inflamed intestine are not 

understood, although well characterized in other systems.  For example, the onset of intimal 

hyperplasia in the vasculature due to endothelial damage involves the loss of endothelial nitric 

oxide-mediated growth inhibition at the same time as exposure to serum-derived mitogens 

(reviewed in Berk, 2001).  Knowledge of the inhibitory influences on growth of ISMC in vivo is 

also limited, but there is evidence for an inhibitory intrinsic neural input (Blennerhassett and 

Lourenssen, 2000, Marlow and Blennerhassett, 2006 and Pelletier et al, 2010) as well as 

extracellular matrix-mediated mechanisms (Berk, 2001).  These could give insight into 

understanding of the shift in the balance towards cell growth that in the well-defined model of 

TNBS-colitis is evident by 48 hr and complete by Day 6 (Lourenssen et al, 2005). To study this, 

we developed a tissue culture model using freshly isolated circular SMC that allows study of the 
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onset of responsiveness to potential mitogens in the period immediately following enzymatic 

isolation.   

 

CSMC were isolated from the normal colon similarly to those studied earlier for their contractile 

properties, which showed highly reproducible elevations of intracellular Ca++ and contractile 

responses to acetylcholine and serotonin (Wells and Blennerhassett, 2004 and Wells and 

Blennerhassett, 2005).  In the present study, these cells were followed in primary culture, as they 

attached to the culture surface and over time, became responsive to exogenous mitogens.  

Adaptation to culture was successful for a high proportion of the initial cells, which then 

uniformly displayed markers of smooth muscle phenotype, reasons for confidence that the 

outcomes from their study are representative of the cell population, and not of a small founder 

subset.  In addition, the use of thin strips of circular smooth muscle tissue to derive these cultures 

was essential in enabling their subsequent relative purity, with minimal presence of interstitial 

cells, neurons and vascular smooth muscle and particularly, the easily cultured enteric glia.  

 

Initial work focused our attention on PDGF-BB and IGF-1, since other mitogens were inactive.  

While CSMC in vitro acquired widespread expression of receptors for both PDGF and IGF-1, 

multiple lines of evidence showed that PDGF-BB was a far more potent stimulus for growth. This 

was evident in assays of BrdU incorporation at early times, subsequent 3H-thymidine 

incorporation, by direct cell counting and by evaluation of receptor phosphorylation.  This 

showed that CSMC could respond sensitively to PDGF-BB as a mitogen, although no evidence 

for expression of PDGF-Rβ was seen in vivo or initially, in vitro.  However, CSMC both in the 

inflamed colon and after their isolation in vitro showed high levels of PDGF-Rβ expression as 
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well as PDGF-BB-induced receptor phosphorylation.  Since the response to IGF-1 in those cells 

remained relatively weak, PDGF-BB derived from platelet activation could be the main driving 

factor for CSMC hyperplasia early in colitis with the initiation of transcription and expression of 

PDGF-Rβ governing responsiveness to this factor (whereas IGF-R is continuously present).  

However, we caution that events of inflammation in vivo may be complicated by the presence of 

multiple growth factors, cytokines and binding proteins as well as alterations to extracellular 

matrix.   

 

While earlier studies using human ISMC confirmed that IGF-1 can be mitogenic in vitro, with 

100 nM (equivalent to 765 ng/mL) causing the maximal response of doubling of 3H-thymidine 

uptake (Kuemmerle, 2006 and Kuemmerle and Bushman, 1998), the actions of IGF-1 that lie 

outside of a mitogenic role may be critical in understanding its importance to the ISMC.  

Recently, Hazelgrove et al. (Hazelgrove et al, 2009) showed that the ISMC on Day 7 of TNBS 

colitis represent an altered phenotype, one in which there is a significantly increased level of 

endogenous phosphorylation of the IGF-1R driven by IGF-1 production and autocrine 

stimulation.  Since IGF-1 is up-regulated in Crohn’s disease (Pucilowska et al, 2000 and 

Zimmermann et al, 2001), and IGF-1 can promote extracellular matrix deposition by ISMC after 

extended culture (Xin et al, 2004) as well as cause alpha-V-beta3 integrin-dependent cell growth 

(Kuemmerle, 2006) and migration (Clemmons and Malle, 2005), this may have significant 

consequences in vivo.   Specifically, it is possible that the initial onset of hyperplasia (leading to 

up-regulated expression of largely cytosolic IGF-R as shown here) represents the framework for 

subsequently increased IGF-1 signaling efficiency that can be realized with either protracted cell 

division in vitro or with repeated inflammatory events in vivo.  This is in keeping with our 
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understanding of the events leading to intestinal stricture formation in human Crohn’s disease as 

well as in the sporadic strictures that we described in TNBS colitis (Marlow and Blennerhassett, 

2006).    

 

The pathology of liver fibrosis shows a close parallel with the changes in CSMC seen here, since 

PDGF is the most potent proliferative factor and liver stellate cells gain expression of PDGF-Rβ 

upon activation (reviewed in Bonner, 2004).  In liver fibrosis, increased levels of PDGF-BB are 

derived from infiltrating macrophages (Andrae et al, 2008 and Ikura et al, 1997), which may also 

occur in the inflamed intestine.  For example, elevated levels of PDGF-BB have been described 

in both serum and biopsy samples in IBD (Krzystek-Korpacka et al, 2009 and Sandor et al, 

1998), where both PDGF-BB and PDGF-Rβ may be present in inflamed intestinal regions 

(Kumagai et al, 2001).  However, the permissive events that regulate the early onset of growth 

factor receptor expression and CSMC hyperplasia as well as their subsequent down-regulation 

remain poorly understood.  Multiple factors are likely involved, such as damage to the enteric 

nervous system that coincides with hyperplasia and can indicate loss of an inhibitory input 

(Lourenssen et al, 2005 and Pelletier et al, 2010), pro-inflammatory cytokines from resident and 

infiltrating immune cells as well as the actions of immune cell-derived proteases on extracellular 

matrix factors that may interfere with critical integrin receptor signaling (Kuemmerle, 2006).  

Thus, evidence for PDGF-BB as a major pro-mitotic factor in vitro and in vivo, while useful in 

understanding the process of hyperplasia, requires study of earlier events and a more complete 

understanding of these before evolution of a strategy for control of unwanted ISMC growth in 

either animal models or in human disease. 
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Chapter 3 

General Discussion 

Thesis Summary 

The normally contractile and non-proliferative ISMC provide the mechanical force necessary 

organ motility. However, inflammation induces changes to the smooth muscle at the cellular level 

resulting in permanent alterations to organ function. Hypertrophy of the smooth muscle tissue is 

one such change identified and using animal models and has been shown to be largely the result 

of SMC hyperplasia. While SMC hyperplasia is observed and well characterized in other 

inflammatory pathologies, the study of mitogens responsible for ISMC hyperplasia are limited. 

 

Earlier work identified IGF-1 as an ISMC mitogen during inflammation, and since this time, a 

single laboratory has conducted studies of this growth factor. Despite extensive characterization 

of the intracellular signaling responsible for IGF-1 induced proliferation, these studies of ISMC 

proliferation were limited. Not only were these studies largely conducted using first passage 

ISMC isolated from obese patients undergoing bowel resection, the possible involvement of other 

mitogens was never explored.  

 

In order to contribute to the knowledge of inflammation-induced ISMC hyperplasia, the objective 

of the current thesis was to expand upon this body of work. Firstly, a primary cell model, which 

was hypothesized to better represent ISMC in vivo would be developed and employed to evaluate 

outcomes. Secondly, the candidate factors examined would be broadened to include those that 
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have been identified as mitogens elsewhere. The final phase would be to assess the plausibility of 

this factor as an ISMC mitogen in vivo by examining its role in the TNBS model of rodent colitis.  
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Principal Findings 

In vitro Outcomes: 

The first contribution of this thesis was the generation of a primary rat intestinal CSMC culture. 

CSMC were isolated from the normal colon similarly to those used in earlier contractile studies 

by R. Wells and showed highly reproducible elevations of intracellular Ca2+ and contractile 

responses to ACh and serotonin (e.g. Wells and Blennerhassett, 2004). These cells showed and 

provided valuable insight into the effects of colitis on cellular contractility. However, these 

isolated cells were used only for short-term experiments and no attempts were made to develop 

longer-term cultures as this was beyond the scope of these experiments. In the current thesis, 

these isolated cells were characterized in primary culture as they attached to the culture surface 

and became responsive to mitogens. A high percentage of these cells adapted successfully to 

culture and uniformly displayed markers of smooth muscle phenotype including α-actin, desmin 

and smoothelin. Further, immunochemistry for c-kit demonstrated absence of ICC. Assessment of 

cell number following isolation identified a phenotypic shift towards a proliferative state 

occurring prior to Day 5 in culture. This represents a transition period in culture and was 

preceded by the onset of PDGF-Rβ expression on Day 4 and subsequent responsiveness to 

PDGF-BB. Taken together, these findings demonstrated that PDGF-Rβ expression overlapped a 

phenotypic shift and preceded proliferation potentially modeling the events of intestinal 

inflammation.  

 

A primary ISMC model was chosen for this thesis over a traditional, passaged ISMC model since 

the former was hypothesized to be more representative of SMC in vivo. This model has since 

been used in a recent study focused on the ISMC phenotype modulation as a consequence of 
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proliferation, which has raised important questions. Work by Nair demonstrated that this primary 

model might not be as characteristic of normal SMC in vivo as initially proposed (Nair et al, 

2011). Findings of reduced expression of SMC marker proteins as a function of time in culture, 

concomitant with the expression of a key cell proliferation regulator, cyclin D1, suggested that 

these primary cultures were composed of SMC of a proliferative phenotype (Nair et al 2011).  

These cells may be similar to the immature myoblast phenotype that is observed during ISMC 

development. A property of these myoblasts is expression of specific marker proteins and 

predominantly express α–actin, while mature, contractile ISMC largely express γ-actin (reviewed 

McHugh, 1996). The current thesis demonstrated that these primary culture cells expressed a 

subset of these smooth muscle marker proteins and concluded that these cells were representative 

of ISMC in vivo, but did not examine γ-actin expression.  

 

Regardless, these SMC markers (α-actin, desmin and smoothelin) were still detectable in the 

primary ISMC model used in this thesis. Further, reduction of growth stimulus (fetal calf serum) 

from 5% to 0.25% for 7 days by Nair was shown to enhance synthesis of the SMC marker, SM-

actin. This was interpreted as evidence of a phenotypic modulation back towards a differentiated 

SMC.  The proliferation assays used in the current thesis included a 3-day period of serum-

deprivation. It is possible that over this period void of growth stimulus that the cultures reverted 

to a more differentiated state similar to Nair et al, 2011. However, this would require further 

investigation.  

 

Despite this finding, it is reasonable to postulate that in the spectrum of SMC phenotype, the 

primary ISMC model used in this thesis is more representative of normal, non-proliferative SMC 
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than late passage cultures that have been typically used in the vascular SMC studies that have 

provided key insight into the understanding of SMC proliferation in pathologies such as 

atherosclerosis and pulmonary hypertension.  

 

PDGF is a Potent ISMC Mitogen: 

The second contribution of this thesis was the demonstration of PDGF-BB as a potent ISMC 

mitogen in vitro. Based on a substantial body of work in other pathologies, including vascular and 

respiratory, PDGF-BB was proposed to be a mitogen for ISMC during inflammation. In this 

work, numerous researchers have demonstrated that PDGF-BB induces the dimerization of its 

cognate receptor, PDGF-Rβ, thus triggering a series of molecular events that ultimately culminate 

in cell proliferation Figure 1-9) (reviewed in Andrae et al, 2008). However, PDGF-BB has never 

been evaluated as a mitogen for ISMC. 

 

Using the aforementioned primary ISMC model, PDGF-BB was found to be a potent ISMC 

mitogen in vitro. This was verified using different experimental approaches including the uptake 

of 3H-thymidine, BrdU incorporation, as well as actual cell counts, thereby providing strong 

evidence for this conclusion. Further, recent work by Nair confirmed that PDGF-BB induced 3H-

thymidine data using this model. After establishing that PDGF-BB stimulated ISMC proliferation 

in this model, the early molecular events of PDGF-BB stimulation were examined and found to 

parallel those shown in SMC models elsewhere, including PDGF-Rβ phosphorylation, and 

activation of both Akt and ERK signal transduction pathways. While beyond the scope of the 

current thesis, PDGF-BB would also be expected to activate a number of other signal 

transduction pathways including JNK, PKC, PLCγ and p70S6K (see Andrae et al 2008).  
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PDGF-BB induced PDGF-Rβ mobilization, which has not been well characterized in other SMC 

systems, was observed using immunocytochemistry. While initially localized uniformly 

throughout the cell, stimulation with PDGF-BB produced an apparent mobilization of PDGF-Rβ 

as the appearance of PDGF-Rβ expression became punctate and strongly localized to the peri-

nuclear region of the cells, which is characteristic of receptor tyrosine kinase activation. These 

activated PDGF-BB receptors re-localize to the peri-nuclear space and act as platforms for signal 

transduction pathways including Akt and ERK and can activate transcription of genes involved in 

proliferation, while suppressing genes involved in contractility (reviewed in Deaton et al, 2009). 

While PDGF-BB induced activation of PDGF-Rβ and Akt and ERK signal transduction pathways 

is not novel, the work presented in this thesis is the first time they have been identified in ISMC. 

 

IGF-1 is a Weak ISMC Mitogen: 

Prior to the current thesis, the only factor shown to possess mitogenic activity for ISMC was IGF-

1. The basis of IGF-1 as an ISMC mitogen was grounded in a number of lines of evidence, 

including fluorescence-activated cell sorting for analysis of cell cycle progression, cyclin 

activation and 3H-thymidine activation and comes from a series of publications from the 

Kuemmerle Laboratory (see References). Work from the current thesis demonstrated that IGF-1 

induced a similar three-fold increase in 3H-thymidine incorporation. Further, immunoblotting 

detected activation of the IGF-1 receptor, IGF-1R, following treatment with IGF-1 in the primary 

ISMC model developed for this thesis. However, comparative analysis of the mitogenic activities 

of IGF-1 and PDGF-BB determined that these cells were significantly more responsive to the 

PDGF-BB. 
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Interestingly, the quantity of IGF used in the Kuemmerle publications was incongruous with other 

studies of mitogens. While most laboratories stimulate cultures with mitogens in units of 

nanograms per milliliter (ng/mL), Kuemmerle, used nanomolar  (nM) doses. For example, since 

the molecular weight of IGF-1 is less than that of PDGF-BB, cells treated with a given ng/mL 

amount of IGF received far greater molar-equivalent stimulation. In fact, the 100 nM IGF-1 

stimulation by Kuemmerle converts into a concentration of 765 ng/mL of IGF-1. It is possible, 

that had Kuemmerle conducted a dose response to IGF-1, he would have substantially reduced his 

stimulating dose for future experiments as results from the current thesis showed that a dose of 

100 instead of 765 ng/mL would have been sufficient for the three-fold increase in 3H-thymidine 

incorporation. Work by the Owens Laboratory, which has been active in VSMC proliferation and 

phenotype studies, has typically used PDGF-BB doses of 5-60 ng/ml (e.g. Dandre and Owens, 

2004). When cells were treated with equal molar concentrations of PDGF-BB and IGF-1 (2 

nmolar, equivalent to 50 ng/ml of PDGF-BB) only PDGF-BB induced a mitogenic effect.  

 

 

PDGF-BB Signaling is Active In vivo During Inflammation: 

With the novel finding of PDGF-Rβ appearance coinciding with ISMC proliferation and the 

subsequent demonstration of PDGF-BB being a potent mitogen in vitro, it could be extrapolated 

that PDGF-BB is adequate and sufficient to induce ISMC proliferation during inflammation. The 

next key step was to evaluate this hypothesis in vivo, which was the third contribution of this 

thesis. For PDGF-BB to be a key mitogen in vivo, it was postulated that its receptor, PDGF-Rβ, 

was expressed by ISMC. Surprisingly, immunocytochemistry showed that only a small fraction 
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of ISMC expressed PDGF-Rβ. In fact, PDGF-Rβ expression was largely localized to pericytes in 

the intestinal vasculature in the muscle and submucosal layers and subepithelial myofibroblasts in 

the submucosal layer. A general review of the literature suggested PDGF-Rβ expression in 

smooth muscle cells of the vasculature (Andrae et al, 2008). However, when sections of the 

descending aorta and heart were immunolabeled for PDGF-Rβ, only sparse expression was 

observed (unpublished observation, Stanzel). After review of the literature, others showed these 

findings of minimal PDGF-Rβ expression in normal smooth muscle tissue: PDGF-Rβ expression 

is minimal in control, but induced following damage (e.g. aortic balloon injury model) (Majesky 

et al, 1990 and Rubin et al, 1988). Further, the lack of PDGF-Rβ expression in ISMC from 

control animals was in agreement with PDGF-Rβ transcriptional analysis, which showed that 

freshly isolated ISMC produced little PDGF-Rβ in comparison to cells that had been in culture 

for 4 days. For the original hypothesis of PDGF-BB being an ISMC mitogen to be valid, PDGF-

Rβ expression must occur in vivo prior to the onset of ISMC proliferation, paralleling its 

appearance early during culture. Evaluation of inflamed sections of rat colon provided clear 

evidence of PDGF-Rβ expression SMC after only 6 hr of inflammation. This represented the first 

evidence of PDGF-Rβ up-regulation in the inflamed rat colon. Since ISMC proliferation in vivo 

was found to be maximal in this model at Day 2 of inflammation, up-regulation of PDGF-Rβ by 6 

hr supported the role of PDGF-BB in this process. Further, immunoprecipitation experiments 

detected on-going PDGF-Rβ activation in freshly isolated ISMC from Day 2 animals, which 

could be further increased by exogenous PDGF-BB. This finding represented the first evidence of 

active PDGF-Rβ signaling in ISMC from inflamed animals. Taken together, these findings 

provided strong support for PDGF-BB being a mitogen for ISMC during inflammation.  
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Work by Hazelgrove from the Kuemmerle laboratory was published at the time the manuscript 

included in this thesis was being prepared for publication and provided intriguing findings 

(Hazelgrove et al, 2009). In contrast to past work from the Kuemmerle laboratory (see 

References), which used SMC isolated from obese human patients, this study used SMC isolated 

from TNBS model of colitis. By immunoprecipitating SMC lysates from control and inflamed 

tissue with an IGF-1R antibody and immunoblotting with a phospho-tyrosine antibody, they 

found that IGF-1R was constitutively activated, and phosphorylation was enhanced during 

inflammation. Interestingly, they chose to examine tissue from day 7 of TNBS colitis despite 

work by Lourenssen that in this model SMC proliferation ceased by day 6. Work by Hazelgrove 

may, therefore, demonstrate a role for IGF-1 in post-mitotic SMC and is discussed later.  

 

In contrast to Hazelgrove (Hazelgrove et al, 2009), findings from the current thesis found no 

evidence of IGF-1R activation in ISMC from either control or Day 2 of inflammation, which 

were treated with IGF-1 or not, despite detecting the appearance of IGF-1R. It is not clear why 

activation was not detected since it was present in the positive control of primary ISMC. A 

possible explanation may be that Hazelgrove immunoblotted IGF-1R- immunoprecipitated 

samples with a general phosphotyrosine antibody, while in the current thesis, IGF-1R-

immunoprecipitated samples were immunoblotted with a specific phosphorylated IGF-1R 

antibody. IGF-1R has three major tyrosine autophosphorylation sites, which must be 

phosphorylated for kinase activation (Hernández-Sánchez et al, 1995). It is possible that the 

general phosphotyrosine antibody Hazelgrove used detected a minor phosphorylated tyrosine 

residue that has not been show to be involved in IGF-1R activation. As indicated above, similar 

experiments using antibodies to PDGF-Rβ and pPDGF-Rβ, found evidence of on-going PDGF-
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Rβ activation in ISMC isolated from inflamed animals that could be increased by exogenous 

PDGF-BB in the current thesis. This was interpreted as further evidence for PDGF-BB and not 

IGF-1 being a potent mitogen for ISMC during inflammation. 

 

Despite the findings in the current thesis that PDGF-BB and not IGF-1 is a potent ISMC mitogen 

during inflammation, the role of IGF-1 in this system cannot be dismissed. A large body of work 

by the Kuemmerle laboratory has found evidence for the mitogenic activity of IGF-1 for isolated 

ISMC. However, when examined in an animal model, this group found evidence for active IGF-1 

signaling in post-mitotic ISMC, as mentioned above. More recent work by the Kuemmerle 

laboratory found evidence for IGF signaling in post-mitotic human strictures. Given earlier 

demonstration of increased IGF-1 and IGF-binding proteins in intestinal stricture regions, Flynn 

recently found evidence for IGF-binding protein-3 in enhancing collagen production by ISMC 

through a TGF-β signal transduction pathway (Flynn et al, 2011). Given this finding, IGF-1 

signaling may play a key role in the alteration of extracellular matrix physiology during 

inflammation. 

 

 

Taken together, this thesis found evidence that PDGF-BB and IGF-1 are mitogens for ISMC, 

while bFGF and EGF were not. However, the data presented here support PDGF-BB as a potent 

mitogen, while IGF-1 is a relatively weak mitogen.  
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Why PDGF-BB is and PDGF-AA is not an ISMC Mitogen: 

As discussed in the General Introduction, the PDGF family consists of four genes, PDGF-A, B, C 

and D, which belong to a family of structurally and functionally related growth factors that 

includes VEGFs. Given the homology between PDGF isoforms, the possible involvement of 

other PDGF family members deserves attention. Due to the more recent discovery of the PDGF-C 

and PDGF-D isoforms, much remains unknown of their involvement in physiology and 

pathology. However, recent studies have revealed evidence that PDGF-DD may have a role 

similar to PDGF-BB. 

 

Recent work has provided evidence for PDGF-DD in the SMC pathophysiology. These data 

indicate that the more recently discovered PDGF-DD isoform is a more selective PDGF-Rβ 

agonist than PDGF-BB and also promotes proliferation and repression of SMC differentiation 

(reviewed in Alexander and Owens, 2012). However, since PDGF-BB was the best-characterized 

agonist for PDGF-Rβ at the time the thesis commenced, PDGF-DD was not included. Future 

work should evaluate PDGF-DD as a potentially potent factor for ISMC proliferation during 

inflammation, especially since its receptor, PDGF-Rβ is up-regulated prior to ISMC proliferation. 

Since PDGF-AA and -BB have long been known to be mitogens in other systems, they were 

included in the current study.  

 

Using a passaged rat ISMC model, Blennerhassett earlier found evidence for PDGF-BB and not 

AA inducing 3H-thymidine incorporation (Blennerhassett, unpublished observation), which was 

corroborated in the current thesis. It is postulated that the reason PDGF-BB is, while PDGF-AA 

is not an ISMC mitogen may be due to diverging development roles. 
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In embryonic development, PDGF family members are critical for: alveogenesis; cardiovascular 

development; glomerulogenesis; intestinal villus morphogenesis; oligodendrogenesis and 

spermatogenesis (reviewed in Andrae et al, 2008). While the roles of PDGFs in normal adult 

physiology appear to be limited, they are involved in a number of pathologies, including 

atherosclerosis, various forms of cancer, fibrotic diseases, PAH and retinal vascular disease. 

PDGF-AA and BB have discrete roles in development that may continue in adult physiology, but 

become clearly prominent in pathology (reviewed in Andrae et al 2008).  

 

While downstream signaling cascades overlap, there appear to be distinct roles for PDGF-AA and 

PDGF-BB in development, as elucidated in gene-targeted mouse models. PDGF-AA expression 

is present in a number of cell types including epithelia. Since PDGF-Rα is reciprocally expressed 

by nearby mesenchymal cells, PDGF-Rα signaling is active in epithelial-mesenchymal 

interactions such as villus morphogenesis. In fact, embryological studies have shown that PDGF-

Rα knockout embryos develop few, irregular intestinal villi (Karlsson et al, 2000). PDGF-BB 

expression is concentrated in the developing vascular endothelium in the embryonic mouse 

(Lindahl et al, 1997). Since PDGF-Rβ expression is present in the perivascular mesenchymal 

cells such as vascular smooth muscle and pericyte progenitor cells, PDGF-BB signaling is more 

active in vascular development (Hellstrom et al, 1999). Embryos deficient in either PDGF-BB or 

PDGF-Rβ display pericyte and VSMC deficiency. Ultimately, widespread hemorrhage and 

edema cause embryonic lethality, due to failed vascular development (reviewed in Andrae et al, 

2008).  
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The role of PDGFs in intestinal smooth muscle development has not been extensively studied. 

Recent work by Kurahasi indicated that developing ISMC in mice express both PDGF-Rα and 

PDGF-Rβ and that PDGF-AA was expressed by the circular smooth muscle. Since addition of a 

PDGF receptor inhibitor blocked differentiation of longitudinal smooth muscle in an explant 

model, PDGF-AA was hypothesized to be critical for longitudinal smooth muscle differentiation 

(Kurahashi et al, 2008). Further, in an embryonic mouse model, exogenous BMP2 increased 

circular smooth muscle PDGF-AA expression. Based on these findings, it was hypothesized that 

the BMP2 produced by longitudinal smooth muscle induces PDGF-AA secretion by circular 

smooth muscle, thereby driving their differentiation in the developing mouse intestine (Torihashi 

et al, 2009). Given the importance of PDGF-BB signaling in VSMC development, this is an 

unexpected outcome. However, the underlying molecular mechanism of this signaling has not 

been fully elucidated and this observation has not been corroborated.  

 

In the adult intestine, there is evidence for the involvement of PDGF-AA and its receptor, PDGF-

Rα, in gastrointestinal stromal tumor pathology (reviewed in Andrae et al, 2008). However, only 

limited studies have examined PDGF biology in normal adult intestinal physiology and only 

PDGF-Rα has been characterized in the GI tract, having been studied in both mouse and guinea 

pig models. This work localized PDGF-Rα expression to the lamina propria, muscular layer and 

subserosa (Batts et al, 2006 and Chan et al, 2010). Specifically, Chan observed that cells 

expressing PDGF-Rα were in close proximity to ICC and enteric nerves. These cells were 

proposed to be a fibroblast subtype and, based on their localization, were interpreted to have a 

protective role in the normal physiology of ICCs. Given the high density of vascular tissue in the 

muscular layer and the importance of PDGF-Rβ in vascular biology (reviewed in Andrae et al, 
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2008), the presence of PDGF-Rα may be considered an unexpected outcome, albeit one that 

supports the conclusions of the aforementioned studies by Kurahasi and Torihasi. While little 

PDGF-AA was observed in the musculature, it was highly expressed in the epithelium. Based on 

this localization of PDGF-AA, authors proposed that PDGF-AA is involved in epithelial growth, 

survival and proliferation, as well as wound healing in the adult, which mirrors its role in 

embryonic villus development (reviewed in Andrae et al, 2008). The current thesis is the only 

study to-date examining the role of PDGF-BB and its receptor in the adult intestine. 

 

How Inflammation Affects the Intestine: 

In humans and animal models of intestinal inflammation, extensive immune cell infiltration 

between the mucosa and smooth muscle has been reported. For example, in the DNBS model of 

CD, eosinophils and neutrophils were detected within the myenteric ganglia within only 6 hr and 

persisted until Day 4 post onset of inflammation (Sanovic et al, 1999). These immune cells 

mediate responses through production and secretion of a number of pro-inflammatory cytokines. 

In CD and animal models of CD, these are Th1 and Th17-derived factors, including, interferon-γ 

and TNFα, as well as IL-6 and IL-12 and IL-17 (reviewed in Abraham and Cho, 2009). Following 

resolution of the inflammatory episode when immune cells have been cleared, CD produces a 

number of permanent consequences including the loss of myenteric neurons (Di Giorgio et al, 

2004) and ISMC hyperplasia (Dietrich, 2009 and Owens and Grisham, 1993).  However, the 

underlying causes and consequences of these events are incompletely understood.  

 

The similar TNBS and DNBS animal models provide a rich environment in which to study CD. 

In the DNBS model of CD, Sanovic reported that inflammation caused substantial damage to the 
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enteric nervous system by 24 hrs with the permanent loss of 50 percent of the neurons in the 

myenteric plexus by Day 2 of inflammation. This study found no significant loss of innervation 

(axon per SMC) at Day 6 (Sanovic et al, 1999). Unfortunately, this study did not examine 

innervation at the early time points of inflammation prior to the onset of SMC proliferation. A 

more recent study in the TNBS model of CD did examine the early consequences of 

inflammation on SMC innervation. This work found a significant decrease in axons per SMC at 

the earliest time examined, Day 1, which persisted until Day 6 (Lourenssen et al, 2005), the 

earliest time examined in Sanovic et al, 1999.  

 

Concomitant with this disrupted innervation, ISMC hyperplasia also occurs. Unlike the case of a 

vascular injury, such as a laceration, ISMC hyperplasia is not considered to be involved in wound 

healing and results in a permanent net increase in cell number. In the TNBS model, Lourenssen 

reported a two-fold increase in ISMC within 2 days, with a permanent 3-fold increase first by 

Day 6 (Lourenssen et al, 2005). Control studies confirmed that this response was due to 

inflammation, as vehicle alone failed to produce inflammation and subsequent ISMC 

proliferation. Based on this finding, the factors mitigating ISMC proliferation must occur prior to 

Day 2 in this model. Immune cell infiltration and disturbed intrinsic ISMC innervation occur at an 

appropriate time to play a role in ISMC proliferation. Further, clearing of immune cells and re-

establishment of innervation appear to coincide with the termination of ISMC proliferation.  

 

As mentioned above, the immune cells infiltrating the intestine secrete a number of pro-

inflammatory cytokines, which, among other activities may play a role in regulating ISMC 

hyperplasia. Work in the vasculature system has demonstrated that a subset of cytokines induces 
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SMC proliferation. For example, early work by Libby concluded that IL-1β was a VSMC 

mitogen in vitro. However, IL-1β alone did not produce a mitogenic effect, as IL-1β 

concomitantly stimulates the production of anti-proliferative prostanoids, such as PGE1 or PGE2. 

When VSMC were co-incubated with IL-1β and the cyclooxygenase inhibitor, indomethacin, IL-

1β did have a proliferative effect, as evidenced by a 3-fold increase in 3H-thymidine incorporation 

(Libby, et al, 1988). Based on this dual effect, IL-1β may not have mitogenic activity in vivo. A 

more recent study concluded that IL-1β was a VSMC mitogen in vitro. However, IL-1 β only 

induced a 1.5-fold increase in 3H-thymidine incorporation (Porreca et al, 1995). Another factor, 

TNFα, does appear to have mitogenic activity. Both ex vivo preparations and SMC isolated from 

human saphenous veins demonstrated a proliferative response to TNFα, but the underlying 

mechanism was not examined (Nintasen et al, 2012). While there is evidence for pro-

inflammatory cytokines inducing SMC proliferation elsewhere, this has never been evaluated in 

the inflamed intestine.  

 

A further consequence of CD is excessive ECM deposition, which is thought to contribute to 

intestinal fibrosis and contribute to stricturing (Fiocchi, 1998 and reviewed in Lawrence et al, 

2003). Work in the TNBS model reported that increases in inflammation-induced intestinal 

fibrosis was the outcome of excessive collagen deposition and tissue remodeling through the 

activities of MMP-1 and TIMP-1 (Lawrence et al, 2003). Recent work has also demonstrated that 

TGF-β signaling mediates collagen synthesis in the intestine. Elevated TFG-β1 expression in 

ISMC from strictures from CD patients was observed and shown to be involved in stimulating 

collagen-1α-1 expression (Flynn et al, 2011). In addition to cytokines and disrupted innervation, 

alterations to ECM have been proposed to play a role in ISMC hyperplasia. The ECM proteins, 
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fibronectin and vitronectin, as well as their shared receptor, αvβ3 integrin, are expressed by ISMC. 

Recent work in the TNBS model of colitis demonstrated that fibronectin and vitronectin 

expression increases and that an αvβ3 integrin antagonist reverses ISMC proliferation 

(Kuemmerle, 2006 and Hazelgrove et al, 2009). 

 

It is likely that multiple factors determine the onset and cessation of ISMC proliferation. Given 

that this results in permanent hypertrophy of the smooth muscle tissue, which alters organ 

function, understanding the underlying mechanism(s) responsible are of great potential value in 

developing new therapies for GI inflammation in IBD. 

 

Understanding the Role of PDGF-BB Signaling in ISMC Hyperplasia: 

The current thesis presents evidence that PDGF-BB is necessary and sufficient for ISMC 

proliferation during intestinal inflammation. This has two key requirements: 1) the presence of 

PDGF-BB and 2) the expression of PDGF-Rβ. Elsewhere, the expression of both ligand and 

receptor is spatio-temporally regulated during development and in certain pathologies (reviewed 

in Andrae). The expression of PDGF-BB was not explored in this thesis, but was inferred from 

detection of phosphorylated PDGF-Rβ in ISMC isolated from Day 2 animals. PDGF-BB could be 

hypothesized to originate from a number of cellular sources, including: platelets, macrophages, 

neurons, fibroblasts or VSMC during inflammation (reviewed in Heldin and Westermark, 1999). 

Data presented in this thesis demonstrate the in vivo induction of PDGF-Rβ 6 hr post TNBS 

instillation, which supports the plausibility of PDGF-BB as a mitogen. This thesis demonstrated 

evidence for PDGF-BB being a potent ISMC mitogen during inflammation. However, the in vivo 

finding of stimulated PDGF-Rβ expression underscores the importance of mechanism 
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responsible for PDGF-Rβ induction in inflammation-induced SMC hyperplasia. Currently, 

nothing is known of the factors responsible for stimulation of PDGF-Rβ expression by ISMC in 

intestinal inflammation. 

 

Induction of PDGF-Rβ Expression: 

Despite the importance of PDGF-Rβ expression in a number of other pathologies, including 

atherosclerosis, pulmonary arterial hypertension and liver fibrosis, little is known of the 

underlying molecular mechanisms. Research by the Funa Laboratory has identified some of the 

intracellular signaling mechanisms involved, including transcription factors, such as NF-Y and 

Sp1 (see in Funa and Uramoto, 2003). However, comparatively more is known of PDGF-Rβ 

transcriptional repression, which has been shown to involve the c-Myc transcription factor.  

 

 TGF-β and PDGF-Rβ Expression: 

 Increased PDGF-Rβ expression is observed in other pathologies, including 

atherosclerosis pulmonary hypertension and liver fibrosis. The mechanisms responsible are 

largely unclear, but in the case of atherosclerosis are thought to involve other elements involved 

in the natural history of cardiovascular disease, such as increased arterial blood pressure and α-

adrenergic stimulation (reviewed in Andrae, et al, 2008). As well, evidence supports the role of 

low-density lipoprotein related-receptor-1 (LRP1) in the regulation of PDGF-BB action in 

atherosclerosis. LRP1, a multifunctional transmembrane receptor, is tyrosine phosphorylated by 

PDGF-BB and interacts with PDGF-Rβ in VSMC. This interplay is complex, but results in the 

attenuation of PDGF-BB signaling through inhibition of PDGF-Rβ expression, as well as 

promotion of PDGF-Rβ degradation (reviewed in Andrae et al, 2008). Effects of LRP1 on PDGF-
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Rβ expression are mediated through the inhibition of TGF-β–induced PDGF-Rβ transcription. 

While the factors involved in PDGF-Rβ up-regulation by SMC in pulmonary hypertension are 

unknown, TGF-β has also been shown to induce PDGF-Rβ expression by hepatic stellate cells 

during liver fibrosis (reviewed in Bonner, 2004). Given its role in vascular and hepatic 

pathologies, and its up-regulation in stricture tissue, TGF-β is a viable candidate as a factor 

involved in the induction of PDGF-Rβ expression in the inflamed intestine.  

 

 A Role for Disrupted Innervation in PDGF-Rβ Expression? 

 In considering possible triggers for PDGF-Rβ induction during intestinal inflammation, it 

is important to focus on events that occur during the early stages of inflammation. One such event 

is the disruption of intrinsic innervation. Further, the effects of disrupted innervation on ISMC 

proliferation have been well characterized in vitro. Blennerhassett used a co-culture model of 

ISMC and myenteric plexus neurons to study the relationship between neural innervation and 

ISMC proliferation (Blennerhassett and Lourenssen, 2000). Neural ablation resulted in increased 

ISMC number and enhanced 3H-thymidine incorporation in response to rat and fetal calf serum 

(RS and FCS, respectively). As well, atropine caused similar increases in 3H-thymidine 

incorporation in these co-cultures demonstrating the involvement of cholinergic neurons in ISMC 

proliferation. In contrast to the inhibitive effects of intrinsic neurons on ISMC proliferation, the 

addition of sympathetic neurons to ISMC cultures promoted responsiveness of ISMC to FCS. As 

discussed above, a decrease in intrinsic innervation was noted early in the TNBS model of 

inflammation. Interestingly, no initial decrease in extrinsic innervation from sympathetic neurons 

was observed (Lourenssen et al, 2005). It is possible that the concomitant decrease in input from 

intrinsic neurons and constant input from extrinsic neurons provided a permissive environment 
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for ISMC proliferation early in inflammation. Further, a recent intestinal co-culture study 

demonstrated that nitric oxide production by enteric neurons could suppress ISMC growth, 

primarily through a cGMP-dependent mechanism (Pelletier et al, 2010).  

 

Further support for neural control of ISMC proliferation comes from a novel rat stricture model. 

In the TNBS model, Marlow reported the sporadic occurrence of intestinal strictures similar to 

those observed CD (Marlow and Blennerhassett, 2006). While these stricture regions showed 

increased extracellular collagen deposition, they were largely cellular and completely 

aganglionic. This loss of intrinsic innervation was proposed to initiate tissue remodeling, 

characterized by persistent proliferation and phenotypic modulation of cells in the smooth muscle 

layer, which is representative of stricture formation.  

 

While evidence supports the role of disrupted intrinsic innervation in ISMC proliferation, the 

involvement of disrupted intrinsic innervation in stimulating PDGF-Rβ expression remains 

unexplored. 

 

  

The Involvement of Inflammatory Cytokines in PDGF-Rβ Expression? 

 While nothing is known of the factors responsible for PDGF-Rβ expression by ISMC in 

intestinal inflammation, it is reasonable to postulate that factors present at or shortly after the 

inciting event, such as soluble factors from activated immune cells could be critical in this 

process. Since there is evidence for IL-1β and TNFα influencing SMC proliferation elsewhere, 

they may play a role in the inflamed intestine.  No evidence exists for these or other pro-
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inflammatory cytokines inducing PDGF-Rβ expression in the intestine or elsewhere, however, it 

is reasonable to hypothesize that they play a role in this process.  

 

 A Role for ECM Proteins in PDGF-Rβ Expression? 

 While disrupted intrinsic innervation has been shown to stimulate ISMC proliferation, its 

effects, as well as those of pro-inflammatory cytokines, TGF-β1 and alterations of ECM proteins 

on the induction of PDGF-Rβ expression in ISMC remain unknown.  

 

I propose that loss of inhibitory cholinergic stimulation and stimulation with TGF-β1 and the pro-

inflammatory cytokines, IL-1β and TNFα, as well as altered ECM protein expression induce the 

expression of PDGF-Rβ, which is then responsible for ISMC proliferation during inflammation 

(Figure 3-1). 
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Figure 3-1: Proposed mechanism of inflammation-induced ISMC proliferation. This schematic illustrates 
the mechanism proposed to lead to impaired intestinal motility following inflammation as a result of ISMC 
hyperplasia. 
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Evaluation of Factors Involved in PDGF-Rβ Expression: 

The effects of IL-1β, TGF-β1, TNFα, fibronectin and vitronectin on PDGF-Rβ expression could 

be examined in the primary ISMC model developed in the current thesis. While PDGF-Rβ 

expression is an expected outcome at Day 4 of culture, these factors could be assessed at earlier 

times in culture for inducing accelerated PDGF-Rβ expression. The effects of denervation-

induced PDGF-Rβ expression could be assessed using the aforementioned intestinal co-culture 

mode, which has been well characterized (e.g. Pelletier et al, 2010). Denervation could be 

attained through the use of a specific neurotoxin, such as scorpion venom or by inhibiting 

cholinergic activity by stimulation with atropine (e.g. Blennerhassett and Lourenssen, 2000). 

PDGF-Rβ expression could be assessed at the mRNA and protein levels using the real-time PCR 

and immunoblotting protocols established in the current thesis. The functional relevance of 

induced PDGF-Rβ expression should be evaluated using the outcomes presented in the current 

thesis, such as PDGF-BB induced 3H-thymidine incorporation, BrdU expression and cell counts. 

 

The Cessation of PDGF-Rβ Signaling: 

The findings of this thesis support the role of PDGF-Rβ signaling in ISMC proliferation in the 

TNBS model of intestinal inflammation. While permanent ISMC hyperplasia is a consequence of 

inflammation, resolution appears to involve the termination of proliferation, as no additional 

increase in ISMC number is observed following Day 6 (Lourenssen et al, 2005). Further, PDGF-

Rβ expression is not detected following the resolution of inflammation, suggesting that cessation 

of PDGF-Rβ signaling is the outcome of receptor and not ligand availability (Stanzel, 

unpublished observations). While the precise mechanism responsible for PDGF-Rβ expression 

during intestinal inflammation is not clear, it is apparent that the process of resolution involves 
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the cessation of PDGF-Rβ signaling. Since no further ISMC proliferation is reported after Day 6 

in this model, it reasonable to hypothesize that the inciting events or factors responsible for down-

regulating PDGF-Rβ expression occur or are present prior to this time. Further, it is likely that the 

reversal of the early events of inflammation that were hypothesized above to play a role in the 

induction of PDGF-Rβ expression above, such as inflammatory mediators and loss of 

innervation, are involved in the termination of PDGF-Rβ expression.  

 

Mechanism(s) responsible in other systems are currently unclear. In atherosclerosis, down-

regulation of PDGF-Rβ expression is mediated through ApoE interaction with LRP1. Currently, 

studies of ApoE in the intestine are largely limited to cholesterol absorption (e.g. Chandak et al, 

2011). However, a recent study has found evidence for an ApoE mimetic peptide in ameliorating 

inflammation in two models through antagonism of NFκB signaling. The role of ApoE, if any, in 

down-regulating PDGF-Rβ expression in ISMC during resolution of inflammation is unknown.  

 

In the case of intestinal strictures, persistent ISMC proliferation has been reported. Given the 

importance of PDGF-Rβ in proliferation, is it possible that its expression is persistent and that 

this contributes to persistent ISMC proliferation? Preliminary investigations indicate that PDGF-

Rβ is highly expressed in sections of stricture tissue (Stanzel, unpublished observations) (Figure 

3-2).  
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Figure 3-2: PDGF-Rβ is overexpressed in strictures. These images illustrate abundant PDGF-Rβ expression 
in stricture tissue from the TNBS rat model at Day 35. Stanzel, unpublished observations. 
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It is possible that the mechanism responsible for terminating PDGF-Rβ expression during 

inflammation is absent in strictures. While only preliminary, this finding is compelling and 

warrants the further investigation of PDGF-Rβ signaling in stricture pathophysiology. The fact 

that strictures may require surgical intervention to prevent intestinal obstruction underlines the 

importance of understanding the mechanisms involved in terminating ISMC proliferation, which 

may involve PDGF-Rβ signaling. 

 

Source of PDGF-BB: 

The detection of phosphorylated PDGF-Rβ in ISMC early during inflammation suggests the 

presence of PDGF-BB. However, PDGF-BB expression was not examined in this thesis. 

Elsewhere, sources of PDGF-BB include activated platelets, immune cells, etc. In fact, in the 

atherosclerotic wall, virtually every cell type including VSMC expresses PDGF-BB (Raines, 

2004). It is reasonable to hypothesize that these cells types are also PDGF-BB sources in the 

inflamed intestine. Additionally, recent work indicates that ISMC are also capable of producing 

PDGF-BB in vitro. These studies detected the presence of low level PDGF-BB in early passage 

ISMC cultures with increasing levels detected in late passage cultures (Blennerhassett, 

unpublished observation). This finding suggests that PDGF-BB production by ISMC may be a 

consequence of the switch from differentiated to de-differentiated phenotype. Whether actively 

dividing ISMC in vivo also produce PDGF-BB is currently unknown, but may be of critical 

importance in the case of intestinal strictures.  
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As mentioned above, PDGF-BB may not be the sole activator of PDGF-Rβ during intestinal 

inflammation. PDGF-DD has been shown to be a potent activator of PDGF-Rβ in VSMC and 

may also play a role in ISMC proliferation. This remains to be evaluated. 

 

PDGF-BB Inhibition: 

Since this thesis found evidence that PDGF-BB is sufficient and necessary for ISMC proliferation 

during intestinal inflammation, inhibition of this pathway could be of clinical significance, 

particularly in CD where recurring inflammatory episodes can lead to stricture formation, which 

often requires surgical intervention. In fact, recent in vivo work in the pulmonary system found 

evidence for reversal of PAH-induced SMC hyperplasia with imatinib mesylate (reviewed in ten 

Freyhaus et al, 2012). The primary ISMC model could also be used to evaluate this hypothesis. 

The first phase of this experiment would utilize the immunoprecipitation/immunoblotting 

protocol used in this thesis to address the activity of PDGF-BB signaling at a time PDGF-Rβ is 

expressed (Day 4 post-isolation). The source of PDGF-BB in culture would be the fetal calf 

serum. Once active PDGF-BB signaling is established, the second phase of the experiment would 

involve the antagonism of PDGF-BB signaling. Fortunately, a PDGF-BB inhibitor is currently 

available and has been used in the treatment of certain malignancies, including chronic 

myelogenous leukemia (CML) and gastrointestinal stromal tumors (GISTs). Imatinib mesylate 

(STI571) inhibits certain receptor tyrosine kinases including PDGF-Rβ by binding the tyrosine 

kinase site and has also been shown to reduce smooth muscle proliferation in pulmonary 

hypertension by inhibiting PDGF-Rβ. There is also evidence that imatinib mesylate can delay 

atherosclerosis in rodent models. Preliminary work has found evidence for imatinib mesylate 

inhibition of PDGF-BB induced PDGF-Rβ phosphorylation and subsequent 3H-thymidine 
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incorporation in primary ISMC cultures developed in this thesis with doses of 0.5 – 1.0 µmoles 

(Schell, Blennerhassett and Stanzel, unpublished observations) (Figures 3-3 and 3-4).  
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Figure 3-3: Imatinib mesylate prevents PDGF-BB induced PDGF-R activation. Addition of imatinib 
antagonizes PDGF-BB induced PDGF-R phosphorylation. Stanzel, unpublished observations. ISMC 
proliferation.  
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Figure 3-4: Imatinib mesylate prevents PDGF-BB induced ISMC proliferation. This graph presents data 
demonstrating that imatinib completely antagonizes PDGF-BB induced ISMC proliferation at a minimum 
dose of 0.5 µM. Stanzel, Schell, and Blennerhassett, unpublished observations. 
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In addition, small interfering RNA molecules (siRNA) specifically designed for PDGF-Rβ could 

also be used. The use of siRNA technology has been used to reduce PDGF-Rβ in other systems 

fields of study including tumor metastasis (e.g. Fingas et al, 2012), as well as SMC migration 

(e.g. Wiedon et al, 2012). If the hypothesis were true, the use of either would prevent freshly 

isolated ISMC from adopting a proliferative phenotype as assessed by the loss or reduction of 

SMC marker proteins, α-SM actin, desmin and smoothelin, as well as cell number.   

 

It is tempting to postulate that PDGF-Rβ antagonism may have a similar effect in vivo. This 

would require imatinib mesylate or PDGF-Rβ-targeted siRNA administration either prior to or 

shortly following induction of inflammation in the TNBS model. Assessment of the efficacy 

would include smooth muscle cell quantification at Days 2-6 of inflammation when ISMC 

proliferation has been documented, as well as a later time such as Day 35 to ensure that imatinib 

mesylate does not simply delay ISMC proliferation.  

 

As indicated, the involvement of PDGF-BB signaling may be of critical importance in stricture 

formation as preliminary findings demonstrated abundant PDGF-Rβ expression in stricture tissue. 

While this finding was not pursued, it suggests the importance of antagonizing PDGF-BB 

signaling. Future work should explore this using the TNBS model of colitis since this model 

produces strictures in approximately 50 percent of animals. These strictures are apparent at Day 

35, when inflammation is resolved and characterized as regions of non-compliant tissue with 

continued ISMC proliferation (Marlow and Blennerhassett, 2006). In addition to the experiment 

proposed above, the effects of imatinib mesylate or PDGF-Rβ-targeted siRNA administration on 

stricture frequency could be assessed in animals sacrificed at Day 35 post-TNBS. I propose that 
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imatinib mesylate or PDGF-Rβ-targeted siRNA would significantly reduce the frequency and/or 

extent of stricture formation. If this result were substantiated, it would support the use of this drug 

in CD patients as an alternative to surgical intervention.  

 

The Role of PDGF-BB in Modulating Smooth Muscle Cell Phenotype:  

In addition to SMC proliferation, inflammation has also been observed to modulate SMC 

phenotype in both airway and vascular systems. To date, alterations in SMC phenotype have been 

best characterized in the vasculature in large part due to contributions by the Owens laboratory 

(e.g. Owens et al, 2004). While this phenotypic modulation once referred strictly to alterations in 

cell morphology, further characterization has prompted the inclusion of functional changes such 

as cell signaling and gene expression. Consequently, there has been considerable research into the 

genetic responses of SMC to environmental change in recent years. 

 

A major alteration at the molecular level during inflammation is the loss of SMC marker 

expression. It has been reported that the expression of a number of these markers, including SM-

actin, SM-MHC and SM-22a depends upon CArG elements in their 5’ untranslated regions. In 

normal physiology, expression of these proteins is regulated by SRF, which binds these motifs, as 

well as recruits necessary co-factors, the most important of which is myocardin. Nearly 200 SRF 

target genes have been identified, and nearly half of these are involved in cytoskeletal dynamics 

and contractility (Posern and Treisman, 2006, and Miano et al, 2007). In response to 

inflammation, disruption of SRF/myocardin signaling has been reported to be responsible for the 

down-regulation of these marker proteins. 
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Not surprisingly, the underlying mechanism for this change in inflammation has garnered 

considerable interest. A number of environmental cues have been hypothesized to play a role in 

maintaining a differentiated signal, including contractile agonists, cell-to-cell interaction, extra-

cellular proteins, mechanical forces, and neuronal influence. Disruptions of these factors lead to 

rapid phenotypic modulation (see Owens et al, 2004). Additionally, a number of factors have 

been found to mediate phenotypic switching by repressing SMC marker proteins, including 

PDGF-BB.  

 

PDGF-BB has a dual role in the vasculature, both as a mitogen, and as a mediator in SMC 

phenotype.  There are multiple mechanisms through which PDGF-BB is involved in down-

regulating SMC marker proteins. PDGF-BB has been reported to down-regulate myocardin 

resulting in disrupted SRF binding. PDGF-BB has also been found to increase the expression of 

the transcription factor, Krupple-like factor 4 (KLF4) both in vivo and in vitro.  In turn, KLF4 

was reported to be a potent repressor of SMC marker proteins through binding to SMC 

promoters, inhibiting SRF binding, decreasing myocardin expression, as well as recruiting histone 

deacytylases to induce transcriptional silencing (reviewed in Deaton et al, 2009). Further, a recent 

study found that both vascular injury-induced and PDGF-BB-induced KLF4 repression of SMC 

marker proteins was dependent upon the activation of the transcription factor, Specificity protein 

1 (Sp1). Refer to Figure 3-5 for a summary. 
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Figure 3-5: Effects of PDGF-BB signaling on VSMC Phenotype. This schematic illustrates the signal 
transduction involved in PDGF-BB induced down-regulation of SMC marker proteins. Adapted from 
Deaton et al, 2009   
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While PDGF-BB-induced repression of SMC marker proteins has been characterized in the 

damaged vascular system, they have not been examined in the inflamed intestine. Despite this 

lack of data, we have previously observed alterations in SMA and desmin expression in the 

inflamed colon (Marlow and Blennerhassett, 2006 and Stanzel, unpublished observations), which 

parallel the vascular system. For example, Marlow found a permanent reduction in contractile 

markers, such as SMA and desmin in stricture tissue, which showed evidence of continued 

proliferation. Preliminary work found that these stricture regions were rich in PDGF-Rβ 

expression. Further, cells expressing PDGF-Rβ lacked SMA expression (Stanzel, unpublished 

observations). Further support for the hypothesis that PDGF-BB signaling modulates ISMC 

phenotype derives from experiments with the primary ISMC model developed in the current 

thesis where stimulation of these cells with PDGF-BB induced a down-regulation of SMA and 

desmin protein expression (Stanzel, unpublished observations).  While not confirmed, these 

findings are at the very least suggestive of a role for PDGF-BB signaling in altering ISMC 

phenotype, but require further exploration. 

 

The Role of ISMC Proliferation in the Intestinal Repair Process? 

While inflammation ultimately results in a permanent increase in ISMC, which may present a 

challenge to normal organ function, the proliferation of ISMC may also play a role in re-

establishing normal organ function. It is possible that a key reciprocal relationship exists between 

the neurons of the myenteric plexus and its innervation targets during inflammation. Currently, 

this relationship is not clear in the post-natal gut. The plasticity of the postnatal ENS may be 

influenced by a number of neurotrophins, including brain derived neurotrophic factor (BDNF), 

nerve growth factor (NGF) and neurotrophin-3 (NT-3) (Stanzel et al, Lommatzsch et al, 2005, 
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Lommatzsch, et al, 1999). Another neurotrophin, glial cell line-derived nerve growth factor 

(GDNF), has recently been shown to promote structural and functional plasticity of myenteric 

plexus neurons in postnatal intestinal co-cultures. Further, the source of GDNF was reported to be 

ISMC, which in this co-culture model, were actively proliferating. This could be interpreted as 

evidence for proliferating, post-natal ISMC supporting their innervation by producing a 

neurotrophic factor (Rodrigues, D.M., et al, 2011). As such, it may be possible that proliferation 

of ISMC, as a consequence of inflammation, is necessary to re-establish appropriate innervation 

to restore function. If this is true, then PDGF-BB-induced ISMC proliferation may play a critical 

role in restoring organ function at the expense of smooth muscle tissue hypertrophy. 
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Summary and Conclusions: 

While smooth muscle cell proliferation is characteristic of intestinal inflammation and can require 

surgical intervention in the case of strictures, little was known of the factors responsible. In the 

current thesis, a novel primary rat ISMC model was generated and characterized as a suitable 

model in which to evaluate putative ISMC mitogens. Both PDGF-BB and IGF-1 were found to 

induce proliferation as assessed by multiple techniques, while other candidate mitogens including 

bFGF, EGF and PDGF-AA had no detectable mitogenic activity. Comparative analysis 

demonstrated PDGF-BB was the more potent mitogen. This was the first comprehensive 

evaluation of multiple factors as putative ISMC growth factors. In vivo, PDGF-Rβ expression was 

absent in control, but rapidly up-regulated shortly after the onset of inflammation and prior to 

ISMC proliferation. This was the first evidence of PDGF-Rβ expression in the inflamed intestine. 

Further, active PDGF-BB signaling was observed in SMC isolated from inflamed tissue at a time 

of ISMC proliferation was shown occur. This was the first evidence of active PDGF-Rβ signaling 

in the inflamed intestine. 

 

Taken together, the findings of this thesis support PDGF-BB as a potent mitogen for ISMC 

during inflammation. 
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