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ABSTRACT 

Although not associated with mortality, symptoms, complications and the 

relapsing nature of inflammatory bowel disease (IBD) severely impact patient’s 

quality of life. Current treatments are coupled with side effects and loss of patient 

response. Damage to the enteric neurons is consistently associated with 

intestinal inflammation and considered to underlie the generation of symptoms. 

Therefore, the enteric neurons are a potential target for novel IBD therapies. 

Mesenchymal stem cells (MSCs) exhibit anti-inflammatory, immunomodulating, 

and neuroprotective effects and are demonstrated to participate in tissue 

regeneration and repair in many pathological conditions. Hence, they are a viable 

option for the treatment of enteric neuropathy associated with IBD. The studies 

in this thesis aim to investigate the effects of MSC therapy in averting enteric 

neuropathy in acute and chronic models of IBD. The results of our studies 

demonstrated that MSC and conditioned medium attenuated inflammation and 

averted enteric neuropathy and colonic dysmotility in an acute model of IBD. The 

effects of MSC treatment are dose-dependent and occur as early as 24h post 

treatment. We characterized changes to colonic innervation, motility, transit time, 

microbiota and metabolome in the Winnie mouse model of spontaneously 

occurring chronic colitis. Our results demonstrated that the Winnie mouse is 

highly representative of human IBD. The mechanisms underlying colonic 

dysmotility in Winnie mice were due to inhibition of neuromuscular transmission 

and smooth muscle responses. We found that multiple high dose MSC treatments 

induce anti-inflammatory and neurotrophic effects in mice with chronic colitis. 

Single dose and multiple low dose MSC administrations were ineffective in this 

model. Overall, we have established the capacity of MSC treatments to attenuate 

inflammation and enteric neuropathy in acute and chronic models of IBD. These 

findings are both novel and highly relevant for clinical translation and future 

investigations of MSC therapy for the treatment of IBD.    
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CHAPTER ONE: OVERVIEW 
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1.1 Inflammatory Bowel Disease 

Inflammatory bowel disease (IBD) is a broad term describing a group of disorders 

characterized by chronic, relapsing, and remitting activation of immune-mediated 

inflammation within the gastrointestinal (GI) tract (Fakhoury et al. 2014; Wallace 

et al. 2014; Zhang and Li 2014). The two major subtypes of IBD are Crohn’s 

disease (CD) and ulcerative colitis (UC). Despite substantial overlapping of 

clinical and pathologic features, including GI disturbances, damage to the enteric 

nervous system (ENS) and altered immunity, CD and UC can be differentiated 

by the disease localization within the GI tract, type of histopathological changes 

in the intestinal wall, and complications from the disease (Fig. 1.1) (Matricon et 

al. 2010). In general, the inflammatory reaction in UC is initiated in the rectal 

mucosa, affecting the rectum only or extending proximally to involve part of or the 

entire colon (Conrad et al. 2014). CD may affect any part of the GI tract from the 

mouth to the anus but is most commonly localized to the terminal ileum and colon 

(Mulder et al. 2014). UC is defined by a continuous inflammation of the mucosa 

and submucosa only, whereas in CD, inflammation is discontinuous and 

transmural, affecting all layers of the bowel wall (Tontini et al. 2015). Both types 

of inflammation are related to changes in the structure and function of the ENS, 

which may play a role in the generation of symptoms (Lakhan and Kirchgessner 

2010).  

1.1.1 Symptoms and complications 

IBD symptoms are often variable depending on the location, extent, and severity 

of disease involvement (Feuerstein and Cheifetz 2017). Visible blood and mucus 

in stools, rectal bleeding and urgency, chronic diarrhea with nocturnal defecation, 

abdominal pain and cramps, nausea, vomiting and, occasionally, severe 

constipation are commonly reported GI symptoms in IBD patients (Tontini et al. 

2015; Dignass et al. 2012). Furthermore, systemic symptoms, such as weight 

loss, fever, and fatigue, occur frequently in both UC and CD (Wallace et al. 2014; 

Panaccione 2013; Dignass et al. 2012). The duration and severity of IBD has a 
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direct relationship with the burden of complications presenting locally within the 

gut or systematically (Tontini et al. 2015; Vatn 2009).  

GI complications are especially prevalent in CD and include abscesses, linear 

clefts, fistulas, and strictures, which can lead to intestinal obstruction (Panaccione 

2013; Khor et al. 2011; Lichtenstein et al. 2009). Because UC inflammation only 

involves the superficial layers of the bowel wall, crypt abscesses rather than 

fistulas are predominant (Hendrickson et al. 2002). Other GI complications that 

may arise from UC include perforation of the bowel, rectal hemorrhage, and toxic 

megacolon (Panaccione 2013). Systemic complications of IBD include 

malnutrition, osteoporosis, malignancy, kidney stones, venous 

thromboembolism, and metabolic bone disease (Vavricka et al. 2015; Huang et 

al. 2013). In addition, both CD and UC are associated with an increased risk of 

colorectal cancer, attributable to chronic inflammation (Kim and Chang 2014; 

Rubin et al. 2012).  
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Figure 1.1 Differences between UC and CD. Schematic diagram presenting the 

differences between UC and CD including localization of inflammation, pattern of 

inflammation, symptoms and GI complications.  
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1.1.2 Age of onset 

The peak age of onset for CD is 20-30 years and 30-40 years for UC (Cosnes et 

al. 2011). Some studies describe a second smaller peak of IBD onset between 

the ages of 60-80 years (Takahashi et al. 2014; Vind et al. 2006). However, 

bimodal distribution of IBD incidence is controversial, as other studies do not 

support these findings (Petritsch et al. 2013; Lakatos et al. 2011; Loftus et al. 

2007). In general, CD patients are 5-10 years younger than UC patients at the 

age of diagnosis (Duricova et al. 2014). Approximately 10-15% of IBD patients 

receive their diagnosis at >60 years, while 5-25% of IBD cases onset during 

childhood or adolescence; 20% of CD patients and 12% of UC patients are 

diagnosed at <20 years (Ruel et al. 2014; Kappelman et al. 2013). CD is more 

commonly reported as pediatric-onset, whereas a higher number of UC 

diagnoses are made in adult-onset and elderly-onset age groups (Charpentier et 

al. 2014; Kariyawasam et al. 2013; Van Limbergen et al. 2008). Furthermore, 

there are gender differences corresponding to the age of IBD onset (Ruel et al. 

2014). The incidence of pediatric CD, as well as adult-onset and elderly-onset 

UC is higher in males, while adult-onset and elderly-onset CD is more prevalent 

in females (Charpentier et al. 2014; Gupta et al. 2012). The male:female ratio is 

equal in pediatric-onset UC (Charpentier et al. 2014; Ruel et al. 2014).  

1.1.3 Quality of life 

The manifestation of IBD is associated with significant impairment of a patient’s 

perception, body image, and quality of life (QoL), especially when the disease is 

active (Kalafateli et al. 2013; Umanskiy and Fichera 2010). Disease severity has 

a strong relationship to QoL; a greater disease severity corresponds to a lower 

QoL (Habibi et al. 2017; Gray et al. 2011). When the severity of IBD increases, 

symptoms, as well as the likelihood of complications, intensify which may 

heighten levels of emotional stress (Habibi et al. 2017; Keeton et al. 2015). 

Psychological stress, reduced well-being, anxiety and depression have all been 

reported to contribute to a lower QoL in IBD patients (Bannaga and Selinger 

2015; Sajadinejad et al. 2012; Romberg-Camps et al. 2010). Furthermore, a 
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greater severity of disease is correlated to sleep difficulties and higher fatigue 

levels which are independently correlated with lower QoL (Romberg-Camps et al. 

2010; Graff et al. 2006). IBD patients report high rates of sick leave and reduced 

work productivity, affecting QoL and hindering career and employment status (De 

Boer et al. 2016; Lonnfors et al. 2014). Other factors that promote a reduced QoL 

for IBD patients include worrying about availability of accessible toilets, inability 

to participate in leisure or social activities, and the impact on, or lack of, 

relationships with friends, work colleagues, family, and intimate partners (Kim et 

al. 2017; Becker et al. 2015b; Lonnfors et al. 2014). In addition, female gender, 

older age, lower education, and socioeconomic status may be associated with a 

lower QoL for IBD patients (Huppertz-Hauss et al. 2015; Sajadinejad et al. 2012).  

1.1.4 Epidemiology 

The incidence and prevalence of IBD steadily increased in westernized countries, 

including Europe, North America, Australia, and New Zealand in the latter part of 

the twentieth century (Kaplan and Ng 2017; Ng et al. 2017; Ananthakrishnan 

2015; Molodecky et al. 2012). Conversely, IBD was relatively rare in developing 

countries at this time and therefore, was traditionally considered to be a condition 

that primarily affected the westernized world. However, from the beginning of the 

twenty first century, IBD emerged as a global disease due to an increased 

incidence in developing countries, such as the Middle East, South America, Asia, 

and Africa (Kaplan 2015; Park et al. 2014b). The increased incidence in 

developing countries has been attributed to rapid population growth, 

urbanization, industrialization, and westernization of culture (Kaplan and Ng 

2017; Zwi and Mills 1995). In westernized countries, the trend for IBD incidence 

seems to have stabilized in the adult-onset and elderly-onset populations, but not 

for the pediatric-onset patients (Gasparetto and Guariso 2013). However, 

although not accelerating at the same rate as in the past, the incidence of IBD in 

the western world is still higher than in developing regions (Table 1.1) (Kaplan 

and Ng 2017; Ng et al. 2017; M’Koma 2013; Molodecky et al. 2012; Wilson et al. 

2010; Gearry et al. 2006). Varying risk factors and differences in access to health-

care may influence variation in IBD incidence between regions (Kaplan and Ng 
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2017; Kaplan 2015). North America, Europe, Australia, and New Zealand report 

the highest annual prevalence of IBD (Table 1.1) (Ng et al. 2017; M’Koma 2013; 

Wilson et al. 2010; Gearry et al. 2006). Prevalence remains lower in developing 

countries, however it is estimated to rise because of the increasing incidence in 

these countries (Ng et al. 2017; M’Koma 2013; Wilson et al. 2010; Gearry et al. 

2006). Overall, despite the easing of the incidence rates in some regions, the 

prevalence of IBD continues to increase substantially worldwide and both the 

incidence and prevalence of IBD are expected to steadily climb in future years 

(Kaplan 2015; Molodecky et al. 2012).  

Table 1.1 Incidence and prevalence of CD and UC* 

 

Incidence  

(per 100,000 person-

years) 

Prevalence  

(per 100,000 persons) 

 CD UC CD UC 

North America 20.2 19.2 319 249 

Europe 12.7 24.3 322 505 

Australia 17.4 11.2 197 196 

New Zealand 16.5 7.6 155 145 

Asia/Middle East 5.0 6.3 68 168 

South America 3.5 6.8 41 44 

Africa 5.9 3.3 19 11 

*Kaplan and Ng 2017; Ng et al. 2017; M’Koma et al. 2013; Molodecky et al. 2012; 

Wilson et al. 2010; Gearry et al. 2006 

1.1.5 Economic impact 

The economic impact of CD and UC will increase exponentially in the next 

decades, corresponding to worldwide increases in the prevalence and incidence 

of IBD. Considerable direct and indirect costs of IBD are inflicted on patients, as 

well as economies and health-care systems already struggling to provide efficient 

care and access. Approximately 2.5-3 million people in Europe, 1 million in the 
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USA, 200,000 in Canada and 85,000 in Australia are estimated to have IBD, with 

direct health-care costs of €4.6-5.6 billion, US$6 billion, CDN$1.2 billion, and 

$AUD 3.2 billion, respectively (Crohn's & Colitis Australia 2017; Burisch et al. 

2013; Kappelman et al. 2013; Rocchi et al. 2012). In westernized countries, 

hospitalization is the largest component contributing to the direct medical costs 

of IBD (Petryszyn and Witczak 2016). Surgery, ambulatory care, and 

pharmaceuticals are other major contributors to direct health-care-related costs 

of IBD (Kaplan 2015). These costs are greater for CD patients than for UC 

patients, and patients with active disease than those in remission, which may be 

a result of a higher proportion of in-patient hospital admissions (Jackson et al. 

2017). The indirect costs of IBD include the value of lost earnings due to excess 

sick leave, short-term disability, and reduced work productivity, as well as loss of 

leisure time (Kaplan 2015; Holko et al. 2016). While the direct costs of IBD inflict 

a severe financial burden to both the patient and the economy, the indirect costs 

of the disease substantially impact on a patient’s QoL.  

1.1.6 Etiology 

The exact etiology of IBD is unknown, however a combination of genetic 

susceptibility, environmental factors, gut microbiota, and the 

immune/inflammatory response are considered to be involved (Kim and Cheon 

2017; Fiocchi 2015).  

Technological advances in DNA analysis and sequencing have enhanced our 

understanding of the genetic contributions to IBD (Zhang and Li 2014; Gaya et 

al. 2006). The identification and confirmation of 163 IBD-associated gene loci, 30 

CD specific, 23 UC specific, and 110 associated with both CD and UC, have 

confirmed that gene variants are implicated in IBD pathogenesis (Jostins et al. 

2012). Furthermore, it has been demonstrated that the likelihood of developing 

UC or CD increases in direct proportion to the number of risk alleles carried 

(Wang et al. 2013c). While these findings demonstrate that genetic influences are 

significant constituents of IBD pathogenesis, the explainable susceptibility loci 

and genetic risk factors represent only 20-25% of the heritability for IBD (13.6% 
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for CD and 7.5% for UC)  (Ellinghaus et al. 2015; Liu et al. 2015a; Uhlig 2013). 

Thus, genetic associations and heterogeneity alone fail to explain the etiology of 

IBD.  

Changing epidemiology and global increases in the frequency of IBD strongly 

support the role of environmental factors in the disease pathogenesis (Shouval 

and Rufo 2017). Causative factors associated with changes in lifestyle and 

environmental conditions in westernized countries over the last century, and in 

developing countries over the past 20-30 years, has led to the concept that 

industrialization and a westernized lifestyle are involved in the onset and course 

of IBD. These findings have also contributed to the ‘hygiene hypothesis’ which 

suggests that improved sanitation, hygiene, and lack of exposure to enteric 

pathogens may result in inappropriate chronic immunological response following 

exposure to new antigens (Rogler et al. 2016). Other environmental risk factors 

for IBD that have been associated with the urbanization of societies include 

changes in diet, antibiotic use, and pollution (Ng et al. 2013). Furthermore, 

smoking, food additives, stress, and psychosocial factors have all been 

investigated and confirmed as potential triggers for IBD onset and relapse (Zhang 

and Li 2014; Molodecky and Kaplan 2010; Ardizzone and Porro 2002).  

Previous studies have demonstrated an overall reduction in the biodiversity and 

stability of intestinal microbiota in IBD patients compared to healthy individuals 

(Sha et al. 2013; Nemoto et al. 2012), confirming the crucial role of microbial 

agents in the pathogenesis of the disease. Further evidence is provided by 

aversion of inflammation under germ-free conditions in experimental models of 

colitis (Rath 2002; Sellon et al. 1998), improvement of disease activity with fecal 

stream diversion in IBD patients (Villanacci et al. 2007; Fichera et al. 2005), and 

induction or maintenance of remission with the use of probiotics and antibiotics 

(Perencevich and Burakoff 2006; Kruis et al. 2004; Sartor 2004). In addition, the 

majority of reported IBD susceptibility genes are correlated with host-microbiome 

interactions and mucosal barrier function (Jostins et al. 2012). While there is clear 

evidence depicting the association between dysbiosis and IBD pathogenesis, it 
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is still unknown whether alterations to the intestinal microbiota are a causative or 

consequential of inflammation in IBD (Becker et al. 2015a). 

It is considered that the induction and persistence of chronic inflammation in IBD 

is primarily due to excessive or uncontrolled activation of the adaptive immune 

system, either through enhanced levels of pro-inflammatory cytokines compelled 

by the T-helper (Th) subsets or by ineffective anti-inflammatory regulatory T-cells 

(Rogler et al. 2018; Wallace et al. 2014). In the inflamed mucosa of CD patients, 

Th1-associated pro-inflammatory cytokines (tumor necrosis factor (TNF)-α, 

interferon (IFN)-γ, interleukin (IL)-12), as well as Th17-associated cytokines (IL-

17A, IL-21, IL-23) are significantly increased, whereas some inhibitory cytokines 

(transforming growth factor (TGF)-β, IL-10, IL-25, IL-33, and IL-37) are markedly 

reduced. Increases in Th-2-related pro-inflammatory cytokines, such as IL-4 and 

IL-13 are exhibited in inflamed tissues from UC patients  (Liu et al. 2012; Ordas 

et al. 2012; 2011; 2009a). The pro-inflammatory cytokines augmented in CD and 

UC are powerful stimulators of T-cell and macrophage proliferation, chemokine 

expression, adhesion molecule expression, and secretion of other pro-

inflammatory cytokines which have multiple pathogenic effects on the 

components of both the adaptive and the innate immune system (Geremia et al. 

2014; Xu et al. 2014). In addition, mucosal innate immune responses, such as 

epithelial barrier integrity, innate microbial sensing, autophagy and unfolded 

protein response, are involved in the onset of intestinal inflammation in IBD 

(Geremia et al. 2014).  

Many studies have described a correlation between intestinal inflammation and 

damage to the structure and function of the ENS (Moynes et al. 2014; Winston et 

al. 2013; Hoffman et al. 2011; Nurgali et al. 2011; Linden et al. 2005; Sharkey 

and Kroese 2001). It is generally considered that ENS abnormalities occur 

secondary to the inflammatory reaction in IBD (Geboes and Collins 1998). 

However, ENS anomalies also occur in non-inflamed areas of the intestine, 

leading to suggestions that changes to the ENS may precede inflammation and 

play a pathogenic role in IBD (Villanacci et al. 2008).      

https://www-sciencedirect-com.ezp.lib.unimelb.edu.au/topics/medicine-and-dentistry/autophagy
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1.1.7 Treatment 

Since the etiology of IBD is complex and only partially understood, therapies are 

directed at controlling symptoms rather than curing the disease. Overall, the main 

goals of treatment are 1) to induce clinical remission and improve QoL in patients 

with acute symptoms of IBD, 2) to maintain remission once it is attained, and 3) 

prevention of complications of both the disease and the treatment (Sandborn et 

al. 2014; Kornbluth and Sachar 2010; Lichtenstein et al. 2009). Treatment 

strategies correspond to disease severity, location, and phenotype and involve a 

range of pharmacological agents as a first step followed by surgical intervention 

if necessitated (Raad et al. 2016; Bodger 2011; Loftus 2011). Pharmacological 

approaches for treatment of IBD are based on medications exerting a direct or 

indirect effect on the inflammatory cascade (Lissner and Siegmund 2013; 

Scribano and Prantera 2013; Vermeire et al. 2013). These medications generally 

fall into five categories, including aminosalicylates, corticosteroids, 

immunomodulators, antibiotics, and biological therapies (Triantafillidis et al. 

2011).  

It is widely acknowledged that the anti-inflammatory agents, aminosalicylates, are 

effective for the induction and maintenance of remission in mild-moderate UC 

(Gisbert et al. 2011; Williams et al. 2011). However, approximately 50% of UC 

patients treated with this drug require escalation of therapy (Peyrin-Biroulet and 

Lemann 2011). The efficacy of aminosalicylates in CD patients, particularly those 

with small intestine disease, is controversial (Dignass et al. 2010; Lim and 

Hanauer 2010). Overall, aminosalicylates are well tolerated and safe (Williams et 

al. 2011). Side effects are minor, but may include headache, nausea, vomiting, 

abdominal pain and diarrhea (Lim and Hanauer 2010). Rare but severe side 

effects include pleuritis, myocarditis, pancreatitis, and cholestatic hepatitis 

(Williams et al. 2011).  

Corticosteroids are well-established potent, non-selective systemic anti-

inflammatory agents efficacious in rapidly resolving the symptoms of acutely 

active IBD (Waljee et al. 2016; Murphy et al. 2009). However, while 
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corticosteroids are effective at inducing remission, they are not useful for 

maintenance therapy as they are ineffective in preventing relapse (Martinez-

Montiel et al. 2015). A proportion of IBD patients fail to respond to corticosteroid 

treatment or are unable to withdraw from treatment without relapse (Irving et al. 

2007). Furthermore, despite the demonstrated efficacy of this medication in the 

short-term, the long-term use of corticosteroids is associated with many adverse 

effects including weight gain, acne, facial hair, hypertension, diabetes, loss of 

bone mass, venous thromboembolism, poor wound healing, and increased risk 

of infections (Waljee et al. 2016; Vecchi Brumatti et al. 2014).   

In general, immunomodulators are prescribed to IBD patients who are 

unresponsive to aminosalicylates and corticosteroids, or to those who experience 

relapse upon steroid withdrawal (Kondamudi et al. 2013). Effective for both the 

induction and maintenance of remission in CD and UC, immunomodulators also 

provide modest steroid-sparing effects in active and quiescent disease (Thomas 

and Lodhia 2014; Feldman et al. 2007; Aberra and Lichtenstein 2005). These 

medications have a delayed onset of action and their maximal effects are 

generally observed after several months (Chande et al. 2013). Consequently, 

immunomodulators are mostly used to maintain clinical remission rather than for 

induction of remission in active disease (Feldman et al. 2007). While the clinical 

benefit of immunomodulators is clear, concerns remain regarding severe side 

effects and drug-induced toxicity, such as allergic reactions, pancreatitis, 

myelosuppression, bone marrow suppression, infections, hepatoxicity and 

malignancy (Van Dieren et al. 2007; Aberra and Lichtenstein 2005; Gearry et al. 

2004). Approximately 15-30% of IBD patients discontinue treatment due to the 

significant side effect profile of these drugs (Gisbert et al. 2011; Takatsu et al. 

2009; Lees et al. 2008). 

There is an established role for antibiotic therapy in treating bacterial overgrowth 

and septic complications of IBD, such as abscesses, fistulae, and postoperative 

wound infections (Pithadia and Jain 2011; Isaacs and Sartor 2004; Sartor 2004). 

However, the role of antibiotic therapy in treating the primary disease process of 

IBD remains controversial; some studies demonstrate modest effects of 
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antibiotics in inducing and maintaining remission in IBD, while others report no 

benefits of the treatment (Nitzan et al. 2016; Su et al. 2015). Despite conflicting 

literature, antibiotics are commonly prescribed for the treatment of IBD (Su et al. 

2015; Khan et al. 2011; Prantera et al. 2012; Wang et al. 2012b). Long term 

treatment with antibiotics might decrease recurrence rate, though it is frequently 

associated with side effects and intolerance to treatment. Side effects associated 

with prolonged courses of antibiotic treatment include GI disturbances, peripheral 

neuropathy, tendon rupture, and photosensitivity, which often lead to a 

discontinuation of treatment, Clostridium dificile infection, and increased 

antibiotic resistance (Nitzan et al. 2016; 2013; Sarna et al. 2013).  

Biological therapies, monoclonal antibodies which target TNF-α, integrins or IL-

12/23, are frequently recommended when IBD patients do not respond, lose 

response, or are intolerant to conventional treatments (Park and Jeen 2015; 

Kornbluth and Sachar 2010; Panaccione and Ghosh 2010; Lichtenstein et al. 

2009). Many studies report beneficial effects of biologic therapy in IBD in inducing 

and maintaining remission, reducing steroid dependence, decreasing 

hospitalizations and need for surgical intervention, and potential prevention of 

complications (Park and Jeen 2015; Mandel et al. 2014; Schreiber 2011; 

Panaccione and Ghosh 2010; Lichtenstein et al. 2009; Colombel et al. 2007). 

Nonetheless, a loss of response to biologic therapy will occur in approximately 

30% of patients over time, whereas some patients do not respond at all (Chan 

and Ng 2017; Yanai and Hanauer 2011). The use of biologics in IBD is limited 

due to the high cost of the treatment and uncertainty about long-term safety (Park 

and Bass 2011; D'Haens 2007). Significant adverse effects, such as infection, 

malignancy, hypersensitivity reactions and skin lesions, demyelinization and 

neurological events, lymphoma, and tuberculosis are associated with biological 

therapies, validating safety concerns (de Silva et al. 2010; Stallmach et al. 2010; 

D'Haens 2007).  

Although conventional treatments are the first step for IBD therapy, medications 

do not elicit a response in approximately 20-40% of patients (Park and Jeen 2015; 

Hilsden 2002). Hence, without the means to modify the disease course and 
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prevent potential complications, operative management is often required. 

Correspondingly, failure of medical management remains the most common 

indication for surgery in IBD (Cohen et al. 2005). A total proctocolectomy with end 

ileostomy or ileal pouch anal anastomosis is necessitated in 25-35% of UC 

patients (Regueiro et al. 2016; Sandborn et al. 2009; Hwang and Varma 2008). 

Approximately 70-90% of CD patients will require a surgical intervention, such as 

resection of the diseased segment, intestinal bypass, ileostomy, and 

stricturoplasty, over the course of their disease (Vermeire et al. 2012; Gardiner 

and Dasari 2007). However, surgery is not curative and disease recurrence often 

occurs within 3-6 months after the initial intervention, necessitating repeated 

surgeries in the majority of patients (Buisson et al. 2012).    

Overall, IBD therapies are mostly effective in providing symptom relief and 

improving patient QoL in the short-term. However, loss of patient response, 

severe side effects, and cost associated with conventional therapies, as well as 

high rates of disease recurrence following surgery indicates the need for novel 

treatments.    

1.1.8 Experimental models 

Advancing our understanding of the underlying mechanisms of IBD is imperative 

to develop effective prevention and treatment strategies. Although 

immunohistological and in vitro studies using human tissue have enhanced 

comprehension of IBD pathogenesis, most of the progress made in recent years 

has stemmed from experimental models of intestinal inflammation (Jiminez et al. 

2015). Animal models mimic fundamental clinical, histological, and 

immunological findings in IBD and although no single model can exactly 

reproduce the complexity of human IBD, each model provides valuable insights 

into aspects of the disease (Kiesler et al. 2015). It is unquestionable that studies 

using tissue samples from IBD patients would provide the most reliable data; 

however, there are complexities involved in attaining human tissue for research, 

such as accessibility and isolation of tissue, small sample sizes, genetic 

variability, and ethical concerns (Jiminez et al. 2015). Hence, comparative whole 
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animal models are necessary to provide information representative of GI 

inflammation in humans and essential to furthering our understanding of the 

pathogenesis of IBD under in vivo conditions.  

A range of animals have been utilized to investigate intestinal inflammation. 

Rodents are commonly used in IBD research due to similar immune responses, 

genes and intestinal epithelium as humans (Waterston et al. 2002; Lin and 

Hackam 2011). Pigs are advantageous to study the mechanisms underlying gut 

inflammation as the anatomy and function, as well as the immunity and 

microbiome, of the pig intestine is comparable to humans (Walters et al. 2012). 

Non-human primates (NHPs) are deemed the elite animal model for IBD research 

due to overwhelming similarities to human intestinal physiology, function, 

immunology, and microbiome (Jiminez et al. 2015). However, use of NHPs in 

research encounters several hurdles, including ethical considerations, high costs, 

and the potential risks of carrying highly virulent zoonotic agents (Coors et al. 

2010). Nematodes, Drosophila, zebrafish, cats and dogs are amongst other 

animals utilized in studies of intestinal inflammation (Lin and Hackam 2011; 

Cerquetella et al. 2010; Lam et al. 2004).  

More than 60 experimental models have been established to study IBD, including 

chemically-induced,  bacterial-induced, genetically engineered, spontaneous, 

transgenic, and cell transfer models (Mizoguchi 2012). Chemically-induced 

animal models are commonly selected to study intestinal inflammation because 

they are reproducible, relatively easy to develop, accessible, inexpensive, and 

generate a rapid and robust inflammation (Cominelli et al. 2017; Jiminez et al. 

2015; Randhawa et al. 2014). Dextran sodium sulphate (DSS) or 2,4,6-

trinitrobenzene sulfonic acid (TNBS) are most frequently used to initiate 

inflammation, and acetic acid, oxazolone, and azoxymethane to a lesser extent 

(Jiminez et al. 2015). All of these models induce acute inflammation, however 

some chemicals, such as DSS and TNBS have the potential to incite both acute 

and chronic inflammatory responses by varying the concentration and duration of 

chemical administration (Mizoguchi 2012; Wirtz et al. 2007). Furthermore, 

whether the induced inflammation is acute or chronic can also be manipulated by 
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administering a combination of chemical inducers of inflammation (Sussman et 

al. 2012). The successful and reproducible induction of chemically-induced colitis 

is variable and depends on the molecular weight, concentration, manufacturer, 

and batch of the chemical, as well as the species, gender, genetic background, 

and microorganisms present in the intestine of the animal (Motavallian-Naeini et 

al. 2012; Perse and Cerar 2012; Nell et al. 2010).  

Subacute and chronic colitis are induced in cell transfer animal models via the 

disruption of T-cell homeostasis (Kiesler et al. 2015; Yoshida et al. 2001). These 

models most commonly involve the adoptive transfer of naive CD4+ T-cells into 

syngeneic immunodeficient (severe combined immunodeficient or 

recombination-activating gene−/−) recipient mice (Kiesler et al. 2015; Song-Zhao 

and Maloy 2014). Cell transfer models are useful for providing insight into 

immunologic factors that contribute to IBD pathogenesis, as well as cellular and 

molecular pathways that mediate intestinal inflammation in vivo (Song-Zhao and 

Maloy 2014; Wirtz and Neurath 2000). While adoptive transfer models are 

important for identifying pathogenic circuits, lymphopenic immunodeficient hosts 

are prone to infection and may have irregularities in lymphoid architecture (Song-

Zhao and Maloy 2014). Furthermore, the severity and location of colitis ensuing 

from the cell transfer may fluctuate depending on the strain of donor and recipient 

mice (Ostanin et al. 2009; Powrie 1995). 

Genetic knock-out and transgenic models of IBD develop acute and chronic 

active colitis by a genetically engineered deletion or overexpression of certain 

molecules, respectively (Mizoguchi 2012). These models are valuable for 

understanding the functional role of a specific gene product in contributing to, or 

protecting against, intestinal inflammation, however they have diminished 

pathogenic relevance as they do not fully represent the underlying mechanisms 

of the disease (Cominelli et al. 2017). Spontaneous models of IBD include 

animals that spontaneously develop mucosal inflammation or in which a genetic 

modification generates an inappropriate mucosal immune response (Borm and 

Bouma 2004). The recently developed Winnie mouse model of spontaneously 

occurring chronic colitis is quickly gaining recognition as an experimental model 
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that is highly representative of human IBD. In Winnie mice, a point mutation in 

the Muc2 mucin gene causes a primary intestinal epithelial defect which alters 

the mucus layers of the gut, increases intestinal permeability, and amplifies 

susceptibility to luminal antigens leading to chronic intestinal inflammation (Eri et 

al. 2011; Heazlewood et al. 2008). Since intestinal inflammation occurs without 

any evident exogenous influences, similar to human IBD, this model and other 

spontaneous models of IBD are extremely appealing for studying intestinal 

inflammation (Goyal et al. 2014). 

Congenic IBD models are generated through crossbreeding of mice with various 

genetic backgrounds, producing a spontaneous multifactorial disease with 

increased pathogenic relevance to the human condition (Cominelli et al. 2017). 

However, the genetic defects that contribute to intestinal inflammation is this 

model are largely unknown due to the crossbreeding (Valatas et al. 2013).  
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1.2 Neural control of the gastrointestinal tract 

1.2.1 Structure and function of the gastrointestinal tract 

The digestive system comprises the organs of the GI tract and its accessory 

structures. The GI tract is essentially a long continuous tube that starts at the 

mouth and proceeds to the esophagus, stomach, small intestine, and large 

intestine before terminating at the anus. Accessory structures include the tongue, 

teeth, gallbladder, salivary glands, liver, and pancreas, which support the GI tract 

in its primary functions: digestion and absorption of nutrients, secretion and 

reabsorption of fluid, and the expulsion of redundant or harmful substances 

(Johnson and Said 2012). These functions are facilitated by the unique 

architecture of the GI tract: 1) extensive infolding provides a large surface area 

for maximal absorption and secretion and 2) the gut wall is regularly arranged 

into four distinct layers from the esophagus to the anus, enabling generation of 

organized motor patterns for coordinated movement along the GI tract (Rao and 

Wang 2011). From the lumen outwards, the layers of the gut wall include the 

mucosa, submucosa, muscularis, and the serosa. The mucosa is a mucus 

membrane comprised of three layers: 1) an epithelial layer in direct contact with 

the luminal contents, 2) the lamina propria which consists of subepithelial 

connective tissue and lymph nodes, and 3) the muscularis mucosae, a thin layer 

of smooth muscle responsible for generating local movements. The submucosa, 

consisting of dense connective tissue, blood vessels, lymphatic vessels, and 

neural tissue, connects the overlying mucosa to the underlying muscularis. An 

inner layer of circular smooth muscle and an outer layer of longitudinal smooth 

muscle form the muscularis which is responsible for peristaltic contractile activity 

and mechanical digestion by segmentation. The outermost layer is the serosa, a 

serous membrane that provides protection from the spread of inflammatory and 

malignant processes (Sayegh and Washington 2012; Rao and Wang 2011).   
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1.2.2 Innervation of the gastrointestinal tract 

The GI tract is innervated both extrinsically and intrinsically (Phillips and Powley 

2007). Extrinsically, the GI tract is innervated by the parasympathetic and 

sympathetic nervous systems. The vagus and pelvic nerves provide the 

parasympathetic innervation to the GI tract; the vagus nerve innervates the 

esophagus, stomach, gallbladder, pancreas, small intestine, cecum, and 

proximal colon, while the pelvic nerves innervate the distal colon and anorectal 

region. All parts of the GI tract receive sympathetic innervation from the 

prevertebral ganglia. Parasympathetic and sympathetic afferent fibers send 

sensory information to the CNS, which drives reflexes to alter secretory and motor 

functions in the gut accordingly. Intrinsically, the gut is innervated by the ENS 

(Grundy and Brookes 2012). Complete enteric reflex circuits comprised of 

sensory neurons, interneurons and motor neurons in the small intestine and colon 

enable the ENS to control motility, secretion and local blood flow without input 

from the CNS. Overall, proper neuronal regulation of GI function and homeostasis 

involves assimilated communication between the central nervous system (CNS) 

and the ENS, between the ENS and the sympathetic ganglia, and within the ENS 

itself (Furness 2012).  

1.2.3 Organization of the enteric nervous system (ENS)  

The ENS is an intricate neural network composed of thousands of ganglia, 

interganglionic nerve fibers, and nerve fibers projecting to effector systems, such 

as smooth muscle cells, mucosal epithelium, immune cells and blood vessels 

(Furness 2012; Hansen 2003). The ganglia of the ENS comprise enteric neurons 

and enteric glial cells (EGCs) and are arranged into two interconnected plexuses 

embedded within the gut wall: the myenteric and submucosal plexuses.  

The myenteric plexus, also known as Auerbach’s plexus, is located between the 

circular and longitudinal smooth muscle layers of the GI tract. Ganglia are 

arranged with quasi-regular spacing around the entire circumference of the gut 

from the upper esophagus to the internal anal sphincter. There are some 

variations in the structure of ganglia between species and gut regions, however 
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this is unlikely to have functional significance (Furness 2012). Approximately two 

thirds of enteric neurons are myenteric neurons, which are generally involved in 

the regulation of intestinal motility. The axons of myenteric neurons largely 

distend into interganglionic connectives that run longitudinally between ganglia 

and then to their target cell.   

The submucosal plexus, or Meissner’s plexus, is located between the circular 

muscle and mucosal epithelium of the small and large intestines. Submucosal 

ganglia tend to be smaller than myenteric ganglia, connected to other 

submucosal ganglia by interganglionic connectives. Submucosal neurons control 

secretion, mucosal function, blood flow and barrier function (Furness 2012).  

1.2.4 Classification of enteric neurons 

The human ENS contains a total of 400-600 million neurons, similar to the 

number of neurons in the spinal cord and more than in the sympathetic and 

parasympathetic ganglia (Furness 2012). The density of neurons is higher in the 

myenteric plexus compared to the submucosal plexus (Wood et al. 1999). 

Approximately 20 different types of enteric neurons have been identified, 

categorized according to their morphological, electrophysiological, 

neurochemical, or functional properties (Furness 2012; Hansen 2003).  

1.2.4.1 Morphology 

Morphologically, neurons can be classified as Dogiel types I-VII and giant 

neurons (Hansen 2003). Enteric neurons are most commonly classified 

morphologically as either Dogiel type I or Dogiel type II. Dogiel type I neurons 

have a relatively small cell body with many stubby lamellar dendrites and a single 

long axon. Dogiel type II neurons have large smooth cell bodies and several 

elongated, tapering, filamentous axons. The processes of type II neurons 

typically run circumferentially out of the ganglia of origin and branch extensively 

in surrounding myenteric ganglia  (Costa and Brookes 2008; Brookes et al. 1995; 

Wattchow et al. 1995; Bornstein et al. 1991).  
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1.2.4.2 Electrical behavior 

Enteric neurons may be differentiated by their electrical behavior as either 

afterhyperpolarization (AH)-type or synaptic (S)-type neurons. Following the 

discharge of an action potential (AP), AH-type neurons demonstrate long-lasting 

(>4sec) and substantial (often ≤15mV) AH potentials which limit AP firing. S-type 

neurons can be distinguished from AH-type neurons by lower resting membrane 

potentials, greater excitability, a monophasic AP and an absent AH potential 

(Bornstein 2006; Nurgali et al. 2004). AH-type neurons generally have a Dogiel 

type II morphology, whereas S-type neurons are typically classified as Dogiel type 

I (Hansen 2003; Brookes et al. 1995).  

1.2.4.3 Neurochemical coding 

Neurochemicals expressed by neurons has been used as a tool to classify enteric 

neurons (Furness 2000). Acetylcholine (ACh) is the major neurotransmitter in the 

ENS, however more than 30 other neurotransmitters have been identified in the 

ENS (de Jonge 2013; Serio et al. 2011). Each type of enteric neuron contains a 

fixed combination of neurotransmitters, transmitter-related enzymes, 

neuropeptides, neuromodulators and proteins that define its chemical coding. 

Many of these neurochemicals are functionally important themselves. Although 

many characteristics of the enteric neurons are analogous along the GI tract, 

some differences in neurochemical coding have been demonstrated to differ 

between intestinal regions and between species (Furness et al. 2004; Anlauf et 

al. 2003; Sang and Young 1998; Timmermans et al. 1997). Chemical coding is 

not random; the neurochemistry of enteric neurons correlates to its ‘type’. 

Furthermore, the neurochemical identity of an enteric neuron influences its 

functional properties (Uyttebroek et al. 2010; Hansen 2003; Furness 2000).  

1.2.4.4 Functions 

Functionally, enteric neurons are generally divided into three classes: sensory or 

intrinsic primary afferent neurons (IPANs), interneurons and motor neurons. In 

general, the ratio of sensory neurons, interneurons, and motor neurons in the GI 

tract is 2:1:1 (Hansen 2003). 



  

23 
 

Most IPANs are classified as AH/Dogiel type II neurons, comprising 30% and 

14% of the neurons in the myenteric plexus and submucosal plexus, respectively 

(Reddy 2010). The long dendritic processes of IPANs ramify extensively, 

projecting orally and anally to connect with interneurons, motor neurons, and 

other sensory neurons within the ENS. IPANs also relay information to enteric 

intestinofugal neurons whose processes distend to the sympathetic prevertebral 

ganglia and pelvic ganglia (Yoo and Mazmanian 2017; Furness 2012; Ren and 

Bertrand 2008). IPANs may be activated directly by chemical (short chain fatty 

acids, HCl, bile acids) and mechanical (distortion of the mucosal villi, tension in 

the gut wall) stimulation or indirectly by serotonin (5‐HT) or purines released by 

enterochromaffin cells. Activated IPANs then release neurotransmitters, 

calcitonin gene related peptide (CGRP) and substance P to initiate the 

appropriate action via reflex regulation of functions (Galligan 2009; Hansen 

2003).  

Interneurons extend either orally (ascending) or anally (descending) from their 

cell body located within the myenteric plexus (Ren and Bertrand 2008). The total 

number of ascending neurons is small (5%) and classified morphologically as 

Dogiel type I. Ascending interneurons contain ACh/choline acetyltransferase 

(ChAT) and tachykinins and appear to be involved in local motility reflexes 

(Furness 2012; Reddy 2010; Bornstein et al. 2004). These neurons receive fast 

synaptic inputs from other ascending interneurons, fast nicotinic and slow 

synaptic inputs from IPANs and synapse with excitatory motor neurons via fast 

nicotinic and non-cholinergic slow synaptic inputs. Most descending interneurons 

are Dogiel type II interneurons which project to both myenteric and submucous 

ganglia. The neurochemical coding of descending interneurons is complex and 

includes ACh/ChAT, nitric oxide (NO)/nitric oxide synthase (NOS), vasoactive 

intestinal polypeptide (VIP), 5‐HT, and somatostatin (Hansen 2003). Descending 

interneurons are implicated in local motility and secretomotor reflexes with ACh, 

tachykinins, 5-HT, and purines mediating fast or slow synaptic transmission 

(Hansen 2003; Brehmer et al. 1999; Costa and Brookes 2008).  



  

24 
 

Enteric motor neurons are Dogiel type I and classified as muscle motor neurons, 

secretomotor neurons, and secretomotor/vasodilator neurons (Furness 2012). 

Muscle motor neurons are either excitatory or inhibitory, innervating the 

longitudinal and circular muscles, as well as the muscularis mucosae to stimulate 

smooth muscle contraction or relaxation. The chemical coding of excitatory 

neurons includes ACh and tachykinins, which are synthesized by ChAT, for 

predominantly muscarinic cholinergic and tachykinergic transmission. Excitatory 

muscle motor neurons receive mostly fast nicotinic synaptic input from IPANs and 

cholinergic ascending interneurons. Inhibitory muscle motor neurons elicit 

relaxation of GI smooth muscle mediated primarily by NO/NOS, as well as VIP 

and purines (Durnin et al. 2013; Rivera et al. 2011). These neurons receive fast 

nicotinic and non-cholinergic inputs from IPANs and descending interneurons. 

The secretomotor and secretomotor/vasodilator neurons are generally located in 

the submucosal plexus and regulate exocrine fluid secretions and blood flow in 

the GI tract. These cholinergic and non-cholinergic neurons release ACh or VIP 

after receiving fast or slow synaptic inputs from IPANs (Christofi 2008; Costa et 

al. 2000).  

1.2.5 Enteric glial cells (EGCs) 

Enteric neurons are supported by EGCs, the ENS counterparts of CNS 

astrocytes, capable of modulating neuronal function (Hoff et al. 2008). EGCs are 

morphologically small cells, characteristically possessing long laminar processes 

which envelope groups of enteric neuronal cell bodies and axon bundles and 

extending their processes into the intestinal mucosa (Hoff et al. 2008; Ruhl 2005). 

EGCs release a wide array of factors necessary for the development, survival 

and differentiation of neurons and have been traditionally contemplated as a 

mechanical support for enteric neurons (Laranjeira and Pachnis 2009). However, 

it is now known that EGCs have additional roles, including acting as modulators 

for the homeostasis of enteric neurons, involvement in enteric neurotransmission, 

and antigen-presenting cellular activity (Van Landeghem et al. 2009; Bassotti et 

al. 2007; Ruhl 2005). Furthermore, it is thought that EGCs may play a role in GI 

motor activity.  
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1.2.6 Signal transmission in the ENS 

In the ENS, neurons communicate directly with other enteric neurons, as well as 

with the smooth muscle cells in the gut wall via chemical neurotransmission to 

ensure proper function of the GI tract. Neuron to neuron transmission may be 

labelled synaptic, while junctional transmission describes neuron to smooth 

muscle cell communication. Electrical impulses are relayed across a 

synapse/junction by chemical neurotransmitters released from nerve terminals. 

Neurotransmitters bind to specific receptors on the target cell which produce 

changes in the membrane potential: postsynaptic or junction potentials. These 

potentials propagate passively and may result from either depolarization or 

hyperpolarization. The effector cells may show only excitatory, inhibitory or both 

excitatory and inhibitory potentials (Goyal and Chaudhury 2013).  

1.2.6.1 Synaptic potentials 

Studies involving intracellular electrophysiological recordings have revealed 

distinctive synaptic and receptor properties in different classes of neurons and 

regions of the ENS; the vast majority of investigations have focused on the 

myenteric and submucosal plexuses of the guinea-pig intestine (Monro et al. 

2008; 2004; Galligan and North 2004). Fundamental mechanisms for chemically 

induced synaptic transmission in the ENS are consistent with elsewhere in the 

nervous system (Hansen 2003). Primary synaptic events in the ENS include 

presynaptic facilitation and inhibition, excitatory postsynaptic potentials (EPSPs), 

and inhibitory postsynaptic potentials (IPSPs). ENS neurons may express signal 

transduction mechanisms for both slow and fast synaptic neurotransmission. Fast 

synaptic potentials are generally EPSPs, whereas slow synaptic potentials may 

be either EPSPs or IPSPs (Wood 2011).  

Synaptic transmission may be enhanced by presynaptic facilitation or suppressed 

by presynaptic inhibition. Presynaptic facilitation is evidenced by an increase in 

amplitude of fast EPSPs at nicotinic synapses where it reflects enhanced release 

of ACh via nicotinic and 5-HT4 receptors (Galligan et al. 2003; Schneider and 

Galligan 2000). Muscarinic receptors, 5-HT1A receptors, galanin, and adenosine 
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receptors (A1) have been demonstrated as mediators for presynaptic inhibition 

(Gwynne and Bornstein 2007b).   

Fast EPSPs are rapidly activating depolarizing responses of the postsynapatic 

membrane, lasting for ~30ms and <50ms and representing the major form of 

communication between enteric neurons (Gwynne and Bornstein 2007b; Galligan 

2002). Fast EPSPs can be recorded in 70% of all myenteric neurons and 90% of 

all submucosal neurons; they are uncommon in AH-type neurons, but are present 

in almost all S-type neurons (Gwynne and Bornstein 2007b). Furthermore, they 

may be the sole mechanism of transmission between vagal efferents and enteric 

neurons (Wood 2011). The main mediator of fast EPSPs is ACh acting through 

nicotinic receptors (nAChR), but they can also be generated by adenosine 5′-

triphosphate (ATP) acting at P2X receptors and by 5-HT acting at 5-HT3 receptors 

(Ren and Bertrand 2008; Galligan and North 2004; Galligan et al. 2000). Fast 

EPSPs mediated by nAChR are involved in the relay of sensory information at 

every functionally defined synapse within the ascending excitatory pathway; an 

important component underlying of gut motility (Gwynne and Bornstein 2007b). 

Slow EPSPs are characterized by slowly activating membrane depolarization 

which lasts for several seconds to minutes and even hours following termination 

of the stimulus (Gwynne and Bornstein 2007b; Wood and Kirchgessner 2004). 

There are differing types of slow EPSPs in the ENS associated with distinct time 

courses, pharmacology, and intracellular transduction mechanisms (Gwynne and 

Bornstein 2007b). Electrical stimulation applied to the myenteric and submucosal 

ganglia or interganglionic fiber tracts evokes slow EPSPs in AH/Dogiel type II and 

S/Dogiel type I enteric neurons. In AH/Dogiel type II neurons, slow EPSPs may 

be mediated by 5-HT acting at 5-HT7 receptors, tachykinins acting at neurokinin 

(NK)-1 and NK3 receptors, and ACh acting at M1 muscarinic receptors (Monro et 

al. 2005; Johnson and Bornstein 2004; Alex et al. 2001; North et al. 1985). In 

S/Dogiel type I neurons, slow EPSPs are mediated by ATP acting at 

P2Y1 receptors, tachykinins acting at NK1 receptors, and ACh acting at 

muscarinic receptors (Monro et al. 2004; Hu et al. 2003; Alex et al. 2002; North 

and Tokimasa 1982). Slow EPSPs mediated by P2Y1 receptors are essential to 
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transmission in the descending inhibitory reflex pathway (Gwynne and Bornstein 

2007b).  

IPSPs are hyperpolarizing synaptic potentials that activate slowly and continue 

for several seconds after termination of the stimulation in both myenteric and 

submucosal neurons (Wood 2011). In the submucosal plexus, IPSPs 

predominantly occur in VIP-containing noncholinergic secretomotor neurons by 

adrenaline acting at α2-noradrenergic receptors, somatostatin acting at SST1 and 

SST2 receptors, and 5-HT acting at 5-HT1A receptors (Foong et al. 2010; Shen 

and Surprenant 1993; North and Surprenant 1985). There are limited data 

regarding the transmitters mediating IPSPs in myenteric neurons; IPSPs are 

normally concealed by slow EPSPs (Bornstein 2008). However, since IPSPs are 

blocked by a 5-HT1A receptor antagonist, it is suggested they may be mediated 

by 5-HT acting on 5-HT1A receptors (Johnson and Bornstein 2004). 

1.2.6.2 Junction potentials 

Electrical potentials in smooth muscle cells in response to motor nerve stimulation 

are called junction potentials. Junctional transmissions are defined as ‘close’ or 

‘wide’ based on the distance between the release site on the prejunctional nerve 

terminal and the postjunctional receptors on the target cell (Goyal and Chaudhury 

2013). Close junctional transmission is associated with fast junction potentials, 

whereas wide junctional transmission is associated with slow junctional 

potentials. Most smooth muscles demonstrate both fast and slow junction 

potentials which are generally mediated by different types of receptors. 

In close/fast junctional transmission, the distance between the prejunctional 

release site on the nerve terminal and the postjunctional receptor on the smooth 

muscle cell is typically 10-20nm (Goyal and Chaudhury 2013). Fast junction 

potentials last for 250ms-2.5sec (~1sec) and may be depolarizing (fast excitatory 

junction potential (fEJP)) or hyperpolarizing (fast inhibitory junction potential 

(fIJP)). fEJPs in the gut are mediated by both ACh acting on muscarinic M3 

receptors and ATP acting on P2X receptors, while fIJPs are purinergic and 
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mediated by ATP or related purines acting on P2Y1 receptors (Gallego et al. 2012; 

Zhang and Paterson 2005; Maggi et al. 1997).  

The wide/slow junctional transmission is characterized by >100nm->2000nm of 

junctional space between the axon varicosities and smooth muscle cell 

postjunctional receptor (Goyal and Chaudhury 2013). Slow junctional potentials 

generally last seconds to minutes and may be depolarizing (slow excitatory 

junction potential (sEJP)) or hyperpolarizing (slow inhibitory junctional potential 

(sIJP)). sEJPs are mediated by NK acting on its metabotropic receptors, whereas 

sIJPs are mediated by NO acting via the guanylate cyclase/3’5’ cyclic guanosine 

monophosphate pathway (Furness 2006; Van Geldre and Lefebvre 2004).  

1.2.7 Neural regulation of gastrointestinal motility function   

Normal motility function in the gut involves complex interactions between the 

enteric reflex circuits and myogenic mechanisms (smooth muscle cells and 

interstitial cells of Cajal (ICC)), as well as input from extrinsic sources including 

parasympathetic and sympathetic nerves, hormones and inflammatory mediators 

(Huizinga and Lammers 2009; Sanders 2008). Expression of various motor 

patterns is generally not the consequence of independent actions of different 

control systems but rather, depending on specific stimuli, of varying domination 

of one or more of the control activities. The different control systems of motility 

are unique but interconnected. The small and large intestines contain complete 

reflex circuits within the ENS, showing a significant degree of autonomy in the 

absence of extrinsic input. In contrast, the esophagus and stomach are much 

more dependent on extrinsic neural inputs and the ENS has little influence on 

peristaltic activity in these regions of the GI tract (Browning and Travagli 2014; 

Furness et al. 2014). The circular and longitudinal smooth muscle layers within 

the gut wall are direct effectors for propulsive and mixing movements throughout 

the entire GI tract. ICC are the intestinal pacemaker cells responsible for rhythmic 

propagation of circular muscle contractions (Huizinga et al. 2014).  

The two main components of gut motility are mixing and propulsion of digesta 

along the GI tract. The intensity of mixing movements and the rates of propulsion 
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vary between organs; mixing movements intensify while propulsion rates slow as 

the digesta is transported distally towards the anus. In any segment of the GI 

tract, the spatiotemporal characteristics of smooth muscle contractions determine 

the efficacy of propulsion and mixing movements. The spatial characteristics of 

gut contractions include direction of propagation, distance of propagation, and 

velocity of propagation, whereas the temporal characteristics of gut contractions 

include frequency, amplitude, and duration. Based on these spatiotemporal 

characteristics, the main intestinal motor patterns observed in several species 

are peristaltic contractions, segmenting contractions and migrating motor 

complexes (MMCs) (Sarna 2010; Gonzalez and Sarna 2001). The motility 

functions of these contractions are markedly different and vary in fed and fasted 

states. Furthermore, the composition of contractions varies among gut organs 

depending on their specific requirements of motility function (Sarna 2010; 

Bornstein et al. 2002; Gonzalez and Sarna 2001).  

1.2.7.1 Peristaltic contractions 

Gut peristaltic contractions are anally directed propagating motor patterns 

involving fractional or complete occlusion of the lumen (Huizinga and Lammers 

2009). It was originally considered that a neurally mediated polysynaptic reflex, 

the peristaltic reflex, was predominantly responsible for peristaltic contractions. 

The peristaltic reflex is initiated by a bolus causing distension of the intestinal 

wall, which activates IPANs. Sensory input is then relayed to motor neurons by 

ascending excitatory and descending inhibitory pathways, leading to contraction 

oral to the bolus and relaxation anal to the bolus (Huizinga and Lammers 2009). 

However, while the peristaltic reflex has been demonstrated convincingly and its 

pathways well established, peristaltic motor activity is not always evoked by the 

presence of a bolus, luminal stretch does not necessarily initiate the reflex, and 

contractions have been observed to propagate away from the stimulus in both 

oral and anal directions (Costa et al. 2000; Spencer et al. 1999). Although there 

is clearly a role for neural mediation in peristalsis, the peristaltic reflex alone 

cannot account for variations in propulsive motor activity. It is now proposed that 

peristalsis occurs due to the coordinated activities of the enteric neurons and the 
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ICC. ICC generate and propagate slow waves, spontaneous periodic 

depolarizations of smooth muscle cells which instigate short cycles of high and 

low excitability in the circular smooth muscle cells. During periods of high 

excitability, stimulation from muscle distension, excitatory neurotransmission, or 

inhibition of inhibitory neurotransmission elevates smooth muscle cell 

depolarization above threshold to evoke contraction (Rychter et al. 2014; Sarna 

2010). Although distention can cause peristaltic activity without excitatory neural 

input, the ENS generally stipulates the force of contraction (Huizinga and 

Lammers 2009). In addition to the aforementioned mechanisms, peristaltic 

activity may also be driven by pattern generators in the CNS (Huizinga and 

Lammers 2009).  

1.2.7.2 Segmenting contractions 

Segmenting contractions are stationary rhythmic contractions of the circular 

smooth muscle that alternate with relaxations to repeatedly divide and re-divide 

a mass of intestinal content (Gwynne and Bornstein 2007a; Bornstein et al. 2002). 

These motor patterns are specialized for mixing and absorption functions and 

comprise more than 90% of the small intestine contractile activity during digestion 

(Bornstein 2008). The mechanisms underlying the initiation of segmentation 

motor patterns is not completely understood, however in vitro studies involving 

isolated guinea-pig small intestine have shown that segmentation can be evoked 

by intraluminal content including fatty acids and amino acids (Gwynne et al. 

2004a; 2004b). In vitro studies have demonstrated abolishment of segmentation 

when the activity of the ENS is obstructed, as well as conversion of stationary 

contractions to propagating contractions when IJPs are blocked (Gwynne and 

Bornstein 2007a; Gwynne et al. 2004b). These results suggest that segmenting 

contractions are result of coordinated activity generated within the ENS 

independent of myogenic regulation. However, an in vitro study in the isolated 

mouse small intestine reported that segmentation can occur after total nerve 

blockade, proposing that interacting myogenic electrical activities underlie the 

segmentation motor pattern (Huizinga et al. 2014). While the data is conflicting, 

the critical importance of the segmentation motor pattern makes it unlikely that 
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there is only one single mechanism underlying it. Therefore, alike peristalsis, it is 

probable that segmentation is a result of the ENS working in concert with 

myogenic ICC pacemaker activities (Huizinga and Chen 2014). 

1.2.7.3 Migrating motor complexes 

MMCs are spontaneously occurring cyclical contractions of the smooth muscle 

layers in the stomach, small intestine or colon that can propagate over large 

regions of the gut (Spencer et al. 2003). Three distinct phases occur in a normal 

MMC cycle: 1) a period of quiescence, 2) a period of irregular contractions that 

increase in magnitude over 20–30% of the complex, 3) a period of very strong 

rhythmic contractions that propagate slowly along the intestine (Bornstein 2008). 

In humans and other species that feed intermittently, MMCs occur in the stomach 

and small intestine during the fasted state. However, in animals that feed 

constantly, such as guinea-pigs, rats and mice, MMCs can occur in the fed state 

(Deloose et al. 2012; Kunze and Furness 1999). Colonic MMCs (CMMCs) occur 

independently of MMCs in the small intestine in both fed and fasted states 

(Heredia et al. 2010). CMMCs are defined as contractions that migrate relatively 

slowing over >50% of the colon length in studies investigating motility in the 

isolated colon in vitro (Roberts et al. 2008b; 2007; Fida et al. 1997). Although 

most CMMCs propagate in a largely oral-to-anal (antegrade) direction, they can 

also propagate orally, in a retrograde fashion (Spencer and Bywater 2002; Bush 

et al. 2000; Fida et al. 1997). Previous studies have provided significant evidence 

to suggest that MMCs are neural in origin; CMMCs do not occur in aganglionic 

regions of colon and neuronal blockade with hexamethonium or tetrodotoxin 

abolishes MMC activity (Spencer et al. 2007; 1998; Fida et al. 

1997). Furthermore, the occurrence of CMMCs in the isolated colon indicates that 

their initiation is independent of the CNS (Spencer et al. 2005). ACh release from 

excitatory motor neurons mediates the rapid component of the MMC, while the 

release of NO and ATP from inhibitory motor neurons appears primarily to be 

involved in maintaining quiescence between MMCs (Brierley et al. 2001). 
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1.2.8 Inflammation-induced changes to the ENS 

Evidence from studies involving both animal models of colitis and biopsies from 

IBD patients demonstrate that inflammation, even if mild, is associated with ENS 

abnormalities (Nurgali et al. 2011; 2009; 2007; Villanacci et al. 2008; De Giorgio 

et al. 2002; Sanovic et al. 1999). These inflammation-induced changes to the 

ENS are well known to affect gut function. Furthermore, ENS damage and 

alterations to gut function persist long after acute intestinal inflammation is 

resolved, playing a role in the generation of IBD associated symptoms (Mawe 

2015; Krauter et al. 2007b; Linden et al. 2005).  

Intestinal inflammation has been consistently associated with decreases in the 

number of enteric neurons that does not appear restricted to specific neuronal 

populations. A 61% decrease in the number of enteric neurons was reported in 

colon tissues from UC patients (Bernardini et al. 2012). In consistency with these 

findings, significant neuronal loss has been demonstrated in several experimental 

models of colitis; the number of myenteric neurons is decreased by up to 33% in 

guinea-pigs and rats with TNBS-induced colitis and ileitis and up to 50% in rats 

and mice with DNBS-induced colitis (Nurgali et al. 2011; Sarnelli et al. 2009; 

Boyer et al. 2005; Lin et al. 2005; Linden et al. 2005; Poli et al. 2001; Sanovic et 

al. 1999). Furthermore, inflammation-induced neuronal loss is long-lasting, 

persisting for at least 56 days after the resolution of inflammation in the guinea-

pig colon (Linden et al. 2005). While most studies describe neuronal loss, some 

studies diverge, reporting an increase or no change to the total number of enteric 

neurons to be associated with intestinal inflammation (Winston et al. 2013; 

Villanacci et al. 2008; Neunlist et al. 2003; Davis et al. 1955; Storsteen et al. 

1953). Increased neuronal cell numbers in patients with CD may be due to 

parenteral nutrition which is used in most patients before surgery (bowel 

resection) (Villanacci et al. 2008). The region of the intestine analyzed, severity 

of inflammation, type of marker used to identify neurons, experimental model or 

disease type, age of patient,  and method of quantification are among multiple 

factors that may contribute to controversial results (Winston et al. 2013; 

Bernardini et al. 2012). 
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Changes to ganglia, nerve fibers and EGCs have also be associated with 

intestinal inflammation. Hypertrophy and/or hyperplasia of ENS ganglia, extrinsic 

and intrinsic nerve bundles, and EGCs has been demonstrated in CD and UC 

(Vasina et al. 2006; Geboes and Collins 1998). Furthermore, nerve trunk 

hypertrophy is related to the extent of inflammatory infiltrate, suggesting that the 

presence of myenteric and submucosal plexitis may be predictive of IBD evolution 

and recurrence (Sokol et al. 2009; Ferrante et al. 2006; Vasina et al. 2006). Nerve 

fiber degeneration and necrosis evidenced by enlarged empty axons comprising 

large membrane-bound vacuoles, swollen mitochondria, and concentrated 

neurofibrils accompanies IBD in both inflamed and non-inflamed areas (Dvorak 

et al. 1993; Demir et al. 2013). A substantial loss of myenteric EGCs has been 

reported in GI inflammatory disorders, but it is unclear whether this precedes or 

follows neuronal loss (De Giorgio et al. 2012; Bassotti et al. 2006). 

Based on the significant changes to the structure of the ENS observed in tissues 

from IBD patients and experimental models of colitis, it is not surprising that these 

alterations are accompanied by substantial changes in ENS function. Intestinal 

inflammation induces several changes in the intrinsic motor circuits of the gut, 

including neuronal hyperexcitability, increased synaptic facilitation, and 

decreased descending inhibitory neuromuscular transmission (Roberts et al. 

2013; Strong et al. 2010; Nurgali et al. 2009; Krauter et al. 2007a; Lomax et al. 

2005; Linden et al. 2003). Hyperexcitability of AH neurons induced by colitis have 

been well documented during and after the resolution of inflammation (Krauter et 

al. 2007b; Lomax et al. 2007a; 2005; Nurgali et al. 2007; Linden et al. 2003). 

Reductions in AHP due to elevated levels of prostaglandin E2 or reduced 

intracellular Ca2+ signaling may underlie neuronal hyperexcitability associated 

with gut inflammation (Mawe et al. 2009; Lomax et al. 2006; 2005; Linden et al. 

2004). Increased synaptic facilitation in the inflamed gut is demonstrated by an 

augmented amplitude of evoked fast EPSPs in S-type neurons, most likely due 

to alterations in neurotransmitters that contribute to fast EPSPs (Lomax et al. 

2005; Linden et al. 2003). An oxidative stress-stimulated decrease in purines 

released from inhibitory motor neurons causes a reduction in the purinergic 

component of the IJP in preparations of the inflamed colon from animals with 
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TNBS-induced colitis (Strong et al. 2010). Disruptions in the descending inhibitory 

pathway can affect propulsive motility by decreasing the extent of relaxation in 

the receiving segment during peristalsis (Mawe 2015). Altogether, the 

aforementioned changes in intrinsic motor circuitry contribute to alterations in 

intestinal motility, which underlie the symptoms of IBD, such as diarrhea and 

constipation (Mawe 2015).  

The detrimental effects on the structure and function of the ENS during and 

following the resolution of inflammation have been well documented, suggesting 

a role for ENS damage in mechanisms underlying the pathogenesis of IBD. 

Together with the global increases in the epidemiology of IBD, impact on the 

economy and patient QoL, and the lack of adequate treatment options, the enteric 

neurons are a discernable target for potential IBD therapies.  

  



  

35 
 

 

1.3 Mesenchymal stem cells (MSCs) 

Mesenchymal stem cells (MSCs) are a subset of stromal stem cells that play a 

major role in tissue regeneration, repair, and homeostasis due to their capacity 

for self-renewal, differentiation, immune modulation, and paracrine effects (Liu et 

al. 2009b; Barry and Murphy 2004; Pittenger et al. 1999). In response to signals, 

endogenous MSCs mobilize and migrate to injured or inflamed tissue where they 

exert their reparative effects (Rennert et al. 2012). However, most adult tissue is 

unable to regenerate following injury despite this endogenous MSC recruitment, 

suggesting that these mechanisms are easily overwhelmed. Additionally, 

reservoirs of MSCs can be depleted by degenerative disease, physiological 

aberrations, or age (Marquez-Curtis and Janowska-Wieczorek 2013). Therapies 

involving transplantation of exogenous MSCs imitate and augment the natural 

healing response by enhancing activation of the endogenous MSC pool as well 

as increasing the total number of MSCs available to promote tissue repair (Fong 

et al. 2011; Semont et al. 2013). In this way, several studies have demonstrated 

enhanced endogenous neurogenesis in experimental models of 

neurodegeneration following administration of exogenous MSCs (Oh et al. 2015; 

Park et al. 2012; Cova et al. 2010). 

MSCs are multipotent cells that can be isolated from a range of non-embryonic 

tissues, including bone marrow (BM), adipose tissue, skeletal muscle, synovial 

membranes, umbilical cord, and placenta (Shi et al. 2012; Garcia-Bosch et al. 

2010; Barry and Murphy 2004). Most commonly isolated from the BM, MSCs only 

represent a minute fraction (0.001-0.01%) of the total BM population of nucleated 

cells, however their adherent nature enables them to be sequestered and rapidly 

expanded for a number of passages without substantial modification of their 

major properties (Sotiropoulou et al. 2006). Although BM-MSCs and MSCs 

isolated from other adult tissues demonstrate many shared properties, they 

exhibit differences in morphology, phenotype, and aptitude for differentiation and 

proliferation (Liu et al. 2009b). Thus, MSC populations residing in different tissues 

are considered biologically heterogeneous; possibly a function of their tissue 
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microenvironment (Paul and Anisimov 2013; Hegyi et al. 2010; da Silva Meirelles 

et al. 2006).  

Studies investigating the biological features and therapeutic prospective of MSCs 

have employed various methods of cell isolation, expansion, and 

characterization, which has generated many ambiguities and inconsistencies 

between reports (Gao et al. 2016). To address this issue, the International Society 

for Cellular Therapy (ISCT) proposed a set of standards to define MSCs for 

laboratory and clinical considerations (Dominici et al. 2006). For a population of 

cells to qualify as MSCs, the minimal requirements of three criteria must be met, 

including 1) adhere to tissue culture plastic, 2) expression of markers CD105, 

CD73, and CD90 must be ≥95%, while they must lack expression of CD34, CD45, 

CD14 or CD11b, CD79α or CD19, and HLA-DR in culture, and 3) capacity to 

differentiate into osteoblasts, adipocytes, and chondroblasts under standard in 

vitro differentiating conditions (Karp and Teo 2009; Dominici et al. 2006).  

The therapeutic potential of MSCs has recently gained significance for promoting 

regenerative repair and providing a defense against pathological disease 

processes (Patel et al. 2013). MSCs possess an array of biological attributes that 

influence their capacity to exert therapeutic effects, including proficiency in 

homing to areas of tissue damage (Liu et al. 2009b; Ortiz et al. 2003), potential 

for differentiation into multiple cell types (Barry and Murphy 2004; Pittenger et al. 

1999), and ability to release biological molecules with significant anti-proliferative, 

anti-inflammatory, anti-apoptotic, immunomodulating and neuroprotective 

properties (Ren et al. 2012a; Shi et al. 2012; Wang et al. 2012a). Furthermore, 

MSCs have low immunogenicity, able to evade the host’s immune response due 

to lacking major histocompatibility class (MHC)-II and  other costimulatory 

molecules required for immune cell stimulation (Ryan et al. 2005).  

Many studies have confirmed the ability of MSCs to migrate to sites of tissue 

damage and inflammation, irrespective of the tissue or the pathologic condition 

(Wang et al. 2012a; Spaeth et al. 2008; Liu et al. 2007; Ortiz et al. 2003). Injured 

or inflamed tissues release chemokines, cytokines, and growth factors into the 

circulation which serve as chemoattractants for MSCs. Chemoattractants are 
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recognized by a wide variety of receptors expressed by MSCs, providing 

directional migration to the site of injury (De Becker and Riet 2016; Kang et al. 

2012). Studies have revealed that MSC migration is dependent on certain 

chemokine-receptor interactions, such as stromal cell-derived factor-1/C-X-C 

chemokine receptor-4 (Son et al. 2006; Nakamizo et al. 2005), hepatocyte growth 

factor (HGF)/c-Met (Forte et al. 2006), vascular endothelial growth factor 

(VEGF)/VEGF receptor (Ball et al. 2007), platelet-derived growth factor 

(PDGF)/PDGF receptor (Nakamizo et al. 2005; Fiedler et al. 2002), and monocyte 

chemoattractant protein-1/C-C chemokine receptor-2 (Dwyer et al. 2007), 

amongst others. The migratory capacity of MSCs may also be influenced by a 

number of factors, including the age and passage number of cells, culturing 

conditions, and the mode of delivery (Ullah et al. 2015). Upon reaching the injury 

site, MSCs coordinate and interact with various types of stromal and inflammatory 

cells in order to participate in damage repair and regeneration processes (Zachar 

et al. 2016). 

MSCs are multipotent progenitor cells with multilineage potential to differentiate 

into cell types of mesodermal origin, such as adipocytes, osteocytes, and 

chondrocytes in vivo and in vitro (Ullah et al. 2015; Kim and Cho 2013; Liu et al. 

2009b; Barry and Murphy 2004; Pittenger et al. 1999). Some studies suggest that 

the differentiation potential of MSCs is not limited to mesenchymal derivatives, 

demonstrating that MSCs can also differentiate into cells of ectodermal 

(neurocytes) and endodermal lineages (hepatocytes) under appropriate cell 

culturing conditions or stimulation by specific endogenous or exogenous 

bioactive factors (An et al. 2014; Hang et al. 2014; Bae et al. 2011b; Datta et al. 

2011; Naghdi et al. 2009). However, there is some doubt regarding the functional 

capacities of MSCs differentiated into cells other than conventional mesodermal 

lineages (Phinney and Prockop 2007). The original hypothesis underlying the 

therapeutic effects of MSCs was based on MSC differentiation to repair and 

replace damaged cells (Bussolati 2011). However, long-term survival and 

differentiation of transplanted MSCs is infrequently observed in vivo (Abouelkheir 

et al. 2016; Noiseux et al. 2006). Therefore, it is likely that the beneficial effects 

of MSC therapy are due to the paracrine actions of MSCs rather than their 
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differentiation capacity. MSCs act in a paracrine manner by releasing a 

widespread secretome of bioactive factors which can alleviate inflammation, 

influence immune interaction, encourage cell survival and matrix remodeling, and 

establish an environment favorable for regeneration by endogenous cells 

(Ranganath et al. 2012; Karp and Teo 2009).  

MSCs possess diverse immunomodulatory abilities and are capable of 

influencing both innate and adaptive immunity. At the injury site, MSCs require 

activation by pro-inflammatory cytokines, such as IFN-γ, TNF-α and IL-1β, to 

exert these immunomodulatory effects (Ren et al. 2008; Krampera et al. 2006). 

Activated MSCs secrete a wide variety of immunosuppressive soluble factors 

including indoleamine 2,3-dioxygenase, prostaglandin E2, TNF-α stimulated 

protein/gene-6, NO, TGF-β1, human leukocyte antigen-G5,  hemoxygenase-1, 

leukocyte inhibitory factor, IL-6, IL-8, and IL-10 (Zachar et al. 2016; de Witte et 

al. 2015; English 2013; Melief et al. 2013). These factors, amongst others, enable 

MSCs to interact with components of innate and adaptive immunity leading to 

polarization of pro-inflammatory M1 macrophages to the anti-inflammatory M2 

phenotype, generation of T-regulatory cells  and tolerogenic dendritic cells (DCs),  

promotion of Th1-Th2 switch, inhibition of mast cell and Th17 differentiation, B 

lymphocyte activation, natural killer cell cytotoxicity, and T-cell proliferation, as 

well as induction of T-cell apoptosis  (Li et al. 2014; Ge et al. 2010; Ghannam et 

al. 2010; Nemeth et al. 2009; Ren et al. 2008; Corcione et al. 2006). MSCs have 

also been shown to impede the differentiation, maturation, and activation of DCs, 

hindering antigen-presenting functions and reducing their pro-inflammatory 

potential (Djouad et al. 2007; Jiang et al. 2005). In addition to immunomodulation 

via the release of soluble mediators, MSCs also exert immunosuppressive effects 

by cell-cell interaction. Inflammation induces upregulation of adhesion molecules, 

such as intercellular adhesion molecule-1 and vascular cell adhesion molecule-

1, on the surface of MSCs, attracting and anchoring T-cells and inducing their 

apoptosis (Ren et al. 2011; 2008). Furthermore, MSCs may attach themselves to 

Th17 cells facilitating them to adopt a regulatory phenotype (Ghannam et al. 

2010).  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/msc-gene
https://www.sciencedirect.com/topics/immunology-and-microbiology/innate-immune-system
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MSCs derived from various adult tissue sources have demonstrated an immense 

capacity for neurological regenerative therapy, promoting functional recovery and 

nerve fiber regeneration in animal models of spinal cord injury, stroke, and 

neurodegenerative diseases including Parkinson’s disease, amyotrophic lateral 

sclerosis (ALS), Huntington’s disease, Alzheimer’s disease, and multiple 

sclerosis (Table 1.2) (Song et al. 2013; Al Jumah and Abumaree 2012; Park et 

al. 2008; Zhao et al. 2007; Shen et al. 2006). Furthermore, transplantation of 

MSCs is often reported to be associated with other positive effects in these 

models, both at histological and behavioral levels, as well as improved survival 

rates (Lo Furno et al. 2018; Volkman and Offen 2017). Several mechanisms by 

which MSCs exert their neuroprotective and neuroregenerative effects in 

damaged neural tissue have been proposed, including production and secretion 

of neurotrophic factors, induction of neurogenesis, modulation of inflammation, 

and prevention of misfolded protein aggregation (Table 1.2). Secretion of 

neurotrophic factors, such as glial cell-derived neurotrophic factor (GDNF), brain-

derived neurotrophic factor (BDNF), nerve growth factor (NGF), and neurotrophin 

(NT)-3 has been implicated in nerve fiber regeneration and increased neuron 

survival both in vitro and in vivo (Oliveira et al. 2013; Kim et al. 2009; Park et al. 

2008; Kurozumi et al. 2005). Additionally, certain soluble factors released by 

MSCs display neurogenic effects on neural stem/progenitor cells (Croft and 

Przyborski 2009; Wang et al. 2009b).  

The release of soluble factors, such as anti-inflammatory cytokines, growth 

factors, and neuro-regulatory molecules into culture medium by MSCs may 

provide all the vital elements for tissue repair. Hence, MSC conditioned medium 

(CM) could consequently reiterate the positive effects of stem cell therapy for 

tissue repair (Ranganath et al. 2012; Burdon et al. 2011; Ribeiro et al. 2011; 

Salgado et al. 2010a). Several studies have demonstrated the therapeutic 

potential of the MSC secretome and/or CM on nervous system injury and 

degeneration, including facilitation of nerve regeneration, inhibition of apoptosis, 

and support of neuron survival (Yang et al. 2009; Isele et al. 2007; Neuhuber et 

al. 2005). 
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Table 1.2 MSCs in experimental models of neurodegeneration and neuronal 

injury  

Disease Suggested mechanism Clinical improvement 

Spinal cord injury 

(Chung et al. 2016; 

Tang et al. 2016; 

Ribeiro et al. 2015; 

Dadon-Nachum et 

al. 2011) 

• Neurotrophic factor 

secretion 

• Modulation of 

inflammation 

• Immunomodulation 

 

• Improved motor 

functions 

• Axonal regeneration 

• Reduced 

neuromuscular 

degeneration 

Parkinson’s disease 

(Park et al. 2016; 

2014a; 2012; Cova 

et al. 2010; 

Glavaski-Joksimovic 

et al. 2010; Sadan 

et al. 2009; Dezawa 

et al. 2004) 

• Neurotrophic factor 

secretion 

• Enhanced endogenous 

neurogenesis 

• Modulation of 

inflammation 

• Immunomodulation 

• Induced α‐synuclein 

clearance 

• Enhanced 

dopaminergic 

neurons survival 

• Dopamine fibers 

rejuvenation 

• Reduced dopamine 

depletion 

• Enhanced striatal 

regeneration 

Alzheimer's disease 

(Oh et al. 2015; 

Shin et al. 2014; 

Kim et al. 2012; Lee 

et al. 2010) 

 

• Neurotrophic factor 

secretion 

• Reduced Aβ and p‐tau 

deposition 

• Immunomodulation 

• Induced Aβ clearance 

• Enhanced endogenous 

neurogenesis 

• Improved learning 

• Improved memory 

performance 

• Reduced memory 

decline 

• Increased 

hippocampal 

neuronal survival 

Stroke 

(Chung et al. 2015; 

Wang et al. 2013a; 

Bao et al. 2011; Kim 

et al. 2008) 

• Neurotrophic factor 

secretion 

• Enhanced endogenous 

neurogenesis 

• MSC neuronal 

differentiation 

• Modulation of 

inflammation 

• Immunomodulation 

• Reduced endothelial 

vasculature damage  

• Improved motor 

recovery 

• Reduced ischemic 

core 

• Functional recovery 

in neurological 

severity score 

• Reduced infarct 

volume 

• Enhanced neuronal 

survival 
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Table 1.2 MSCs in experimental models of neurodegeneration and neuronal 

injury (continued) 

Disease Suggested mechanism Clinical improvement 

Multiple sclerosis 

(Bravo et al. 2016; 

Shalaby et al. 2016; 

Fisher-Shoval et al. 

2012; Payne et al. 

2013b; 2012b; 

Gordon et al. 2010; 

Bai et al. 2009; 

Constantin et al. 

2009; Zhang et al. 

2006) 

• Neurotrophic factor 

secretion 

• NGF mediated axonal 

protection 

• Immunomodulation 

• Enhanced 

oligodendrogenesis 

• Modulation of 

inflammation 

• Deceleration in 

disease progression 

• Reduced disease 

severity 

• Reduced neuronal 

loss 

• Reduced axonal loss 

• Decreased white 

matter lesions 

• Decreased 

demyelination 

 

Amyotrophic lateral 

sclerosis (ALS) 

(Krakora et al. 2013; 

Vercelli et al. 2008; 

Zhao et al. 2007) 

• Neurotrophic factor 

secretion 

• Immunomodulation 

• Sustained survival of 

motor neurons 

• Improved motor 

functions 

• Delayed disease 

onset 

• Prolonged lifespan 

• Sprouting and 

reinnervation of 

fibers 

Huntington’s 

disease 

(Pollock et al. 2016; 

Sadan et al. 2012) 

• Neurotrophic factor 

secretion 

• Enhanced endogenous 

neurogenesis 

• Reduced striatal 

atrophy 

• Enhanced neuron 

survival 

 

The release of soluble factors, such as anti-inflammatory cytokines, growth 

factors, and neuro-regulatory molecules into culture medium by MSCs may 

provide all the vital elements for tissue repair. Hence, MSC conditioned medium 

(CM) could consequently reiterate the positive effects of stem cell therapy for 

tissue repair (Ranganath et al. 2012; Burdon et al. 2011; Ribeiro et al. 2011; 

Salgado et al. 2010a). Several studies have demonstrated the therapeutic 

potential of the MSC secretome and/or CM on nervous system injury and 
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degeneration, including facilitation of nerve regeneration, inhibition of apoptosis, 

and support of neuron survival (Yang et al. 2009; Isele et al. 2007; Neuhuber et 

al. 2005).  

1.3.1 MSC therapy in inflammatory bowel disease  

The unique properties of MSCs are appealing for use in the treatment of IBD. The 

efficacy of MSC therapy on histopathological changes to the gut wall and 

alterations in the immune response associated with IBD has been studied in 

various animal models of IBD, including DSS and TNBS-induced colitis (Liu et al. 

2014; Castelo-Branco et al. 2012; Liang et al. 2011; Gonzalez-Rey et al. 2009; 

Ando et al. 2008; Hayashi et al. 2008; Tanaka et al. 2008). MSCs administered 

systemically (intravenously or intraperitoneally) and locally were shown to 

migrate and engraft in the wall of the intestine at the site of inflammation; the 

number of engrafted MSCs influenced by the degree of inflammation (Chen et al. 

2013b; Fawzy et al. 2013; Castelo-Branco et al. 2012; Ando et al. 2008; Tanaka 

et al. 2008). In both DSS and TNBS-induced colitis, the attenuation of disease 

activity following MSC treatment is regularly demonstrated (Castelo-Branco et al. 

2012; Hayashi et al. 2008). Macroscopically, MSCs reduce inflammation-induced 

shortening of the colon, rectal bleeding and weight loss, while improving stool 

consistency (Chen et al. 2013b; He et al. 2012; Tanaka et al. 2008). Histological 

analyses show MSCs accelerate the repair of the intestinal architecture, reducing 

ulceration, restoring goblet cell loss and epithelial cell lining, disseminating 

fibrosis and repairing distorted crypt structures (Chen et al. 2013b; Fawzy et al. 

2013; He et al. 2012; Liang et al. 2011; Hayashi et al. 2008; Tanaka et al. 2008).  

Healing of the intestinal surface epithelium is regulated by a complex network of 

highly divergent structurally distinct regulatory peptides, growth factors, 

angiogenic factors, and trophic factors which are expressed from various cell 

populations within the mucosa of the intestinal tract (Dignass 2001). During in 

vitro culture, MSCs have been shown to secrete significant amounts of such 

factors, including HGF, VEGF, TGF-β1, and adiponectin (Watanabe et al. 2014; 

Ando et al. 2008; Zvonic et al. 2007; Rehman et al. 2004). TGF-β1 and VEGF 
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are known to play significant roles in GI wound healing and thus, are considered 

to contribute to the repair of injured tissue in experimental colitis (Watanabe et al. 

2014; Hayashi et al. 2008). A potent promoter of epithelial cell proliferation and 

migration, HGF facilitates repair of the epithelial cell lining and inhibits apoptosis 

of epithelial cells (Kanbe et al. 2006; Oh et al. 2005). Adiponectin exerts anti-

inflammatory actions on a number of cell types and has been shown to provide 

an enhancing effect on the remodeling of damaged colonic tissue (Ouchi and 

Walsh 2007; Nishihara et al. 2006; Yamamoto et al. 2005).  

MSCs have been demonstrated to exhibit remarkable immunomodulatory effects 

in experimental models of colitis. During intestinal inflammation, MSCs down-

regulate pro-inflammatory signaling and up-regulate anti-inflammatory signaling 

by inhibiting the proliferation and function of innate and adaptive immune cells, 

as well as promoting the expansion of T-regulatory cells (Selmani et al. 2008; 

Uccelli et al. 2008; Aggarwal and Pittenger 2005). In TNBS colitis, various studies 

have demonstrated that MSCs significantly inhibit the production of Th1-

cytokines such as IL-2, IL-12, TNF-α, IFN-γ and the Th1-specific transcription 

factor, T-bet, suggesting that MSCs can alter the inflammatory process by down-

regulating Th1-driven autoimmune and inflammatory responses (Chen et al. 

2013b; Liang et al. 2011; Gonzalez et al. 2009). Evidence also suggests that 

reductions in IL-23 and Th17 cytokines in MSC-treated animals may play a role 

in the amelioration of TNBS-induced colitis (Chen et al. 2013b; Liang et al. 2011). 

Thus, the mechanisms underlying attenuation of intestinal inflammation by MSC 

therapy may be via suppressive effects on the IL-23/Th17 axis and Th1-type 

immune responses, at least in TNBS-induced colitis.  

Currently, two forms of MSC therapy have been investigated in clinical trials: 

systemic infusions of MSCs in CD and UC and local application of MSCs in 

perianal fistulizing CD. Local application of BM and adipose tissue MSCs from 

autologous (MSCs obtained from the patient’s own body) and allogeneic (MSCs 

obtained from a donor) sources have shown promising results in the healing of 

perianal fistulas (Cho et al. 2013; de la Portilla et al. 2013; Lee et al. 2013a; 

Ciccocioppo et al. 2011; Garcia-Olmo et al. 2009; 2005). Complete healing of 
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fistulas was reported to occur within 8 weeks post treatment and can be 

maintained for up 24 months (Cho et al. 2015; Lee et al. 2013a; Ciccocioppo et 

al. 2011; Garcia-Olmo et al. 2009). Furthermore, lack of adverse events 

established that the use of MSCs in fistulizing CD is safe. In refractory luminal 

CD, the systemic administration of autologous and allogeneic BM-MSCs has 

been shown to be safe and feasible, reducing disease activity and inducing 

clinical remission (Forbes et al. 2014; Duijvestein et al. 2010). Systemic 

administration of umbilical cord-derived MSCs were associated with improved 

clinical response, including attenuation of ulceration and mucosal inflammation,  

without adverse effect in UC (Hu et al. 2016). Overall, these studies demonstrate 

that MSC therapy is safe and efficacious for the treatment of clinical symptoms 

associated with IBD. 

 

1.4 Summary 

IBD, comprised of CD and UC, is a complex disorder of the GI tract characterized 

by chronic relapsing inflammation. While there are many similarities between CD 

and UC, they differ in the location of the disease in the GI tract, the depth of 

inflammation within the gut wall, and the complications arising from the disease 

process. The symptoms of IBD are extensive, varying from mild to severe 

depending on disease activity. IBD patients commonly experience both GI and 

systemic symptoms which may lead to complications as the duration of the 

disease progresses. Although IBD is not associated with mortality, it causes 

considerable morbidity, inflicting substantial impact on the patient’s QoL. The 

etiology of IBD is unknown but considered to be multifactorial, thus treatments 

are aimed at controlling IBD symptoms and improving patient QoL rather than 

addressing the disease pathogenesis. However, many patients experience side 

effects, lose response or do not respond at all to conventional treatments. IBD is 

an established global disease; the incidence and prevalence of IBD is continually 

increasing and expected to increase further over the next decade worldwide. 

Hence, novel therapies for the treatment of IBD are imperative.  



  

45 
 

Studies have consistently demonstrated the detrimental effects of intestinal 

inflammation on the ENS. Substantial neuronal loss, degeneration of nerve fibers, 

and alterations to EGCs have been reported in experimental models and in 

tissues from IBD patients. It is not surprising that inflammation-induced changes 

to the structure of the ENS alter the functional properties of enteric neurons and 

subsequently, modify gut function. Neuronal hyperexcitability and alterations to 

normal synaptic and junctional transmission associated with intestinal 

inflammation affect changes in GI motility. Hence, inflammatory effects on the 

structure and function of enteric neurons may underlie the generation of IBD 

symptoms, such as diarrhea and constipation. Overall, evidence from previous 

studies suggest that the enteric neurons are a viable target for novel treatments 

of IBD. 

MSCs present an attractive option for the treatment of IBD. MSCs have been 

shown to play a major role in tissue repair and regeneration by migrating to the 

injury site and releasing a wide variety of biological factors with anti-inflammatory, 

immunomodulating, and neuroprotective effects. The therapeutic effect of MSC 

administration has been demonstrated in a variety of diseases, including 

inflammatory, autoimmune, and neurodegenerative diseases. MSC therapy 

provides anti-inflammatory and immunomodulating effects in experimental 

models of colitis and is deemed safe and feasible in IBD clinical trials. Given that 

MSC treatment has shown promising results in neurological disease and IBD, it 

is plausible that MSC therapy may be effective in attenuating enteric neuropathy 

associated with intestinal inflammation.  
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CHAPTER TWO: HUMAN BONE MARROW MESENCHYMAL 

STEM CELL-BASED THERAPY AVERTS ENTERIC 

NEUROPATHY AND COLON DYSFUNCTION IN THE ACUTE 

MODEL OF TNBS-INDUCED COLITIS IN GUINEA-PIGS 

 

The material presented in this chapter is published and has been reproduced 

here with the permission of the publishers with minor alterations: 

Robinson, A. M., Sakkal, S., Park, A., Jovanovska, V., Payne, N., Carbone, S. 

E., Miller, S., Bornstein, J. C., Bernard, C., Boyd, R., Nurgali, K. 2014. 

Mesenchymal stem cells and conditioned medium avert enteric neuropathy and 

colon dysfunction in guinea-pig TNBS-induced colitis. Am J Physiol Gastrointest 

Liver Physiol, 307, G1115-29. 

Robinson, A. M., Miller, S., Payne, N., Boyd, R., Sakkal, S., Nurgali, K. 2015. 

Neuroprotective potential of mesenchymal stem cell-based therapy in acute 

stages of TNBS-induced colitis in guinea-pigs. PLoS One, 10, e0139023. 
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2.1 Summary 

Background: Damage to the enteric nervous system (ENS) associated with 

intestinal inflammation may underlie persistent alterations to gut functions, 

suggesting that enteric neurons are viable targets for novel therapies. The 

therapeutic benefits of mesenchymal stem cells (MSCs), such as homing ability, 

multipotent differentiation capacity and secretion of soluble bioactive factors 

which exert neuroprotective, anti-inflammatory and immunomodulatory 

properties, have been attributed to attenuation of autoimmune, inflammatory and 

neurodegenerative disorders. In culture, MSCs release soluble bioactive factors 

promoting neuronal survival and suppressing inflammation suggesting that MSC-

conditioned medium (CM) provides essential factors to repair damaged tissues. 

We aimed to investigate 1) whether MSC and CM treatments administered by 

enema avert enteric neuropathy and motility dysfunction associated with 2,4,6-

trinitrobenzene-sulfonic acid (TNBS)-induced inflammation in the guinea-pig 

colon and 2) the earliest time point at which these effects may occur. Methods: 

Guinea-pigs were randomly assigned to experimental groups and received a 

single application of TNBS (30mg/kg) followed by 1×106 human bone marrow-

derived MSCs, 300μL CM, or 300μL unconditioned medium 3h later. Colon 

tissues were collected 6h, 24h, 3 days and 7 days after administration of TNBS. 

Effects on body weight, gross morphological damage, immune cell infiltration, 

myenteric neurons and motility were evaluated. Reverse transcriptase-

polymerase chain reaction, flow cytometry and an antibody array kit were used 

to identify neurotrophic and neuroprotective factors released by MSCs. Results: 

MSC and CM treatments prevented inflammation-associated weight loss, 

accelerated repair of colonic architecture and regeneration of nerve fibers, 

reduced infiltration of leukocytes into the colon wall and the myenteric plexus, 

averted myenteric neuronal loss, as well as changes in neuronal subpopulations, 

and alleviated inflammation-induced colonic dysmotility. The neuroprotective 

effects of MSC and CM treatments were observed as early as 24h after induction 

of inflammation even though the inflammatory reaction at the level of the 

myenteric ganglia had not completely subsided. A substantial number of 



  

48 
 

neurotrophic and neuroprotective factors released by MSCs were identified in 

their secretome. Conclusions: These results provide strong evidence that both 

MSC and CM treatments can effectively prevent damage to the ENS and alleviate 

gut dysfunction caused by TNBS-induced colitis. MSC-based therapies applied 

at the acute stages of TNBS-induced colitis start exerting their neuroprotective 

effects towards enteric neurons by 24h post treatment and maintain these effects 

for at least 7 days. The neuroprotective efficacy of MSC-based therapies can be 

exerted independently to their anti-inflammatory effects. 
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2.2 Introduction 

Inflammatory bowel disease (IBD) includes two major pathological conditions, 

Crohn’s disease (CD) and ulcerative colitis (UC), characterized by chronic 

relapsing inflammation within the gastrointestinal (GI) tract (Baumgart and 

Sandborn 2007). CD  exhibits a transmural inflammation that may affect any part 

of the GI tract, whereas in UC, inflammation is confined to the colorectal mucosa 

(Swenson and Theise 2010). Inflammation, mucosal ulceration, and modification 

of colonic architecture associate with symptoms, such as abdominal pain and 

cramping, chronic diarrhea, nausea/vomiting, constipation, fatigue, poor appetite, 

weight loss, and malnutrition (Farrell and Savage 2012; Abraham and Cho 2009; 

Lanzoni et al. 2008; Baumgart and Sandborn 2007; Sands 2007). Furthermore, 

IBD sufferers may encounter complications such as fistulas, abscesses, and 

stenosis (CD), or rectal bleeding and abdominal bloating (UC) (Boirivant and 

Cossu 2012; Bernstein et al. 2010; Lanzoni et al. 2008). The incidence and 

prevalence of IBD is increasing in western countries, and although not particularly 

associated with mortality, this disorder inflicts a severe impact on patient quality 

of life (Wilson et al. 2010).  

The exact etiology of IBD remains unknown, although environmental factors, the 

immune system, the microbiome and damage to the enteric nervous system 

(ENS) have been shown to influence its pathophysiology (Sharkey and Savidge 

2014; Abraham and Cho 2009; Baumgart and Carding 2007). The ENS 

intrinsically innervates the GI tract and is responsible for monitoring and 

coordinating all aspects of gut function, including intestinal barrier function, 

secretion, visceral sensation, blood flow and gut motility (Furness 2012; Ohlsson 

et al. 2007; Boyer et al. 2005). It is now recognized that persistent GI inflammation 

and immune activation affects incessant structural changes to enteric neurons, 

such as neuronal loss and nerve fiber degeneration (Ohlsson et al. 2007; Boyer 

et al. 2005; Linden et al. 2005; De Giorgio et al. 2002; Sanovic et al. 1999), as 

well as ENS functional changes, including hyperexcitability of enteric neurons 

and alterations in neurotransmission (Nurgali et al. 2011; 2009; 2007; Linden et 

al. 2003). Furthermore, colonic inflammation affects changes in the 
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neurochemical coding of myenteric neurons such as choline acetyltransferase 

(ChAT) and neuronal nitric oxide synthase (nNOS) neurons, causing disruption 

of GI functions and altered intestinal motility (Winston et al. 2013; Neunlist et al. 

2003; De Giorgio et al. 2002; Poli et al. 2001). Structural and functional changes 

in the ENS leading to alterations of intestinal functions can persist long after the 

resolution of acute intestinal inflammation (Krauter et al. 2007b; Lomax et al. 

2007a). Infiltration of immune cells to the level of the myenteric and submucosal 

plexuses (plexitis) of the gut wall can be predictive of IBD recurrence (Sokol et 

al. 2009; Ferrante et al. 2006). Thus, damage to and changes within the ENS 

may be prognostic of disease progression, play a role in the generation of IBD 

symptoms and recurrence, and underlie gut dysfunction (Villanacci et al. 2008). 

This suggests that protection of enteric neurons may decrease disease severity.  

Currently, IBD treatments are focused towards suppressing inflammation with 

lifelong medications, such as anti-inflammatories (e.g. 5-aminosalicylates), 

antibiotics, immunomodulators (e.g. azathioprine), corticosteroids and biologic 

agents (e.g. tumor necrosis factor (TNF)-α antagonists)  (Chaudhari et al. 2014; 

Shepela 2008). While acting to combat acute inflammation and prolong 

remission, certain medications, particularly corticosteroids and 

immunosuppressants, can be very toxic and inflict severe adverse effects 

(Triantafillidis et al. 2011; Stallmach et al. 2010; Scribano 2008). Biological 

therapies produce fewer side effects, but many patients fail to respond to these 

treatments, rendering them ineffective over time (Boirivant and Cossu 2012; 

Stallmach et al. 2010). Overall, the severity of side effects, together with a 

diminished patient response, limits the efficiency of current therapies for IBD. A 

high percentage of IBD patients will require surgical intervention, such as bowel 

resection or stricturoplasty, and ~40% will need repeated surgeries and/or 

removal of the entire colon (Chaudhari et al. 2014; Lewis and Maron 2010; Lukas 

2008; Sands 2007). Novel treatments for intestinal inflammation currently being 

investigated include the manipulation of gut microbiota and cellular therapies (Jin 

et al. 2014; Garcia-Olmo et al. 2009; 2005).  
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In recent years, mesenchymal stem cells (MSCs) have demonstrated significant 

potential for clinical use in a variety of inflammatory, autoimmune and nervous 

system diseases because of their differentiation potential and ability to advance 

tissue repair via the release of biologically active molecules (Galindo et al. 2011; 

da Silva Meirelles et al. 2009; Kassis et al. 2008; Zheng et al. 2008). MSCs play 

a major role in tissue regeneration, repair, and homeostasis with capacity for self-

renewal and differentiation into multiple lineages, as well as cells of neuronal and 

glial lineage when cultured under particular experimental conditions (De Luca et 

al. 2013; Bae et al. 2011a; Zeng et al. 2011; Barry and Murphy 2004). These 

multipotent cells can be derived from many adult tissues, including bone marrow 

(BM), adipose tissue, umbilical cord, and placenta (Shi et al. 2012; Pittenger et 

al. 1999). Most commonly derived from the BM, MSCs only represent a fraction 

(0.001–0.01%) of the total population of BM nucleated cells; however, their 

adherent nature enables them to be isolated and rapidly expanded for a number 

of passages under appropriate cell culturing conditions (Garcia-Bosch et al. 2010; 

Barry and Murphy 2004). Potential advantages of MSCs for cellular therapy 

include: ease of isolation, in vitro expansion capacity, low immunogenicity, 

receptiveness to in vitro genetic modification, and a safe and feasible profile for 

transplantation into humans (Cohen 2013; Burdon et al. 2011).  

Numerous studies, under an array of pathological conditions, have established 

the capacity of MSCs to migrate to sites of tissue damage and inflammation 

where they participate in mechanisms of regeneration, regardless of the tissue 

(Wang et al. 2012a; Karp and Teo 2009; Spaeth et al. 2008; Liu et al. 2007; Ortiz 

et al. 2003). Although not completely understood, it is considered that MSCs may 

exert therapeutic effects acting in a paracrine manner to release biologically 

active molecules, such as cytokines, growth factors, and neuroregulators, with 

anti-inflammatory, anti-apoptotic, and neuroprotective effects (Payne et al. 

2013b; Molendijk et al. 2012; Ren et al. 2012a; Scheibe et al. 2012; Shi et al. 

2012; Wang et al. 2012a). In addition, MSCs have been recognized to have 

immunomodulatory properties, including the capacity to evade allogeneic 

rejection, inhibit dendritic cell differentiation and T cell proliferation, regulate the 

functions of regulatory T cells and modulate natural killer cell activity (Zhao et al. 
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2016; Haddad and Saldanha-Araujo 2014; Ramasamy et al. 2007; Spaggiari et 

al. 2006; Aggarwal and Pittenger 2005; Ryan et al. 2005). MSCs demonstrate 

neuroprotective properties via anti-proliferative, anti-inflammatory, and anti-

apoptotic influences on neurons within the central nervous system (CNS) (Payne 

et al. 2013b; Al Jumah and Abumaree 2012; Scheibe et al. 2012; Slavin et al. 

2008; Suzuki et al. 2008). These neuroprotective and immunomodulatory MSC 

qualities imply a therapeutic potential of these cells in attaining neural repair and 

protection. Furthermore, soluble factors secreted by MSCs into the culture 

medium during in vitro expansion has demonstrated therapeutic potential in 

various pathologies and may provide all the vital elements for tissue repair 

(Ranganath et al. 2012; Burdon et al. 2011; Salgado et al. 2010a).  

MSCs have been proposed for the treatment of IBD (Swenson and Theise 2010; 

Lanzoni et al. 2008). Clinical trials have demonstrated administration of MSCs as 

a safe and feasible treatment option for complex perianal fistulas associated with 

CD (Ciccocioppo et al. 2011; Duijvestein et al. 2010). In experimental models of 

colitis, it has been confirmed that MSCs administered intraperitoneally (IP), 

intravenously (IV), or directly into the colonic wall migrate to sites of inflammation 

and exert their anti-inflammatory actions for the restoration of epithelial barrier 

integrity and repair of damaged tissue (Castelo-Branco et al. 2012; He et al. 2012; 

Gonzalez-Rey et al. 2009; Yabana et al. 2009; Hayashi et al. 2008; Tanaka et al. 

2008). However, the potential of MSCs to avert enteric neural dysfunction 

resulting from inflammation is unknown. 

Despite advances in the prospect of MSCs for the treatment of IBD and numerous 

nervous system disorders, no studies have evaluated the capacity of MSCs and 

conditioned medium (CM) to attenuate enteric neuropathy associated with IBD. 

Considerable evidence implicating persistent ENS damage in the generation of 

IBD symptoms together with the demonstrated therapeutic abilities of MSCs in 

nervous system disorders indicate that the study of MSCs for the treatment of 

enteric neuropathy associated with IBD is warranted. Accordingly, we have 

investigated the therapeutic potential of enema-applied MSCs and CM for the 

treatment of enteric neuropathy in the guinea-pig model of 2,4,6-trinitrobenzene-
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sulfonic acid (TNBS)-induced colitis. Previous studies in animal models of 

multiple sclerosis, spinal cord injury, myocardial infarction, glaucoma and kidney 

injury reported that therapeutic effects of MSCs occur as early as several hours 

to several days after administration (Torres-Espin et al. 2013b; Semedo et al. 

2009; Hu et al. 2007; Jiang et al. 2006; Zhang et al. 2005). Furthermore, MSCs 

have been shown to exert neuroprotective, anti-inflammatory and 

immunomodulatory effects in experimental traumatic brain injury 2-3 days post 

administration (Nichols et al. 2013; Zhao et al. 2012). These studies suggest that 

long-term engraftment of MSCs is not required for their efficacy. Hence, we have 

chosen time points from 6h up to 7 days post induction of inflammation to 

evaluate the time frame required to observe the potential of a MSC-stimulated 

therapeutic effect. Human BM-derived MSCs have been most studied and can 

uniquely evade immune rejection when administered to other species (Ryan et 

al. 2005; Tse et al. 2003); therefore, they were used in this study.   
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2.3 Materials and methods 

2.3.1 Animals 

Male and female Hartley guinea-pigs (140-280g; n=122) were obtained from 

South Australian Health and Medical Research Institute (SAHMRI, Adelaide, SA, 

Australia) and housed in a temperature-controlled environment with 12h 

day/night cycles. Animals were randomly assigned to experimental groups and 

had free access to food and water. All procedures used throughout this study 

were conducted according to the Australian National Health and Medical 

Research Council guidelines and approved by the Victoria University Animal 

Experimentation Ethics Committee. All efforts were made to minimize animal 

suffering.  

2.3.2 Mesenchymal stem cell (MSC) culture 

Human BM-MSC cell lines BM-7025, BM-7081, and BM-5077 (Tulane University, 

New Orleans, LA, USA) were cultured in accordance with MSC culturing 

procedures previously described (Payne et al. 2013b). Briefly, 60 cells/cm2 were 

cultured in complete culture medium; 20mL α-minimum essential medium (MEM) 

supplemented 16.5% MSC qualified fetal bovine serum (FBS; validated by Life 

Technologies and is tested to successfully support the differentiation and culture 

of human MSCs according to International Society for Cellular Therapy (ISCT) 

guidelines), 100U/mL penicillin/streptomycin, and 100X GlutaMAX (all purchased 

from Gibco®, Life Technologies, Mulgrave, VIC, Australia) at 37°C. Medium was 

replenished every 48-72h for 10-14 days until the cells were 70-85% confluent 

(maximum). MSCs were rinsed in 5mL sterile 0.1M phosphate buffered solution 

(PBS) prior to incubation with 3mL trypsin/ethylenediaminetetraacetic acid 

(EDTA) solution (TrypLE Select; Gibco®, Life Technologies) for 3min at 37°C to 

detach cells. Enzymatic activity was neutralized by 8mL of stop solution (α-MEM 

+ 5% FBS) and MSCs were collected and centrifuged at 450g for 5min at room 

temperature. Cells were then resuspended in fresh culture medium and counted 

using a light microscope. CM was aspirated following a minimum of 48h 
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incubation with MSCs and used for in vivo experiments. Unconditioned medium 

(UCM) is the culture medium described above, but not exposed to MSCs. 

2.3.3 MSC characterization 

Passage 4 human BM-MSC cell lines were characterized for their expression of 

surface antigens, differentiation potential, and colony forming ability as previously 

described (Payne et al. 2013b). All tests confirmed that MSCs used in this study 

met criteria for defining in vitro MSC cultures proposed by the ISCT (Dominici et 

al. 2006). Phenotypic analysis of MSCs was performed by flow cytometry. MSCs 

were labeled with anti-human CD34-phycoerythrin, CD45-PerCPCy5.5, CD29-

Alexa Fluor 488, CD44-brilliant violet 421, CD73-brilliant violet 421, and CD90-

Alexa Fluor 647 antibodies (BioLegend, San Diego, CA, USA). Peripheral blood 

mononuclear cells were employed as controls. Osteogenic and adipogenic 

differentiation potential of MSCs was revealed by 1% Alizarin Red S or 0.3% Oil 

Red O (Sigma-Aldrich, Castle Hill, NSW, Australia) labeling as previously 

described (Payne et al. 2013b). Oil Red O was eluted with 100% isopropanol and 

quantified colorimetrically (500nm) on a Bio-Rad plate reader (Bio-Rad 

Laboratories, Gladesville, NSW, Australia). MSC colony-forming potential was 

assessed by a colony-forming unit fibroblast (CFU-F) assay employing crystal 

violet staining methods described previously (Grayson et al. 2006). Briefly, MSCs 

were seeded (10 cells/cm2) for 14d and stained with 5% crystal violet (Sigma-

Aldrich) for 10min. After washing, colonies >2mm were counted. 

2.3.4 Induction of colitis 

For induction of colitis, TNBS (Sigma-Aldrich) was dissolved in 30% ethanol to a 

concentration of 30mg/kg (Nurgali et al. 2011). A total volume of 300μL was 

instilled by enema into the lumen of the colon through a lubricated silicone 

catheter approximately 7cm proximal to the anus. For TNBS administration, 

guinea-pigs were anesthetized with isoflurane (induced at 4%, maintained on 1-

4% isoflurane in O2). Sham-treated guinea-pigs were administered 300 μL sterile 

PBS only by the same procedure. 
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2.3.5 Treatment with MSC-based therapies 

Guinea-pigs in MSC, CM and UCM-treated groups were anesthetized with 

isoflurane 3h after TNBS administration (at the peak of acute intestinal 

inflammation (Pontell et al. 2009)) and administered 1x106 MSCs in 300μL of 

sterile 0.1M PBS, or 300μL CM, or 300μL UCM by enema into the colon via a 

silicone catheter. Animals were held at an inverted angle following MSC-based 

treatments to prevent leakage from the rectum. Guinea-pigs were weighed and 

monitored daily following treatment. Animals were culled via stunning (a blow to 

the occipital region) and exsanguination (Nurgali et al. 2009; 2007) at 6h, 24h, 3 

days and 7 days after induction of colitis or sham treatment. Segments of the 

distal colon were collected for histological and immunohistochemical studies. 

Motility analyses were conducted at 7 days only. 

2.3.6 Immunohistochemistry and histology 

2.3.6.1 Tissue preparation 

Following dissection, tissues were immediately placed in oxygenated 0.1M PBS 

containing an L-type Ca2+ channel blocker, nicardipine (3μm; Sigma-Aldrich), to 

inhibit smooth muscle contraction. Tissues were cut open along the mesenteric 

border and then processed for wholemount longitudinal muscle-myenteric plexus 

(LMMP) preparations and cross sections. For LMMP preparations, colon tissues 

were pinned flat with the mucosal side up and stretched to maximal capacity 

without tearing in a Sylgard-lined Petri dish (Dow Corning, Midland, Michigan, 

USA). Tissues were fixed overnight at 4°C in Zamboni’s fixative (2% 

formaldehyde and 0.2% picric acid) and subsequently washed for 3×10min in 

dimethyl sulfoxide (DMSO; Sigma-Aldrich) followed by 3×10min in 0.1M PBS to 

remove fixative. Zamboni’s fixative was chosen for tissue fixation to minimize 

neural tissue autofluorescence. Distal colon samples for LMMP preparations 

were dissected to expose the myenteric plexus by removing the mucosa, 

submucosa and circular muscle layers prior to immunohistochemistry. Tissues 

for cross sections were pinned with the mucosal side up in a Sylgard-lined Petri 

dish, without stretching. Cross section tissues for immunohistochemistry were 
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fixed as described above and stored in 50:50 optimum cutting temperature (OCT) 

compound (Tissue-Tek, Torrance, CA, USA) and 30% sucrose/PBS (Sigma-

Aldrich) for 24h at 4°C prior to freezing in liquid nitrogen-cooled isopentane and 

OCT compound. Subsequently, samples were cryo-sectioned at a 30μm 

thickness (at least 15 sections from each animal) using a cryostat microtome 

(Leica CM1850, St. Gallen, Switzerland) and mounted onto glass slides. Cross 

section tissues for histology were fixed in 10% buffered formalin overnight at 4°C 

and stored in 70% ethanol until paraffin embedding. 

2.3.6.2 Immunohistochemistry 

Immunohistochemistry was performed on wholemount LMMP preparations and 

cross sections of the distal colon as previously described (Nurgali et al. 2011). 

After a 1h incubation in 10% normal donkey serum (NDS; Merck Millipore, 

Bayswater, VIC, Australia) diluted in 0.1M PBS-0.1% Triton X-100 at room 

temperature, the samples were washed with 0.1M PBS-0.1% Triton X-100 

(2×5min) and incubated with primary antibodies (Table 2.1) diluted in 2% NDS 

and 0.1M PBS-0.1% Triton X-100 overnight at room temperature. Tissues were 

then washed in 0.1M PBS-0.1% Triton X-100 (2×5min) prior to incubation with 

secondary antibodies (diluted in 2% NDS and 0.1M PBS-0.1% Triton X-100; 

Table 2.2) for 2h at room temperature. Following 3×10min washes in 0.1M PBS-

0.1% Triton X-100, samples were mounted on glass slides with fluorescent 

mounting medium (DAKO, North Sydney, NSW, Australia). 

2.6.3.3 Histology 

After fixation, tissues were paraffin embedded, sectioned at 5μm, deparaffinized, 

cleared, and rehydrated in graded ethanol concentrations for standard 

hematoxylin and eosin (H&E) and Alcian blue staining. Sections were immersed 

in xylene (3×4min), 100% ethanol (3min), 90% ethanol (2min), 70% ethanol 

(2min), rinsed in tap water, hematoxylin (4min) or Alcian blue (30min), rinsed in 

tap water, Scott’s tap water (1min), eosin (3min), rinsed in tap water, 100% 

ethanol (2×1min), xylene (2×3min) and mounted on glass slides with distrene 

plasticizer xylene (DPX) mountant. 
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Table 2.1 Primary antibodies used in this study 

Antibody Host species Dilution Supplier Application in this study 

Anti-β-Tubulin class III Rabbit 1:1000 
Abcam, Melbourne, VIC, 

Australia 
Cross sections 

Anti-CD45 (clone IH-1) Mouse 1:200 Abcam 
Cross sections and      

LMMP preparations 

Anti-choline acetyltransferase 

(ChAT) 
Goat 1:500 Merck Millipore  LMMP preparations 

Anti-Hu (clone 15A7.1) Mouse 1:500 Merck Millipore LMMP preparations 

Anti-human leukocyte antigen 

(HLA)-A,B,C (conjugated to 

fluorescein isothiocyanate (FITC)) 

Human 1:50 BioLegend Cross sections 

Anti-neuronal nitric oxide synthase 

(nNOS) 
Goat 1:500 

Novus Biologicals, 

Littleton, CO, USA 
LMMP preparations 

Anti-protein gene product (PGP)-9.5 Chicken 1:500 Abcam LMMP preparations 
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Table 2.2 Secondary antibodies used in this study 

Antibody Host species Dilution Supplier Application in this study 

Alexa Fluor 594 
Donkey anti-

chicken 
1:200 

Jackson Immunoresearch 

Laboratories, PA, USA 
LMMP preparations 

Alexa Fluor 594 
Donkey anti-

mouse 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 

Alexa Fluor 594 
Donkey anti-

rabbit 
1:200 

Jackson Immunoresearch 

Laboratories 
Cross sections 

FITC 488 
Donkey anti-

goat 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 

FITC 488 
Donkey anti-

mouse 
1:200 

Jackson Immunoresearch 

Laboratories 

Cross sections and  

LMMP preparations   
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2.3.7 Imaging 

Confocal microscopy was performed with a Nikon Eclipse Ti confocal laser 

scanning system (Nikon, Tokyo, Japan). Fluorophores were visualized by a 

488nm excitation filter for FITC 488 and a 559nm excitation filter for Alexa 594. 

Z-series images were acquired at a nominal thickness of 0.5μm (512×512 pixels). 

Gross morphological damage in H&E-stained colon sections and goblet cell 

mucin in Alcian blue-stained sections were visualized using an Olympus BX53 

microscope (Olympus, Notting Hill, VIC, Australia) and images were captured 

with CellSense™ software. 

2.3.8 Quantitative analyses of immunohistochemical and histological 

data 

In wholemount LMMP preparations, the total number of myenteric neurons 

immunoreactive (IR) for Hu, nNOS and ChAT,  as well as the quantity of CD45-

IR cells, were counted within eight randomly captured images per preparation 

(total area 2mm2). Infiltration of leukocytes throughout the colon wall was 

assessed by counting the total number of CD45-IR cells within the mucosa and 

muscle layers in cross sections (total area 2mm2). The density of nerve fibers 

was determined by measuring β-tubulin (III)-IR (average of 8 random areas of 

500μm2). All images were captured under identical acquisition exposure time 

conditions and calibrated to standardized minimum baseline fluorescence. 

Images were converted from red, green, and blue (RGB) to grayscale 8 bit then 

to binary; changes in fluorescence from the baseline were measured using Image 

J software (National Institutes of Health, Bethesda, MD, USA). The area of 

immunoreactivity was then expressed as a percentage of the total area 

examined. Gross morphological damage in H&E-stained colon sections and 

goblet cell mucin in Alcian blue-stained sections was assessed by histological 

grading of four parameters: mucosal flattening (0 = normal, 3 = severe flattening), 

occurrence of hemorrhagic sites (0 = none, 3 = frequent sites), loss of goblet cells 

(0 = normal, 3 = severe loss of cells) and variation of the circular muscle 
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(0 = normal, 3 = considerable thickening of muscular layer) (Nurgali et al. 2007). 

Quantitative analyses were conducted blindly. 

2.3.9 Colonic motility 

Colonic motility experiments were undertaken by applying methods previously 

employed (Gwynne et al. 2004b). Immediately following dissection, guinea-pig 

colon was placed in organ bath chambers superfused with physiological (Krebs) 

solution (containing (in mM) 118 NaCl, 4.6 KCl, 2.5 CaCl2, 1.2 MgSO4, 1 

NaH2PO4, 25 NaHCO3, 11 D-glucose, bubbled with 95% O2 and 5% CO2) 

maintained at 37°C and left to naturally expel fecal content. The proximal (oral) 

and distal (anal) ends of each colon were affixed to cannulae by nylon thread. 

The oral cannula was connected to a reservoir of Krebs solution (maintained at 

15mL), the height of which was adjusted to change the intraluminal pressure (0 

to +2cmH2O), and the anal end was connected to a vertical outflow tube which 

allowed the back pressure to be maintained at 2cmH2O (Gwynne et al. 2004b). 

Organ baths were continuously superfused with oxygenated physiological saline 

solution, and preparations were left to equilibrate for 30min. A video camera 

(Logitech Quickcam pro) was positioned ~8 cm above the organ bath to record 

contractile activity. Videos (2×20min) of each test condition (baseline, +1cmH2O, 

and +2cmH2O intraluminal pressure) were captured and saved directly onto a 

personal computer in audio video interleaved (AVI) format using VirtualDub 

software (version 1.9.11). Recordings were later processed and converted to 

spatiotemporal maps using edge detection software (Scribble v2.0) (Gwynne et 

al. 2014; 2004b). Spatiotemporal maps plotted the diameter of the colon at any 

given time point during the recording and enabled contractile motor patterns to 

be analyzed with MATLAB v2012a software (Gwynne et al. 2004b). 

2.3.10 Gene expression analysis 

Total RNA was extracted from 1x106 BM-MSCs using a High Pure RNA Isolation 

Kit (Roche, North Ryde, NSW, Australia) as per the manufacturer’s instructions. 

cDNA was prepared from 0.5μg RNA using an SuperScript III First-Strand 
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Synthesis System kit for reverse transcriptase-polymerase chain reaction (RT-

PCR) and oligo (dT) primers (Invitrogen, Thermo-Fisher Scientific, Scoresby, 

VIC, Australia; Table 2.3). Polymerase Chain Reaction (PCR) was performed with 

1μL cDNA and primer pairs under the following cycling conditions: PCR products 

were resolved by electrophoresis in 2% agarose gels and the bands visualized 

under UV light. 

Table 2.3 Primers for RT-PCR 

Target Forward Reverse 
Product 

size 

β-actin 
CAGAGCCTCGC

CTTTGCCG 

CTCGCGGTTGG

CCTTGGG 
405 

Brain-derived neurotrophic 

factor (BDNF) 

AGAGGCTTGACA

TCATTGGC 

ACTAATACTGTC

ACACACGC 
276 

Nerve growth factor (NGF) 
CACACTGAGGTG

CATAGCGT 

TGATGACCGCTT

GCTCCTGT 
390 

Insulin-like growth factor 

(IGF)-1  

ATGCACACCATG

TCCTC 

CATCCTGTAGTT

CTTGTTTC 
390 

Neurotrophin (NT)-3 
ATCTTACAGGTG

AACAAGGT 

TCGGTGACTCTT

ATGCTCCG 
459 

Hepatocyte growth factor 

(HGF) 

ATGCATCCAAGG

TCAAGGAG 

TTCCATGTTCTT

GTCCCACA 
349 

Vascular endothelial 

growth factor (VEGF) 

ATGAACTTTCTG

CTGTCTTGG 

TCACCGCCTCG

GCTTGTCACA 
516 

Tumor necrosis factor-

stimulated gene (TSG)-6 

AAGCACGGTCTG

GCAAATACAAGC 

GGGTTGTAGCAA

TAGGCATCC 
268 

Transforming growth factor 

(TGF)-1 

CAGATCCTGTCC

AAGCTG 

TCGGAGCTCTGA

TGTGTT 
270 

 

2.3.11 Flow cytometric cytokine analysis 

MSCs were seeded at a density of 2×104 cells/cm2 in Greiner Bio-One 25cm2 

filter cap flasks (Interpath Services, Heidelberg West, VIC, Australia). After 48h 

in culture, samples of the media were collected to analyze the secretion of 
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cytokines. Samples and cytokine standards with known concentrations were 

prepared according to the manufacturer’s instructions using the BD™ Cytometric 

Bead Array (BD Biosciences, North Ryde, NSW, Australia). Samples were 

incubated in the dark with cytokine capture beads and phycoerythrin (PE) 

detection reagent for 2h each before being transferred to fluorescence activated 

cell sorting (FACS) tubes (BD Biosciences). PE fluorescence was measured via 

a BDFACS Canto II flow cytometer with FACSDiva v6.1 software. 

2.3.12 Antibody array analysis 

The RayBio® Label-based (L-Series) Human Antibody Array 1000 kit was used 

to determine presence of proteins secreted from MSCs and was performed 

following the manufacturer’s instructions (RayBiotech, Norcross, GA, USA). 

Briefly, samples of equal protein concentrations were incubated with antibody 

membranes followed by incubation with biotin-conjugated anti-cytokine primary 

antibodies, as well as Cy3-conjugated streptavidin. Chemiluminescence was 

used for signal detection on a VersaDoc imaging system (Bio-Rad Laboratories). 

2.3.13 Statistical analysis 

Statistical differences were determined by one-way or two-way ANOVA with 

Tukey-Kramer post hoc test for multiple group comparisons using Prism v5.0 

(Graphpad Software Inc., La Jolla, CA, USA). Data were considered statistically 

significant when P<0.05. Data were presented as mean±standard error of the 

mean (SEM), if not specified otherwise. 

 



  

64 
 

2.4 Results 

2.4.1 Phenotypic and functional validation of MSCs  

MSCs were characterized by flow cytometry, differentiation assays, and a CFU-

F assay. At passage 4, flow cytometric analysis revealed that MSCs met the ISCT 

proposed criteria for defining multipotent MSCs. For a population of cells to 

qualify as MSCs, the minimal requirements of three criteria must be met: 1) ability 

to adhere to tissue culture plastic; 2) co-expression of certain CD antigens; and 

3) capacity to differentiate into osteoblasts, adipocytes, and chondroblasts under 

standard in vitro differentiating conditions (Dominici et al. 2006). Cells expressed 

MSC markers CD73 and CD90, as well as cell migration molecules CD29 and 

CD44, and lacked expression of CD34 and CD45 (Fig. 2.1A). MSCs readily 

differentiated into osteocytes and adipocytes after incubation in osteogenic and 

adipogenic differentiation media for 14-21d as indicated by positive staining of 

calcium deposits with Alizarin Red S and lipid vacuoles with Oil Red O, 

respectively (Fig. 2.1B). Some spontaneous adipogenic differentiation was seen 

for MSCs cultured in control medium, as described by others (Adamzyk et al. 

2013; Zhang and Kilian 2013), but adipogenic differentiation was significantly 

greater for MSCs cultured in specific medium at 21d (P<0.05; Fig. 2.1C). MSCs 

were subjected to a CFU-F assay with crystal violet labeling. CFU-F assays 

established a 19% MSC colony-forming efficiency (Fig. 2.1D). A colony-forming 

efficiency between 15-20% is considered high for BM-MSCs and not indicative of 

loss of stemness (Ren et al. 2013). 

2.4.2 MSCs successively migrate transmurally and engraft at the site 

of inflammation 

To assess the capacity of MSCs to migrate to and engraft at the area of tissue 

damage and inflammation, segments of the distal colon were collected from 

guinea-pigs treated with 1) MSCs after TNBS and 2) MSCs only without TNBS 

(n=3/group/time point). To identify adoptively transferred human MSCs within the 

guinea-pig colon, cross sections were labeled with anti-HLA-A,B,C antibody to 
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detect major histocompatibility complex (MHC) class I antigens which are 

expressed by all human nucleated cells (Fig. 2.2). The successful engraftment of 

MSCs into the colonic wall was evident by localization of HLA-A,B,C positive cells 

in the colon sections collected at all time points post induction of colitis (Fig. 2.2A-

AIII). At 6h after TNBS administration, MSCs were present mostly in the mucosal 

lamina propria in colon sections from MSC-treated guinea-pigs (Fig. 2.2A). At 

24h, 3 days and 7 days after induction of colitis, transmural migration and 

engraftment of human MSCs into the colon wall to the level of the myenteric 

ganglia was evident (Fig. 2.2AI-AIII). HLA A,B,C-IR cells were absent in colon 

sections from MSC-only administered animals at all time points demonstrating 

that MSCs did not home to non-inflamed tissues (Fig. 2.2B-BIII). 
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Figure 2.1. Phenotypic and functional validation of MSCs. Flow cytometric 

analysis showed MSCs to positively express CD29, CD44, CD73, and CD90, but 

not CD34 and CD45 (red) compared with isotope controls (blue) (A). After 14d in 

culture, MSCs were subjected to an osteogenic assay and labeled with Alizarin 

Red S. Osteogenic differentiation, absent for MSCs cultured in control media (BI), 

was evident when MSCs were cultured in osteogenic differentiation media (BII). 

MSCs were also subjected to adipogenesis assay after 14-21d. Labeling of MSCs 

with Oil Red O revealed a lack of adipogenesis in control media after 21d (BIII), 

but significant adipogenic differentiation of MSCs cultured in adipogenesis media 

(BIV). Quantification of adipogenesis plates for the uptake of Oil Red O at 21d 

demonstrated a significant increase in MSCs cultured in adipogenesis media 

compared with control media (P<0.05) (C). Crystal violet staining demonstrated 

MSC colony-forming capacity when subjected to a colony-forming unit fibroblast 

(CFU-F) assay (DI). High-power imaging of CFU-F established formation of 

separate MSC colonies (DII), as well as confirming cells within colonies to display 

typical MSC phenotype (DIII). Overall 19% colony-forming efficiency was 

observed. Scale bars = 500µm (B), 1cm (DI), 1mm (DII), 100µm (DIII). Data 

presented as mean±standard deviation (SD; C).  
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Figure 2.2. MSC migration and engraftment within the colon. Migration and 

homing of human bone marrow MSCs to the inflamed area of the guinea-pig 

colon was confirmed using anti-HLA-A,B,C antibody specific to human MHC class 

I. Fluorescent microscopy confirms MSCs administered 3h after TNBS 

application were localized mostly in the lamina propria 6h after induction of colitis 

(A; arrows). Transmural engraftment of human MSCs into the colon wall to the 

level of the myenteric ganglia was evident 24h, 3 days and 7 days post induction 

of colitis (AI-AIII; arrows). At all time points, HLA-A,B,C-IR cells were not detected 

in the distal colon from MSC-only treated guinea-pigs, validating absence of MSC 

homing to non-inflamed tissues (B-BIII). d = days. Scale bars = 50μm.  
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2.4.3 MSC and CM treatments prevent TNBS-induced weight loss 

Guinea-pig weight was monitored daily prior to and for 7 days following treatment 

to demonstrate the systemic influence of therapies tested (n=5/group/time point; 

Table 2.4; Fig. 2.3). Control and sham-treated guinea-pigs consistently gained 

weight over 7 days. At 6h after TNBS administration, there was no change in 

weight between all groups. TNBS administration caused significant weight loss 

during the first 3 days compared to control and sham-treated animals. Treatment 

with MSCs and CM applied by enema 3h after TNBS administration prevented 

weight loss compared to animals administered with TNBS only. Treatment with 

UCM did not prevent weight loss compared to control, sham, MSC and CM-

treated guinea-pigs. There were no differences in weight between all groups from 

4 to 7 days (Table 2.4; Fig. 2.3).  

2.4.4 MSC and CM treatments accelerate repair of damaged colonic 

architecture 

Gross morphological assessment of H&E and Alcian blue-stained colon sections 

enabled definition of changes to colonic architecture and presence of goblet cells 

6h, 24h, 3 days and 7 days after induction of TNBS-colitis (n=5/group/time point; 

Figs. 2.4 and 2.5). Normal structural arrangements of goblet cells and crypts, a 

continuous epithelial cell lining and distinct colonic layers were observed in H&E-

stained sections from control and sham-treated animals at 6h, 24h, 3 days and 7 

days post treatment (histological score = 0-1 for all; Fig. 2.4A-BIII). Alcian blue-

stained sections revealed abundant goblet cells within the mucosal glands of 

control and sham-treated groups (Fig. 2.5A-BIII). Conversely, examination of 

distal colon sections from guinea-pigs in the TNBS-only group showed immune 

cell infiltration and accumulation in the crypts and submucosal layers, 

considerable goblet cell loss, glandular disruption and flattening, muscular edema 

and complete destruction of the epithelial cell lining at 6h (Figs. 2.4C and 2.5C). 

Immune cell accumulation, flattening of glands, crypt distortion and goblet cell 

loss persevered 24h post induction of colitis (Figs. 2.4CI and 2.5CI). Some 

regeneration of the epithelium had occurred by 3 days in TNBS-only administered 
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animals; crypt morphology remained distorted and goblet cell loss was 

consistent, but infiltrates of immune cells were less prominent compared to 24h 

(Figs. 2.4CII and Fig. 2.5CII). By 7 days, immune cell infiltration had diminished 

and regeneration of the epithelium had advanced further, but epithelial cell loss 

and glandular disruption persisted (Figs. 2.4CIII and 2.5CIII). Grading of gross 

morphological parameters in colon sections from TNBS-administered animals 

indicated histological score = 3 at 6h, 2-3 at 24h, 2-3 at 3 days, and 2 at 7 days 

following induction of inflammation. Goblet cell loss, as well as some disruption 

to glandular structure and epithelial cell lining was observed in colon sections 

from MSC and CM-treated guinea-pigs at 6h after induction of colitis (histological 

score = 1-2; Figs. 2.4D-E and 2.5D-E). However, mucosal healing and less 

flattening of crypts was evidenced when compared to sections from TNBS-only 

administered guinea-pigs. At 24h post induction of inflammation, sections from 

MSC and CM-treated animals revealed restoration of goblet cell abundance, as 

well as accelerated mucosal healing and repair to levels comparable with sham-

treated animals (histological score = 0-1; Figs. 2.4DI-EI and 2.5DI-EI). 

Furthermore, at the 3 day time point, no evidence of goblet cell loss, mucosal 

damage or disruption to the colonic architecture in MSC-treated and CM-treated 

colon sections was present (histological score = 0-1; Figs. 2.4DII-EII and 2.5DII-

EII). Gross morphology of the colon in MSC-treated and CM-treated animals was 

comparable to control and sham-treated animals at 7 days post induction of colitis 

(histological score = 0-1; Figs. 2.4DIII, EIII and 2.5DIII, EIII). Sections from UCM-

treated animals displayed morphological damage similar to the TNBS-only group 

at 6h and 24h time points including immune cell infiltration, goblet cell loss, 

glandular distortion and flattening, muscular edema and destruction of the 

epithelial cell lining (histological score = 3; Figs. 2.4F-FI and 2.5F-FI). After 3 days, 

flattening of the glands and muscular edema was still evident similar to TNBS-

only administered animals, however some signs of mucosal repair were observed 

(histological score = 2-3; Figs. 2.4FII and 2.5FII). At 7 days, the colon from UCM-

treated animals continued to display evidence of mucosal healing, but 

morphological changes remained comparable to untreated TNBS-administered 

animals (histological score = 2; Figs. 2.4FIII and 2.5FIII). Since no differences were 
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observed between control and sham-treated animals, only sham-treated animals 

were used in further experiments. 
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Table 2.4. Changes in guinea-pig body weight (%) for 7 days following treatment  

 0h 6h 24h 2d 3d 4d 5d 6d 7d 

Control 100.0 100.6±0.2 102.4±0.5 104.9±0.8 107.4±1.1 109.8±1.3 111.1±1.4 111.9±2.1 113.8±2.0 

Sham 100.0 100.6±0.2 102.7±0.6 105.2±0.5 107.4±0.4 110.2±2.1 112.9±1.6 117.8±2.1 119.9±2.4 

TNBS 100.0 100.2±0.2  
96.1±1.5 

***^^^###††† 

97.8±1.7 

**^^^###†† 

98.7±1.1 

***^^^###††† 
105.2±2.1 111.2±0.9 114.0±0.8 116.0±0.9 

TNBS+MSC 100.0 100.3±0.2 102.1±0.7 104.4±0.8 106.3±0.9 107.5±1.2 111.5±0.5 112.7±0.9 113.9±1.0 

TNBS+CM 100.0 100.0±0.1 101.3±0.2 103.5±0.7 107.0±0.7 106.7±1.8 111.2±1.8 113.1±1.7 115.3±1.5 

TNBS+UCM 100.0 100.0±0.1  
98.8±0.6 

**^^^##††† 

99.3±0.8 

*^^^###† 

100.9±1.6 

**^^^###††† 
106.3±3.5 107.8±3.8 107.7±4.2 109.5±5.0 

d = days. *P<0.05, **P<0.01, ***P<0.001 significantly different to control group. ^^^P<0.001 significantly different to sham-treated 

group. ##P<0.01, ###P<0.001 significantly different to TNBS+MSC-treated group. †P<0.05, ††P<0.01, †††P<0.001 significantly 

different to TNBS+CM-treated group. 
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Figure 2.3. MSC and CM treatments prevent TNBS-induced weight loss. 

Total body weight of guinea-pigs was recorded prior to and for 7 days after 

induction of colitis. No change in guinea-pig weight was observed in all groups at 

6h after the induction of colitis. At 24h to 3 days post induction of inflammation, 

administration of TNBS-only and treatment with UCM induced significant loss of 

body weight, while treatment with MSCs and CM prevented loss of body weight. 

d = days. *P<0.05, **P<0.01, ***P<0.001 significantly different to control group. 

^^^P<0.001 significantly different to sham-treated group. ##P<0.01, ###P<0.001 

significantly different to TNBS+MSC-treated group. †P<0.05, ††P<0.01, 

†††P<0.001 significantly different to TNBS+CM-treated group. 
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Figure 2.4. MSC and CM treatments prevent TNBS-induced gross 

morphological damage to the colon. Histological changes to the colonic 

architecture 6h, 24h, 3 days and 7 days after TNBS application and treatment, as 

indicated by hematoxylin and eosin (H&E) staining. An intact epithelial lining and 

systematic arrangement of muscular layers, submucosa, and mucosal glands 

were observed in colon tissues from control (A) and sham-treated (B-BIII) animals 

at all time points. Immune infiltrate, flattening of the glands, disruption to the 

epithelial lining and destruction of mucosal epithelium and muscular edema were 

observed in colon tissues from TNBS-administered (C-CIII; arrows) and UCM-

treated (F-FIII; arrows) guinea-pigs at all time points. Sections from MSC and CM-

treated animals revealed initiation of colonic repair at 6h post induction of 

colitis (D, E). Restoration of colonic architecture was observed at 24h (CI, DI), 3 

days (CII, DII) and 7 days (CIII, DIII). d = days. Scale bars = 50µm 
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Figure 2.5. MSC and CM treatments attenuate TNBS-induced goblet cell 

loss in the colon. Changes to mucin expression 6h, 24h, 3 days and 7 days after 

TNBS application and treatment, as indicated by Alcian blue staining. Plentiful 

Alcian blue-positive cells in colon sections from control (A) and sham-treated (B-

BIII) guinea-pigs at all time points. Less numerous Alcian blue-positive cells were 

evident in TNBS-administered (C-CIII) and UCM-treated (F-FIII) colon sections at 

all time points. Conversely, treatment with MSCs (D-DIII) and CM (E-EIII) 

attenuated TNBS-induced Alcian blue-positive cell loss in the guinea-pig colon 

after 24h post treatment. d = days. Scale bars = 20µm.   
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2.4.5 MSC and CM treatments attenuated the immune response in the 

distal colon 24h after induction of inflammation 

To measure the severity of colitis and the anti-inflammatory efficacy of the 

treatments, quantitative analyses of CD45+ leukocytes were performed in colon 

cross sections and wholemount LMMP preparations (n=4/group/time point; Figs. 

2.6 and 2.7). In cross sections of the distal colon labeled with anti-CD45 antibody, 

considerably more leukocytes were present in tissues from TNBS-only (369±10 

cells/area) and UCM-treated (379±10 cells/area) animals compared to sham-

treated (122±4 cells/area) animals at the 6h time point (P<0.001 for both). 

Sections from MSC (304±14 cells/area) and CM-treated (297±4 cells/area) 

guinea-pigs revealed a higher number of CD45-IR cells than sham-treated 

animals (P<0.001 for both), but significantly less leukocytes than in sections from 

TNBS (MSC: P<0.01; CM: P<0.001) and UCM-treated guinea-pigs (P<0.001 for 

both; Figs. 2.6A-F). At 24h, the numbers of CD45-IR cells were reduced in colon 

sections from MSC (141±7 cells/area) and CM-treated (142±9 cells/area) guinea-

pigs and were similar to the number of CD45-IR cells in sections from sham-

treated (120±3 cells/area) animals. CD45-IR cells were identified throughout the 

thickness of the colon in sections from TNBS-only and UCM-treated animals 

compared to sections from other groups. The numbers of leukocytes in colon 

sections from TNBS-only (379±6 cells/area) and UCM-treated (361±10 

cells/area) animals remained elevated compared to sham, MSC and CM-treated 

groups (P<0.001 for all; Figs. 2.6AI-EI, F). The numbers of CD45-IR cells in 

sections from TNBS-only (301±5 cells/area) and UCM-treated (279±7 cells/area) 

guinea-pigs were slightly reduced by 3 days, but were still higher compared to 

the number of leukocytes in the sections from sham (121±4 cells/area), MSC 

(121±2 cells/area) and CM-treated (118±2 cells/area) guinea-pigs (P<0.001 for 

all; Figs. 2.6AII-EII, F). At 7 days post induction of colitis, CD45-IR cells in colon 

sections from TNBS-administered (258±5 cells/area) and UCM-treated animals 

(236±13 cells/area) remained elevated when compared to sections from sham 

(125±7 cells/area), MSC (140±6 cells/area) and CM-treated (137±7 cells/area) 

animals (P<0.001 for all; Figs. 2.6AIII-EIII, F).  
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Immune cell infiltration to the level of myenteric ganglia was quantified in 

wholemount LMMP preparations by double labeling with anti-CD45 antibody and 

pan-neuronal marker anti-PGP9.5 antibody (Fig. 2.7). At 6h, quantitative analysis 

of immune cells per 2mm2 area showed similar numbers of CD45-IR cells in 

LMMP preparations of the colon from sham (19±1 cells/area), TNBS-only (26±3 

cells/area), MSC (22±2 cells/area), CM (22±1 cells/area), and UCM-treated 

animals (23±3 cells/area) (Figs. 2.7A-F). After 24h, the number of leukocytes at 

the level of the myenteric plexus was greater in tissues from TNBS-only (108±7 

cells/area) and UCM-treated (100±3 cells/area) animals compared to sections 

from sham (19±1 cells/area), MSC (39±3 cells/area) and CM-treated (47±3 

cells/area) guinea-pigs (P<0.001 for all). However, the numbers of CD45+ cells 

in colon preparations from MSC and CM-treated animals were higher than in 

preparations from sham-treated guinea-pigs (MSC: P<0.05; CM: P<0.01; Figs. 

2.7AI-EI, F). By 3 days after induction of inflammation, the numbers of immune 

cells at the level of the myenteric ganglia in colon preparations from MSC (23±2 

cells/area) and CM-treated (27±1 cells/area) animals were comparable to the 

number of immune cells in preparations from sham-treated (19±1 cells/area) 

guinea-pigs. The quantity of CD45+ cells in preparations of the distal colon from 

TNBS-only (77±7 cells/area) and UCM-treated (74±2 cells/area) animals at 3 

days was higher when compared to sham, MSC, and CM-treated guinea-pigs 

(P<0.001 for all; Figs. 2.7AII-EII, F). At 7 days post induction of colitis, the number 

of CD45-IR cells remained elevated in TNBS-administered and UCM-treated 

guinea-pigs when compared to sham, MSC and CM-treated animals (P<0.001 for 

all; Figs. 2.7AIII-EIII, F). 
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Figure 2.6. MSC and CM treatments reduce leukocyte numbers and 

infiltration in the distal colon following TNBS-induced colitis. Cross sections 

of the distal colon were labeled with pan-leukocyte marker anti-CD45 antibody. 

At 6h, an increase in CD45-IR cells was observed in the mucosa of TNBS-only, 

MSC, CM and UCM-treated sections compared to sections from sham-treated 

guinea-pigs (A-E). At 24h, 3 days and 7 days, elevated numbers of CD45-IR cells 

were prominent transmurally through the layers of the colon wall in sections from 

TNBS-only (BI-BIII) and UCM-treated (EI-EIII) animals. Treatment with MSCs and 

CM attenuated the increase of CD45-IR cells at 24h (CI, DI), 3 days (CII, DII) and 

7 days (CIII, DIII). d = days. Scale bars = 50μm. Total number of leukocytes 

counted per 2mm2 area within the colon wall in cross sections (F). ^^^P<0.001 

compared to sham-treated group. ##P<0.001, ###P<0.001 compared to MSC-

treated group. †††P<0.001 compared to CM-treated group. 
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Figure 2.7. MSC and CM treatments reduce leukocyte infiltration at the level 

of the myenteric ganglia post induction of colitis. LMMP preparations of the 

distal colon were co-labeled with anti-CD45 and anti-PGP9.5 antibodies. Double-

labeling of myenteric neurons with anti-PGP9.5 antibody (red) verified the 

location of CD45-IR cells (green) surrounding PGP9.5-IR neurons in myenteric 

ganglia. At 6h, a low level of leukocyte infiltration around the myenteric ganglia 

was observed in all groups (A-E). At 24h, leukocyte infiltration in LMMP 

preparations from TNBS-only and UCM-treated animals was elevated in 

comparison to sham, MSC and CM-treated groups (AI-EI). CD45-IR cells were 

still elevated at 3 and 7 days post induction of colitis in preparations from TNBS-

only and UCM-treated animals. Leukocyte numbers in preparations from MSC 

and CM-treated groups returned to sham-treated levels by 3 continuing to 7 days 

(AII-EIII). d = days. Scale bars = 50μm. Total number of leukocytes counted per 

2mm2 area in LMMP preparations of the distal colon (F). ^P<0.05, ^^P<0.01, 

^^^P<0.001 compared to sham-treated group. ###P<0.001 significantly different 

to TNBS+MSC-treated group. †††P<0.001 significantly different to TNBS+CM-

treated group. 

  



  

86 
 



  

87 
 



  

88 
 

2.4.6 MSC and CM treatments facilitate regrowth of nerve fibers 24h 

after induction of colitis 

Neuronal cell bodies and processes innervating smooth muscles and mucosa 

were labeled by an antibody specific to neuronal microtubule protein β-tubulin (III) 

(n=5/group/time point; Fig. 2.8). Orderly distribution of β-tubulin (III)-IR fibers 

within the mucosal gland cores, submucosal and muscular layers were observed 

in colon sections from sham-treated guinea-pigs at all time points (Fig. 2.8A-AIII). 

Quantification of fiber density demonstrated the total area of β-tubulin (III)-IR 

fibers in sections from sham-treated animals was 10.5±0.7%, 10.7±0.7%, 

10.4±0.7% and 10.5±0.9% at 6h, 24h, 3 days and 7 days after treatment, 

respectively (Fig. 2.8F). At all time points following TNBS administration, β-tubulin 

(III)-IR fibers in colon sections from animals in the TNBS-only and UCM-treated 

groups were disorganized, fragmented, and dispersed irregularly within the 

mucosa (Fig. 2.8B-BIII, E-EIII). Compared to sections from sham-treated animals, 

quantitative analysis revealed lower β-tubulin (III)-IR fiber density at all time 

points in colon sections from TNBS-only (6h: 6.5±0.7%, P<0.001; 24h: 6.3±0.7%, 

P<0.01; 3 days: 6.8±0.5%, P<0.01; 7 days: 6.8±0.3%, P<0.01) and UCM-treated 

(6h: 6.7±0.7%, P<0.01; 24h: 6.5±0.7%, P<0.01; 3 days: 6.3±0.8%, P<0.001; 7 

days: 6.7±0.6%, P<0.01) guinea-pigs (Fig. 2.8F). Treatment with MSCs and CM 

did not prevent damage to the nerve fibers 6h after TNBS administration; the 

distribution and organization of fibers in sections from MSC and CM-treated 

animals were similar to sections from TNBS-only and UCM-treated guinea-pigs 

(Fig. 2.8C, D). Subsequently, the density of β-tubulin (III)-IR fibers in sections 

from MSC (8.0±0.2%) and CM-treated (8.0±0.3%) animals at the 6h time point 

was less when compared to sham-treated animals (P<0.05 for both; Fig. 2.8F). 

This result suggests that 6h is insufficient time for the regenerative effect of MSC-

based treatments to occur. The density of β-tubulin (III)-IR fibers in colon sections 

from MSC and CM-treated guinea-pigs were comparable to those in sections 

from sham-treated animals at the 24h (MSC: 9.7±0.7%; CM: 9.6±0.7%), 3 days 

(MSC: 9.6±0.3%; CM: 9.7±0.4%) and 7 days (MSC: 9.7±0.4%; CM: 9.8±0.7%) 

time points (Figs. 2.8CI-CIII, DI-DIII, F). β-Tubulin (III)-IR fiber density in colon 

sections from MSC and CM-treated guinea-pigs was higher when compared to 
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sections from TNBS-only and UCM-treated animals at 24h (P<0.05 for all), 3 days 

(TNBS: P<0.05 for both; UCM: P<0.01 for both) and 7 days (P<0.05 for all), but 

not after 6h (Fig. 2.8F). Thus, MSC and CM treatments facilitated fiber 

regeneration and axonal regrowth by 24h after induction of inflammation. 

2.4.7 MSC and CM treatments protected against neuronal loss 24h 

after induction of colitis 

To study the effects of MSC and CM treatments on the number of myenteric 

neurons, neuronal cell bodies were labeled with the pan-neuronal marker anti-Hu 

antibody in wholemount LMMP preparations of the distal colon (n=5/group/time 

point; Fig. 2.9). The number of Hu-IR neurons counted within a 2mm2 area did 

not differ between all groups at 6h (sham: 264±2 cells/area; TNBS: 260±3 

cells/area; MSC: 264±2 cells/area; CM: 264±1 cells/area; UCM: 262±1 cells/area; 

Figs. 2.9A-F). At 24h after induction of colitis, the number of Hu-IR myenteric 

neurons decreased in colon preparations from TNBS-only (205±9 cells/area) and 

UCM-treated (209±7 cells/area) guinea-pigs compared to sham-treated animals 

(260±2 cells/area; P<0.001 for both). MSC (260±3 cells/area) and CM (255±4 

cells/area) treatments attenuated neuronal loss associated with intestinal 

inflammation at 24h (P<0.001 for all; Figs. 2.9AI-EI, F). At 3 and 7 days, a 

reduction in the number of Hu-IR neurons was observed in LMMP preparations 

of the distal colon from TNBS-only (3 days: 202±5 cells/area; 7 days: 192±6 

cells/area) and UCM-treated (3 days: 212±4 cells/area; 7 days: 202±6 cells/area) 

guinea-pigs when compared to preparations from sham (3 days: 261±5 

cells/area; 7 days: 263±2 cells/area), MSC (3 days: 260±7 cells/area; 7 days: 

261±2 cells/area), and CM-treated (3 days: 254±5 cells/area; 7 days: 258±1 

cells/area) animals (P<0.001 for all; Figs. 2.9AII-EIII, F). 

2.4.8 MSC and CM treatments prevent TNBS-induced changes in the 

number and proportion of nNOS-IR neurons  

Changes in inhibitory and excitatory myenteric neurons underlie inflammation-

induced colonic dysmotility (Winston et al. 2013; Neunlist et al. 2003); therefore, 
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we investigated the effects of MSC-based therapies on these neurons. Inhibitory 

neurons were identified by using nNOS immunoreactivity in wholemount LMMP 

preparations of the distal colon (n=4/group/time point; Fig. 2.10). The number and 

proportion of nNOS-IR neurons were comparable between all groups at the 6h 

time point (sham: 54±2 cells/area, 20.5±0.9%; TNBS: 57±3 cells/area, 

21.9±1.1%; MSC: 57±2 cells/area, 21.5±2.1%; CM: 56±2 cells/area, 21.3±1.9%; 

UCM: 57±3 cells/area, 21.7±2.9%; Figs. 2.10A-G). At 24h, the quantity of nNOS-

IR myenteric neurons increased in the colon in TNBS-only (65±1 cells/area) and 

UCM-treated (66±3 cells/area) guinea-pigs compared to sham (53±1 cells/area; 

P<0.01 for both), MSC (53±2 cells/area; P<0.01 for both) and CM-treated (55±2 

cells/area; TNBS: P<0.05; UCM: P<0.01) animals (Figs. 2.10AI-EI, F). The 

proportion of nNOS-IR neurons to the total number of neurons 24h post induction 

of colitis was greater in TNBS-only (31.9±1.8%) and UCM-treated (31.7±1.2%) 

guinea-pigs compared to sham (20.4±0.4%), MSC (20.5±0.7%), and CM-treated 

(21.4±0.7%) animals (P<0.001 for all; Fig. 2.10G). At 3 days, the number of 

nNOS-IR neurons in preparations of the distal colon from TNBS-only (65±3 

cells/area) and UCM-treated (64±2 cells/area) guinea-pigs was higher compared 

to sham (53±1 cells/area; TNBS: P<0.01; UCM: P<0.05), MSC (54±2 cells/area; 

P<0.05 for both) and CM-treated (54±2 cells/area; P<0.05 for both) animals (Figs. 

2.10AII-EII, F). The proportion of nNOS-IR neurons at 3 days was greater in colon 

preparations from TNBS-only (32.2±2.1%) and UCM-treated (29.9±0.2%) 

guinea-pigs compared to sham (20.4±0.3%), MSC (20.8±0.9%), and CM-treated 

(21.1±1.1%) animals (P<0.001 for all; Fig. 2.10G). At 7 days post induction of 

colitis, the number of nNOS-IR neurons in preparations from TNBS-only (65±1 

cells/area) and UCM-treated (62±2 cells/area) guinea-pigs continued to be higher 

than in preparations from sham (53±1 cells/area; TNBS: P<0.001; UCM: P<0.01), 

MSC (53±2 cells/area; TNBS: P<0.001; UCM: P<0.01) and CM-treated (54±1 

cells/area; TNBS: P<0.001; UCM: P<0.05) animals (Figs. 2.10AIII-EIII, F). 

Subsequently, the proportion of nNOS-IR neurons was persistently elevated in 

the colon from TNBS-only (33.7±1.3%) and UCM-treated (30.5±0.9%) guinea-

pigs continued to be higher than in preparations from sham (20.1±0.3%), MSC 

(20.1±0.5%) and CM-treated (21.1±0.5%) animals (P<0.001 for all; Figs. 2.10G). 
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2.4.9 MSC and CM treatments prevent TNBS-induced changes in the 

number of ChAT-IR neurons  

Excitatory neurons were identified using ChAT immunoreactivity in wholemount 

LMMP preparations of the distal colon (n=4/group/time point, Fig. 2.11). The 

number of ChAT-IR neurons was similar in preparations from all groups at 6h 

post induction of colitis (sham: 156±2 cells/area; TNBS: 156±3 cells/area; MSC: 

152±3 cells/area; CM: 153±2 cells/area; UCM: 146±2 cells/area; Figs. 2.11A-F). 

The number of ChAT-IR neurons decreased at the 24h time point in TNBS-only 

(108±2 cells/area) and UCM-treated groups (115±2 cells/area) compared to 

sham (158±7 cells/area), MSC (155±2 cells/area) and CM (147±3 cells/area) 

groups (P<0.001 for all; Figs 2.11AI-EI, F). At 3 days post induction of colitis, the 

quantity of ChAT-IR neurons in preparations from sham (155±2 cells/area), MSC 

(150±4 cells/area) and CM-treated (150±4 cells/area) animals remained higher 

than in tissues from TNBS-only (111±5 cells/area; P<0.01 for all) and UCM-

treated (104±4 cells/area; sham: P<0.01; MSC: P<0.05; CM: P<0.05) guinea-pigs 

(Figs 2.11AII-EII, F). Similar results were found at 7 days where ChAT-IR neurons 

were significantly reduced in TNBS-only (104±4 cells/area) and UCM-treated 

(102±5 cells/area) guinea-pigs compared to sham (150±2 cells/area), MSC 

(146±3 cells/area) and CM-treated (152±1 cells/area) guinea-pigs (P<0.001 for 

all; Figs 2.11AIII-EIII, F). Changes in the total number of ChAT-IR neurons 

corresponded with losses in the total number of neurons and there were no 

significant differences in the proportion of ChAT-IR neurons to the total number 

of neurons within the distal colon at 6h (sham: 59.2±2.3%; TNBS: 60.2±2.7%; 

MSC: 57.5±1.3%; CM: 57.9±2.6%; UCM: 55.8±2.7%), 24h (sham: 60.8±3.2%; 

TNBS: 52.7±5.0%; MSC: 59.8±2.3%; CM: 57.7±2.1%; UCM: 55.0±3.0%), 3 days 

(sham: 59.3±1.5%; TNBS: 55.2±2.4%; MSC: 57.7±1.3%; CM: 58.9±1.4%; UCM: 

53.9±1.2%) or 7 days (sham: 57.0±1.9%; TNBS: 54.3±4.3%; MSC: 55.9±3.2%; 

CM: 59.0±1.4%; UCM: 50.5±5.1%) post induction of colitis (Fig. 2.11G).   
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Figure 2.8. MSC and CM treatments facilitate regrowth of nerve fibers in the 

distal colon following TNBS-induced colitis. Neuronal processes innervating 

mucosal glands (arrows) in cross sections of the distal colon were identified by 

neuron specific anti-β-tubulin (III) antibody in cross sections of the distal colon. 

Orderly distribution of fibers labeled by neuron specific anti-β-tubulin (III) antibody 

was observed in colon sections from sham-treated guinea-pigs at all time points 

(A-AIII). Disorganized, fragmented, and irregularly dispersed fibers were evident 

within the mucosa of sections from TNBS-only (B-BIII) and UCM-treated (E-EIII) 

animals at all time points. Damage to nerve fibers was present in sections from 

MSC and CM-treated animals at 6h (C, D), however regrowth of nerve fibers was 

observed at 24h (CI, DI), 3 days (CII, DII) and 7 days (CIII, DIII) post induction of 

colitis. d = days. Scale bars = 50μm. Nerve fiber density quantified per 2mm2 area 

in cross sections of the distal colon (F). ^P<0.05, ^^P<0.01, ^^^P<0.001 

compared to sham-treated group. #P<0.05, ##P<0.01 significantly different to 

TNBS+MSC-treated group. †P<0.05, ††P<0.01 significantly different to 

TNBS+CM-treated group. 
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Figure 2.9. Effects of MSC and CM treatments on the total number of 

myenteric neurons. Myenteric neurons were identified by anti-Hu antibody in 

wholemount LMMP preparations of the distal colon. At 6h post TNBS 

administration, the number of myenteric neurons was similar across all groups 

(A-E). Significant loss of neurons was observed in tissues from TNBS-only and 

UCM-treated when compared to tissues from sham, MSC and CM-treated 

animals at 24h, 3 days and 7 days post induction of colitis (AI-EIII). d = days. Scale 

bars = 50μm. The total number of myenteric neurons per 2mm2 area in LMMP 

wholemount preparations (F). ^^^P<0.001 compared to sham-treated group. 

###P<0.001 significantly different to TNBS+MSC-treated group. †††P<0.001 

significantly different to TNBS+CM-treated group. 
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Figure 2.10. Effects of MSC and CM treatments on nNOS-IR myenteric 

neurons. No changes in nNOS-IR neurons were observed at 6h in any group (A-

E). At 24h, 3 days and 7 days, an increase in nNOS-IR neurons was observed in 

sections from TNBS-only (BI-BIII) and UCM-treated (EI-EIII) animals compared to 

sham (AI-AIII), MSC (CI-CII) and CM-treated groups (DI-DII). d = days. Scale bars 

= 50μm. The total number of nNOS-IR neurons identified by anti-nNOS antibody 

per 2mm2 area (F). The proportion of nNOS-IR neurons to the total number of 

neurons (G). ^P<0.05, ^^P<0.01, ^^^P<0.001 compared to sham-treated group. 

#P<0.05, ##P<0.01, ###P<0.001 significantly different to TNBS+MSC-treated 

group. †P<0.05, ††P<0.01, †††P<0.001 significantly different to TNBS+CM-treated 

group. 
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Figure 2.11. Effects of MSC and CM treatments on ChAT-IR myenteric 

neurons. No changes in ChAT-IR neurons were observed at 6h post induction 

of colitis in any group (A-E). At 24h, 3 days and 7 days, a decrease in ChAT-IR 

neurons was observed in sections from TNBS-only (BI-BIII) and UCM-treated (EI-

EIII) animals compared to sham (AI-AIII), MSC and CM-treated groups (CI-CII, DI-

DII). d = days. Scale bars = 50μm. The total number of ChAT-IR neurons identified 

by anti-ChAT antibody per 2mm2 area (F). The proportion of ChAT-IR neurons to 

the total number of neurons (G). ^^P<0.01, ^^^P<0.001 compared to sham-

treated group. #P<0.05, ##P<0.01, ###P<0.001 significantly different to 

TNBS+MSC-treated group. †P<0.05, ††P<0.01, †††P<0.001 significantly different 

to TNBS+CM-treated group. 
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2.4.10 MSC and CM treatments prevent TNBS-induced changes in 

colonic motility 

Colonic migrating motor complexes (CMMCs) (constrictions propagating over 

>50% of the colon segment) were assessed to determine the effectiveness of 

MSC and CM treatments to prevent TNBS-induced colon dysfunction (Fig. 

2.12A). The speed of CMMC propagation, 7 days after TNBS administration 

(7.5±0.8mm/s; n=8) was significantly greater than in sham-treated animals 

(4.1±0.1mm/s; n=5; P<0.001; Fig. 2.12B). The frequency of contractions was 

lower in the colon from TNBS group (1.6±0.1min-1) than from sham-treated 

guinea-pigs (2.3±0.04min-1; P<0.01; Fig. 2.12C). Treatment with MSC and CM 

(n=5 for both) significantly attenuated the speed of CMMC propagation (MSC: 

3.8±0.2mm/s; CM: 4.3±0.5mm/s; P<0.001 for both) and increased the frequency 

of contractions (MSC: 2.3±0.1min-1; CM: 2.2±0.2min-1; P<0.05 for both; Fig. 

2.12B-C). Treatment with UCM (n=7) exhibited a decrease in the contraction 

speed (5.5±0.3mm/s; Fig. 2.12B) and an increase in the CMMC frequency 

(1.9±0.1min-1; Fig. 2.12C) observed in the colon from TNBS-administered guinea-

pigs, however, this effect was not significant when compared to the TNBS group, 

nor compared with sham, MSC, or CM-treated animals. 

2.4.11 Neuroprotective factors released by MSCs 

RT-PCR, flow cytometry and antibody array analysis of factors in CM revealed 

that MSCs used in our study released a substantial number of growth factors, 

cytokines and proteins exerting neuroprotective effects. Expression of factors 

with well-known neuroprotective functions have been detected by highly sensitive 

RT-PCR and flow cytometry techniques. The antibody array method was less 

sensitive than RT-PCR and flow cytometry, however the capacity to detect great 

amounts of different target proteins enabled identification of many other 

neuroprotective factors released by MSCs (Table 2.5).  
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Figure 2.12. Effects of MSC and CM treatments on propulsive activity of the 

colon. Spatiotemporal maps of colonic contractile activity define propagating 

colonic migrating motor complexes (CMMCs; red) 7 days after treatment (A). 

Quantification of propagation speed (anally propagating whole length 

contractions (>50% length of the colon)) indicated a significant increase in CMMC 

velocity in the colon of TNBS-administered guinea-pigs compared to sham, MSC 

and CM-treated animals (B). Frequency of CMMCs was significantly reduced in 

the colon of TNBS-administered guinea-pigs compared with sham, MSC and CM-

treated animals (C). ^^P<0.01, ^^^P<0.001 compared to sham-treated group. 

#P<0.05, ###P<0.001 significantly different to TNBS+MSC-treated group. †P<0.05, 

†††P<0.001 significantly different to TNBS+CM-treated group. 
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Table 2.5 Neuroprotective factors released by MSCs used in this study 

Factor 
Detection 

method 

Neuroprotective role established in 

published studies 

NGF RT-PCR 

Neuroprotective for hypoxic-ischemic injuries 

of the brain, optic pathways, and skin, 

rescues extraocular motoneurons from 

axotomy-induced cell death (Morcuende et 

al. 2013; Chiaretti et al. 2011). 

NT3 RT-PCR 

Neuroprotective against focal cerebral 

ischemia/reperfusion injury in rats, rescues 

extraocular motoneurons from axotomy-

induced cell death (Zhang et al. 2012; 

Morcuende et al. 2013). 

BDNF 

RT-PCR 

Antibody 

array 

Amplifies neurotransmitter responses and 

promotes synaptic communication in the 

ENS, rescues extraocular motoneurons from 

axotomy-induced cell death (Morcuende et 

al. 2013; Boesmans et al. 2008). 

TSG-6 RT-PCR 

Improves neurological function after global 

cerebral ischemia 

(Lin et al. 2013). 

VEGF RT-PCR 

Protective factor in hypoxia–ischemia, in vitro 

excitotoxicity, motor neuron degeneration 

and against seizure-induced neuronal loss in 

hippocampus (Nicoletti et al. 2008). 

Glial cell line-

derived 

neurotrophic factor 

(GDNF) 

RT-PCR 

Rescues extraocular motoneurons from 

axotomy-induced cell death, protects enteric 

glia from apoptosis (Morcuende et al. 2013; 

Steinkamp et al. 2012). 

HGF RT-PCR 

Morphologic and physiological preservation 

of photoreceptors in rats with photoreceptor 

degeneration induced by phototoxicity or a 

gene mutation (Machida et al. 2004). 

Interleukin (IL)-6 
Flow 

cytometry 

Neuroprotective effect in brain ischemic 

injury (Jung et al. 2011). 
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Table 2.5 Neuroprotective factors released by MSCs used in this study 

(continued) 

Factor 
Detection 

method 

Neuroprotective role established in 

published studies 

TGF-β1 

TGF-β3 

RT-PCR  

Antibody 

array 

Flow 

cytometry 

Neuroprotective function following brain 

ischemia, trauma, sclerosis multiplex, 

neurodegenerative diseases, infections, and 

brain tumors (Dobolyi et al. 2012). 

IGF-1 RT-PCR 

Protects neurons against cell death induced 

by amyloidogenic derivatives, glucose or 

serum deprivation relating Alzheimer’s 

disease and other neurodegenerative 

disorders (Zheng et al. 2000). 

Bone 

morphogenetic 

protein (BMP)-4 

Antibody 

array 
Protects retinal neurons (Fischer et al. 2004). 

Cardiotrophin-1 
Antibody 

array 

Protects motor, sensory and sympathetic 

neurons in the peripheral nervous system 

(Sola et al. 2008). 

Frizzled 5 
Antibody 

array 

Neuroprotection for nervous system 

development (Slater et al. 2013). 

Glutathione 

peroxidase  

(GPX)-3 

Antibody 

array 

Neuroprotective in Huntington’s disease 

(Mason et al. 2013). 

Activin B 
Antibody 

array 

Neuroprotective activity associated with 

regulation of Bcl-2 family proteins 

(Kupershmidt et al. 2007). 

Axl 
Antibody 

array 

Alleviates progression of experimental 

autoimmune encephalomyelitis, an animal 

model for multiple sclerosis (Weinger et al. 

2011). 

Plasminogen 

activator inhibitor 

(PAI)-1 

Antibody 

array 

Anti-apoptotic role in CNS neurons (Soeda et 

al. 2008). 
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Table 2.5 Neuroprotective factors released by MSCs used in this study 

(continued) 

Factor 
Detection 

method 

Neuroprotective role established in 

published studies 

Interferon (IFN)-β 
Antibody 

array 

Reduces disease burden in relapsing-

remitting multiple sclerosis patients (Croze et 

al. 2013). 

Chemokine 

receptor (CCR)-1 

Antibody 

array 

May be associated with specific activities of 

human MSCs after their migration to the 

target lesions (Song et al. 2011). 

Chordin-Like 1 
Antibody 

array 

Promotes neuronal differentiation (Gaughwin 

et al. 2011). 

Fibronectin 
Antibody 

array 

Promotes neuron-glial extrasynaptic 

transmission in Parkinson’s disease (Wang 

et al. 2013b). 

Frizzled 1 
Antibody 

array 

Neuroprotective for dopaminergic neurons 

and astrocytes (L'Episcopo et al. 2011). 

Glypican 5 
Antibody 

array 

Neuroprotective for neuronal development 

and axon guidance; expression in adult brain 

tissue suggests a possible role in controlling 

neurotropic factors and maintaining neural 

function (Thway et al. 2012). 

Gremlin 
Antibody 

array 

Protects substantia nigra dopamine neurons 

and several dopamine cell lines in MPTP 

mouse model of Parkinson’s disease (Phani 

et al. 2013). 

IL-1α 
Antibody 

array 

Neuroprotective effect against an excitotoxic 

challenges with NMDA (Carlson et al. 1999). 

Macrophage 

inflammatory 

protein (MIP)-1a 

Antibody 

array 

Prevents neuronal cell death associated with 

gp120 (Brenneman et al. 2000). 

SPARC/ 

osteonectin 

Antibody 

array 

Retinal ganglion cell neuroprotection 

(Johnson et al. 2014). 

Tissue inhibitor of 

metalloproteinases 

(TIMP)-1 

Antibody 

array 

Neuroprotective against traumatic and 

ischemic brain injury in mice (Tejima et al. 

2009). 
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2.5 Discussion 

This study is the first to examine the effects of MSC and CM treatments 

administered by enema on the enteric neurons in the guinea-pig model of TNBS-

induced colitis. The objectives of this study were to determine 1) whether MSC-

based therapies prevent and/or attenuate enteric neuropathy associated with 

intestinal inflammation and 2) at which time point these effects are initiated. Key 

findings revealed that local application of human BM-MSCs and CM 3h after the 

induction of colitis prevented weight loss, accelerated repair of colonic 

architecture and regeneration of nerve fibers, reduced immune infiltrate both in 

the mucosa and at the level of the myenteric ganglia, prevented the loss of 

myenteric neurons and changes in their subpopulations, and alleviated 

inflammation-induced changes to GI motility. Substantial number of 

neuroprotective factors released by MSCs were detected in their secretome. 

Overall, prominent effects of MSC-based therapies were observed 24h after 

induction of inflammation in the guinea-pig model of TNBS-induced colitis. 

We utilized human BM-MSCs since they are the best characterized and most 

established as a viable cellular therapy for many pathological conditions in both 

animal and clinical studies (Li and Ikehara 2013; Hass et al. 2011). Viable human 

MSCs lack expression of MHC-II, but constitutively express HLA MHC-I 

molecules on their surface at moderate levels enabling them to escape immune 

rejection when administered to guinea-pigs, as well as other species (Jacobs et 

al. 2013; Li et al. 2012; Tse et al. 2003). Both in vitro and in vivo studies show 

that MSCs do not elicit a proliferative response from allogeneic lymphocytes, 

evading normal alloresponses and enabling successful transplantation into 

diverse allogeneic and xenogeneic locations (Newman et al. 2009; Ren et al. 

2008; Ryan et al. 2005).  

In vitro culture of MSCs can influence several characteristics important to their in 

vivo efficiency (Sarugaser et al. 2009). We conducted analyses of BM-MSCs to 

ensure that culture conditions did not affect expression of cell surface markers, 

cell growth, or their differentiation potential. Subsequently, our results have 
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shown that MSCs used in this study have all characteristics of MSCs defined by 

the ISCT (Dominici et al. 2006). The in vitro differentiation capacity of MSCs 

cannot be extrapolated to in vivo conditions. This study was performed at 6h, 24h, 

3 day and 7 day time points after the induction of colitis; therefore, the capacity 

to see in vivo differentiation into particular cell lineages was restricted. 

Furthermore, it has also been reported that in vivo administered MSCs may not 

survive long enough for differentiation owing to their limited telomerase activity 

(Everaert et al. 2012; Burns et al. 2005) and that MSCs frequently exhibit 

therapeutic benefits without engraftment or differentiation (Prockop 2009). 

Passage 4 MSCs were employed for in vivo experiments in this study because 

MSC secretion of anti-inflammatory cytokines, neurotrophic factors, and 

immunomodulating agents is most optimal at early passages, gradually declining 

with successive passages (Choi et al. 2010).  

In hapten-induced colitis, ethanol serves to disrupt the mucosal barrier allowing 

TNBS to infiltrate the underlying colonic layers and initiate inflammation. The 

peak of ethanol-induced epithelial damage occurs at 3h (Pontell et al. 2009), 

therefore this time point was selected for the administration of MSC-based 

therapies. Timing of administration can impact MSC efficacy (Wei et al. 2013), 

and previous studies have shown that MSC transplantation at earlier phases of 

inflammation are optimal for therapeutic effects (Wang et al. 2014c; Bernardo and 

Fibbe 2013; Karp and Teo 2009). 

It is known that chemokine receptors and adhesion molecules expressed by 

MSCs respond to chemoattractant signals from sites of injury facilitating MSC 

migratory and homing capacity (Karp and Teo 2009; Liu et al. 2009b). We 

employed immunolabeling of colon cross sections with anti-HLA-A,B,C antibody 

to evaluate the successful migration and engraftment of MSCs within the inflamed 

colon. Results of our study verified the migratory capacity of MSCs throughout 

the layers of the inflamed colon wall, but not to the uninflamed colon. Progressive 

MSC homing towards inflamed sites is evidenced by their presence in the colonic 

mucosa at 6h after induction of colitis and at the level of the myenteric plexus by 

24h, 3 days and 7 days post inflammation. The migratory capacity of MSCs is 
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one of their unique biological attributes. Hence, the significance of these cells 

migrating throughout the layers of the colon indicates their expression of 

chemokine receptors and other molecules associated with MSC homing (Karp 

and Teo 2009). The successful migration and engraftment of MSCs into the 

inflamed colonic wall observed in our study is consistent with previous reports 

demonstrating implantation of locally administered MSCs into target tissues, 

especially in inflammatory conditions (Hayashi et al. 2008; Hu et al. 2007).  

This study used the novel approach of MSC application by enema, which has not 

been previously reported. In contrast to prior studies using systemic IP and IV 

injections of MSCs, application by enema is less invasive and avoids the initial 

uptake and accumulation of MSCs within filtering organs, such as the lungs, liver, 

or spleen associated with IV and IP delivery (Karp and Teo 2009). Direct injection 

of MSCs into the colonic wall has been investigated (Hayashi et al. 2008), but this 

is highly invasive and not clinically feasible. Application of MSCs by enema is 

safe, convenient, and minimally invasive, providing a feasible option for 

administration in IBD patients without severe complications. Furthermore, enema 

application is a plausible administration route for CM treatments. 

Weight loss associated with TNBS-induced colitis was observed in our study and 

is consistent with other reports (Lomax et al. 2007a; Linden et al. 2003). Our 

results indicate that the systemic influences of both MSC and CM treatments 

applied by enema were actioned rapidly, significantly preventing TNBS-induced 

weight loss within the first 24h after application and maintaining long-lasting 

effect, at least for 7 days. TNBS-induced colitis typically involves epithelial cell 

obliteration and gross morphological damage to the intestinal wall (Dohi and 

Fujihashi 2006). In our study, administration of MSCs or CM into the distal colon 

ameliorated epithelial and goblet cell loss, as well as aiding repair of colonic 

architecture by 24h after induction of colitis and was maintained for at least 7 

days. These findings are consistent with previous reports on the therapeutic 

efficiency of MSCs in other animal models of colitis where MSCs and CM have 

been shown to protect against ulceration, necrosis of epithelial tissue, and 

increased permeability of the mucosa (Hayashi et al. 2008; Tanaka et al. 2008). 
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Administration of TNBS into the distal colon initiates inflammation through a cell-

mediated immune response consistent with transmural T1-lymphocyte infiltration 

(Wirtz et al. 2007; Gotsman et al. 2001). Invasion of immune cells into the level 

of myenteric ganglia is indicative of an acute inflammatory process, and previous 

studies have positively correlated the severity of inflammatory infiltrate with the 

severity of IBD recurrence (Ng et al. 2009; Ferrante et al. 2006). Our results 

indicate the severity of colitis by infiltration of CD45-IR inflammatory cells through 

the colonic wall to the level of myenteric ganglia. In this study, we show that MSCs 

reduce leukocyte infiltrate which is also observed in other disease models (Wei 

et al. 2013; Galindo et al. 2011; Tanaka et al. 2008). The immunomodulatory 

mechanisms however, have not been fully elucidated, although it is considered 

to be through either the production of various soluble factors or by direct 

interaction with target cells (Burdon et al. 2011; Chen et al. 2008). MSCs exhibit 

potent modulatory effects on immune cells including T and B lymphocytes, natural 

killer cells and dendritic cells (Stavely et al. 2014; Duffy et al. 2011). The ability 

of MSCs to exert their immunosuppressive function requires MSC activation in a 

pro-inflammatory microenvironment (Crop et al. 2010). Our results indicated that 

MSC and CM treatments were effective within 24h post inflammation as 

confirmed by reduced leukocyte numbers throughout the distal colon wall. MSCs 

were able to continue inhibition of CD45-IR cells for 3 days and can exert long 

lasting effects up to 7 days. Infiltration of leukocytes to the level of myenteric 

ganglia was reduced in MSC and CM treated groups at 24h post induction of 

colitis, but was still higher than in the sham treated group. The level of CD45-IR 

cells was comparable to the sham group only by 3 days. 

Our study demonstrated a loss of myenteric neurons at 24h post induction of 

colitis. A reduction in the quantity of myenteric neurons following TNBS 

administration is consistent with previous studies in the guinea-pig intestine 

(Nurgali et al. 2011; Linden et al. 2005). Neuronal numbers were unaffected at 

6h which is consistent with previous findings reporting no change in the total 

number of myenteric neurons 6h after TNBS administration (Linden et al. 2005). 

MSC and CM treatments prevented the neuronal loss associated with TNBS-

induced inflammation. The number of myenteric neurons in MSC and CM-treated 
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groups was unchanged at all time points even though the quantity of leukocytes 

at the level of the myenteric ganglia remained increased at 24h. This indicates 

that MSC-based therapies are capable of exerting neuroprotective effects 

independent of anti-inflammatory actions. Some studies have reported the 

capacity of MSCs to differentiate into cells of neuronal and glial lineage (Bae et 

al. 2011a; Zeng et al. 2011). Despite evidence that MSCs have the ability to 

differentiate into neurons and glial cells after appropriate induction in vitro, it has 

been shown that MSCs transplanted into the damaged CNS infrequently 

differentiate into neural phenotypes (Alexanian et al. 2010; Castro et al. 2002). 

Limited cellular telomerase activity and a maximum 7 day time point in the current 

study constrained the likelihood of observing any in vivo MSC differentiation into 

specific cell lineages (Chen et al. 2012a; Everaert et al. 2012; Mirsaidi et al. 

2012).  

In addition to preventing a reduction in the total number of myenteric neurons, 

MSCs accelerated regeneration and regrowth of nerve fibers in the colon. 

Damage to the nerve fibers was observed in all groups at 6h after induction of 

inflammation. However, regrowth of axons was evident by 24h in MSC and CM 

treated animals, and nerve fiber density returned to sham levels for at least 7 

days. Promotion of axonal regrowth by MSC-based therapies within this study is 

consistent with previous findings in models of spinal cord injury (Zurita et al. 2008; 

Deng et al. 2006). 

The loss of myenteric neurons in TNBS-administered animals correlated with 

colonic dysmotility, indicating disruption of the appropriate coordination and 

activation of motility reflex circuits. TNBS-induced disruption of motility persists 

at least 7 days after inflammation. Significant differences in velocity and 

frequency of CMMCs between TNBS-administered and sham-treated animals 

established in our study validate the functional consequences of inflammation-

induced structural alterations to myenteric neurons. Application of MSCs and CM 

re-established the velocity and frequency of CMMCs. Treatment with UCM had 

some effect on propagation speed and rate of contraction that was not significant 

compared with all groups. These changes are probably due to direct effects of 
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culture medium on intestinal smooth muscles. It has been previously observed 

that visceral smooth muscles in culture medium display increases in number of 

contractions, as well as speed of contraction (Chamley-Campbell et al. 1979). 

Inhibition of colonic motility observed in TNBS-administered animals correlated 

with changes in the subpopulations of myenteric neurons immunoreactive to 

nNOS and ChAT. Our study revealed an increase in the number of nNOS 

neurons, as well a decrease in the number of ChAT neurons at 24h after induction 

of colitis. These results are comparable to previous studies in TNBS and dextran 

sodium sulfate animal models of colitis, as well as in tissues from IBD patients 

reporting changes in neurochemical coding of enteric neuronal subpopulations 

(Winston et al. 2013; Boyer et al. 2007; Linden et al. 2005; Neunlist et al. 2003; 

Belai et al. 1997). It is considered that the increase in the number of nNOS-IR 

neurons in TNBS-administered guinea-pigs is due to changes in the 

neurochemical coding of myenteric neurons in response to inflammation rather 

than neurogenesis, since the maturation of neurons takes 3-6 weeks and the 

maximum time point of this study is 7 days (Piatti et al. 2011; Boyer et al. 2007). 

Nitrergic (nNOS) neurons in the myenteric plexus are primarily inhibitory motor 

neurons responsible for the relaxation of intestinal smooth muscle, while 

cholinergic (ChAT) neurons are the major excitatory motor neurons of the ENS 

(Furness 2012). Imbalances in numbers of nNOS and ChAT neurons associate 

with impaired smooth muscle contractility and intestinal dysmotility (Winston et 

al. 2013; Chandrasekharan et al. 2011). Furthermore, changes to the distribution 

of nNOS neurons have been associated with oxidative stress (Bagyanszki and 

Bodi 2012). We found that MSC-based therapies alleviated the inflammation-

induced increase in the number and proportion of nNOS neurons, as well as the 

loss of ChAT neurons in the myenteric plexus at 24h, 3 days and 7 days.  

We found that the efficacy of CM treatment was comparable to MSC therapy. 

Previous findings in nervous system injury and other pathological conditions 

highlight the therapeutic potential of soluble factors released by MSCs (Hao et al. 

2014; Laroni et al. 2013; Bai et al. 2012; Lee et al. 2012; Voulgari-Kokota et al. 

2012; Burdon et al. 2011; Uccelli and Prockop 2010). It is now considered that 
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the protective mechanisms and endogenous regeneration initiated by MSCs is 

due to their ability to produce and secrete a wide range of bioactive soluble 

factors acting as paracrine mediators; directly stimulating target cells and/or 

instigating nearby cells to release functionally active agents (Caplan and Dennis 

2006). The MSC secretome contains anti-apoptotic, neurotrophic and growth 

factors, as well as neurotransmitters and can promote stimulation of axonal 

growth, microglial regulation, immunomodulation and re-myelination of host 

axons (Uccelli et al. 2011; Suzuki and Svendsen 2008; Lepore and Maragakis 

2007).  

The MSC secretome may be responsible for the therapeutic effect observed in 

this study via: 1) immunomodulation by reducing in vivo levels of pro-

inflammatory mediators while simultaneously increasing the production of anti-

inflammatory factors in the gut and serum and/or 2) direct neuroprotection of 

enteric neurons via release of neurotrophic factors. During an inflammatory flare, 

an array of cytokines and chemokines, reactive oxygen and nitrogen species, 

prostaglandins and other pro-inflammatory mediators induce profound structural 

and functional damage to the ENS (Buchholz and Bauer 2010; Mawe et al. 2009; 

de Winter et al. 2005; Linden et al. 2004). Previous studies in experimental colitis 

have demonstrated that MSC treatment stimulates upregulation of anti-

inflammatory factors including IL-10, indoleamine 2,3-dioxygenase, 

prostaglandin E2, and TGF-β1, as well as a downregulation of pro-inflammatory 

mediators such as IL-1β, IL-6, IL-12, IL-17, IFN-γ and TNF-α (Stavely et al. 2014; 

Chen et al. 2013b; Gonzalez et al. 2009). This immunomodulatory effect of MSC 

therapy could in turn prevent and/or reduce the damage to enteric neurons and 

nerve fibers. A direct MSC effect for maintaining enteric neuronal integrity during 

intestinal inflammation may occur via release of neurotrophic and neuroprotective 

agents in the MSC secretome. In this study, analysis of CM revealed that MSCs 

released considerable number of factors under normal culturing conditions 

including those that have been demonstrated to be neurotrophic and 

neuroprotective for enteric neurons, as well as factors that have not been studied 

in the ENS. Previous studies have shown that GDNF protects enteric neurons 

from apoptosis and promotes the development and survival of many types of 
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neurons (Sharkey and Savidge 2014; Steinkamp et al. 2012; Bassotti et al. 2006; 

von Boyen et al. 2006; 2002). Other factors, such as NT, NGF, BDNF, ciliary 

neurotrophic factor and leukemia inhibitory factor are also involved in modulation 

of gut inflammation and colonic sensitivity (von Boyen et al. 2006; 2002). In our 

study, neurotrophic and neuroprotective factors were detected in the secretome 

of naive MSCs (not exposed to inflammatory conditions). It is plausible that upon 

placement in an inflammatory milieu, MSCs release a wider array of factors than 

we have reported in this study. The role of specific MSC-secreted neuroprotective 

factors in preventing enteric neuronal loss and damage caused by intestinal 

inflammation needs to be further elucidated. 

2.6 Conclusion 

In conclusion, this study demonstrated that BM-MSCs have the ability to prevent 

inflammatory insults to the ENS when administered 3h after induction of colitis. 

Furthermore, we have shown the equivalent proficiency of CM treatment for 

exhibiting neuroprotective effects, promoting enteric neuronal repair and 

functional recovery. Our results clearly support the therapeutic potential of 

enema-administered MSC and CM treatments for preventing enteric neuropathy 

associated with TNBS-induced colitis as early as 24h after induction of 

inflammation even though the inflammatory reaction at the level of the myenteric 

ganglia has not completely subsided at this time point. This suggests that the 

neuroprotective efficacy of MSC-based therapies can be exerted independently 

to their anti-inflammatory effects. Further investigations need to be conducted to 

define the pathways and specific factors contributing to enteric neuroprotection 

by MSC-based treatments in acute and chronic inflammatory conditions. 
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CHAPTER THREE: THE NEUROPROTECTIVE EFFECTS OF 

HUMAN BONE MARROW MESENCHYMAL STEM CELLS 

ARE DOSE-DEPENDENT IN TNBS COLITIS 

 

The material presented in this chapter is published and has been reproduced 

here with the permission of the publisher with minor alterations: 

Robinson, A. M., Rahman, A. A., Miller, S., Stavely. R., Sakkal, S., Nurgali, K. 

2017. The neuroprotective effects of human bone marrow mesenchymal stem 

cells are dose-dependent in TNBS colitis. Stem Cell Res Ther, 8, 87. 
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3.1 Summary 

Background: The incidence of inflammatory bowel diseases (IBD) is increasing 

worldwide with patients experiencing severe impacts on their quality of life. It is 

well accepted that intestinal inflammation associates with extensive damage to 

the enteric nervous system (ENS), which intrinsically innervates the 

gastrointestinal tract and regulates all gut functions. Hence, treatments targeting 

the enteric neurons are plausible for alleviating IBD and associated 

complications. Mesenchymal stem cells (MSCs) are gaining wide recognition as 

a potential therapy for many diseases due to their immunomodulatory and 

neuroprotective qualities. However, there is a large discrepancy regarding 

appropriate cell doses used in both clinical trials and experimental models of 

disease. We have previously demonstrated that human bone marrow MSCs 

exhibit neuroprotective and anti-inflammatory effects in a guinea-pig model of 

2,4,6-trinitrobenzene-sulfonate (TNBS)-induced colitis, but an investigation into 

whether this response is dose-dependent has not been conducted. Methods: 

Hartley guinea-pigs were administered TNBS or sham treatment intra-rectally. 

Animals in the MSC treatment groups received either 1×105, 1×106 or 3×106 

MSCs by enema 3h after induction of colitis. Colon tissues were collected 3 days 

after TNBS administration to assess the effects of MSC treatments on the level 

of inflammation and damage to the ENS by immunohistochemical and 

histological analyses. Results: MSCs administered at a low dose, 1×105 cells, 

had little or no effect on the level of immune cell infiltrate and damage to the 

colonic innervation was similar to the TNBS group. Treatment with 1×106 MSCs 

decreased the quantity of immune infiltrate and damage to nerve processes in 

the colonic wall, prevented myenteric neuronal loss and changes in neuronal 

subpopulations. Treatment with 3×106 MSCs had similar effects to 1×106 MSC 

treatments. Conclusions: The neuroprotective effect of MSCs in TNBS colitis is 

dose-dependent. Increasing doses higher than 1×106 MSCs demonstrates no 

further therapeutic benefit than 1×106 MSCs in preventing enteric neuropathy 

associated with intestinal inflammation. Furthermore, we have established an 
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optimal dose of MSCs for future studies investigating intestinal inflammation, the 

enteric neurons and stem cell therapy in this model. 

  



  

121 
 

3.2 Introduction 

Many studies report the effectiveness of mesenchymal stem cell (MSC) 

treatments in attenuating the mechanisms of disease, however some MSC 

therapies are reported as being ineffective or only demonstrating short-term 

effectiveness (Nam et al. 2015; Badillo et al. 2008; Meyer et al. 2006; Sudres et 

al. 2006). Various factors, including cellular dose and timing of administration of 

MSCs, influence therapeutic efficacy of these cells (Kim and Cho 2015). Hence, 

it has been suggested that different doses of MSCs might have distinct immune 

or protective effects (Zhang et al. 2015). There is great variation among clinical 

trials and experimental models of disease in the injected dosage of MSCs 

(Sharma et al. 2014; Li et al. 2012), implying that MSCs can effectively treat 

diseases in a dose-dependent manner (Joo et al. 2010; Kim et al. 2010a; 

Gonzalez-Rey et al. 2009; Li et al. 2008; Zappia et al. 2005). In addition, defining 

an optimal MSC dose for both pre-clinical and clinical studies extends to benefits 

such as reduced production costs, less tissue required for MSC expansion, a 

lower chance of MSC mutation and a reduced likelihood of MSC accumulation in 

the filtering organs. 

While it has been confirmed that MSCs migrate to sites of intestinal inflammation 

where they assist in the restoration and repair of the epithelial barrier and 

damaged tissue via anti-inflammatory actions (He et al. 2012; Gonzalez-Rey et 

al. 2009; Yabana et al. 2009; Hayashi et al. 2008; Tanaka et al. 2008), there are 

only a few studies examining the effects of MSC-based therapies in attenuating 

inflammation-induced enteric neuropathy (Robinson et al. 2015; 2014; Stavely et 

al. 2015a; 2015b). In these studies, it was concluded that locally applied bone 

marrow (BM)-MSCs administered at a dose of 1×106 are neuroprotective towards 

enteric neurons compromised by 2,4,6-trinitrobenzene-sulfonate (TNBS)-

induced inflammation (Robinson et al. 2015; 2014; Stavely et al. 2015b). These 

results provide the foundation for examining the neuroprotective potential of MSC 

therapy in intestinal inflammation. However, no studies have investigated the 

dose-response relationship of MSCs in protecting enteric neurons from damage 

and/or death induced by colitis. Therefore, the aim of this study was to investigate 
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at which dose (1×105, 1×106 or 3×106) human BM-MSCs are most beneficial in 

protecting and repairing enteric neurons following induction of colitis. This 

knowledge will define the optimal MSC dosage for treatment of enteric 

neuropathy associated with TNBS-induced inflammation in a guinea-pig model of 

colitis, as well as contribute towards future investigations into the mechanisms of 

MSC-stimulated enteric neuroprotection. 
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3.3 Materials and methods 

3.3.1 Animals 

Male and female Hartley guinea-pigs (n=20) weighing 140-280g were obtained 

from South Australian Health and Medical Research Institute (SAHMRI, Adelaide, 

SA, Australia) and randomly assigned to experimental groups. All animals were 

housed in a temperature-controlled environment with 12h day/night cycles and 

had ad libitum access to food and water. All animal experiments in this study 

complied with the guidelines of the National Health and Medical Research 

Council Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes under approval of the Victoria University Animal Experimentation 

Ethics Committee. All efforts were made to minimize animal suffering. 

3.3.2 Cell culture and passaging 

Cell culture and passaging was carried out as described in Chapter 2, section 

2.3.2. Briefly, MSCs derived from human BM-MSC cell lines BM-7025 and BM-

7081 (Tulane University, New Orleans, LA, USA) were plated at an initial density 

of 60 cells/cm2 and incubated in complete culture medium (α-minimum essential 

medium (MEM) supplemented with 16.5% MSC-qualified fetal bovine serum 

(FBS), 100 U/mL penicillin/streptomycin, and 100X GlutaMAX) (all purchased 

from Gibco®, Life Technologies, Mulgrave, VIC, Australia) at 37°C. Expansion 

medium was replenished every 48-72h for 10-14 days until the cells were 70-85% 

confluent (maximum). MSCs were rinsed in 5mL sterile phosphate buffered 

solution (PBS) prior to incubation with 3mL TrypLE Select (Gibco®, Life 

Technologies) for 3min at 37°C to detach cells. Enzymatic activity was neutralized 

by 8mL of stop solution (α-MEM + 5% FBS) and MSCs were collected and 

centrifuged at 450g for 5min at room temperature. Cells were then resuspended 

in fresh culture medium and counted using a hemocytometer under a light 

microscope. 
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3.3.3 MSC characterization 

MSCs were cultured to the fourth passage for all experiments and characterized 

for their expression of surface antigens, differentiation potential, and colony-

forming ability as described in Chapter 2, section 2.3.3. All MSCs utilized in this 

study met criteria for defining in vitro human MSC cultures proposed by the 

International Society for Cellular Therapy (ISCT) (Dominici et al. 2006). 

3.3.4 Induction of colitis 

TNBS (Sigma-Aldrich, Castle Hill, NSW, Australia) was dissolved in 30% ethanol 

to a concentration of 30mg/kg and administered intra-rectally 7 cm proximal to 

the anus (total volume of 300μL) by a lubricated silicone catheter (Nurgali et al. 

2011). For TNBS administration, guinea-pigs were anaesthetized with isoflurane 

(induced at 4%, maintained on 1-4% isoflurane in O2) during the procedure. 

Sham-treated guinea-pigs underwent the same procedure without administration 

of TNBS. 

3.3.5 MSC treatments 

Guinea-pigs in the MSC-treated groups were anaesthetized with isoflurane 3h 

after TNBS administration and administered MSC therapies by enema into the 

colon via a silicone catheter. MSCs were administered at a dose of 1×105, 1×106 

or 3×106 cells in 300μL of sterile 0.1M PBS. The peak of ethanol-induced 

epithelial damage occurs at 3h in TNBS-induced colitis (Pontell et al. 2009), 

therefore this time point was selected for the administration of MSCs. Animals 

were held at an inverted angle following MSC treatments to prevent leakage from 

the rectum and were weighed and monitored daily following treatment. Guinea-

pigs were culled via stunning and exsanguination 3 days after TNBS 

administration (Nurgali et al. 2009). Sections of the distal colon were collected for 

histological and immunohistochemical studies. 
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3.3.6 Immunohistochemistry and histology 

3.3.6.1 Tissue preparation 

Following dissection, tissues were immediately placed in oxygenated PBS (0.1M, 

pH7.2) containing an L-type Ca2+ channel blocker, nicardipine (3μm; Sigma-

Aldrich), to inhibit smooth muscle contraction. Colon tissues were cut open along 

the mesenteric border, stretched and pinned flat with the mucosal side up for 

wholemount longitudinal muscle-myenteric plexus (LMMP) preparations; 

samples for cross sections were not stretched. Tissue samples were fixed 

overnight at 4°C in Zamboni’s fixative (2% formaldehyde and 0.2% picric acid) 

and subsequently washed for 3×10min in dimethyl sulfoxide (DMSO) (Sigma-

Aldrich) and for 3×10min in 0.1M PBS to remove fixative. Zamboni’s fixative was 

chosen for tissue fixation to minimize neural tissue autofluorescence. LMMP 

distal colon samples were dissected to expose the myenteric plexus by removing 

the mucosa, submucosa and circular muscle layers prior to 

immunohistochemistry. Cross section samples for immunohistochemistry were 

stored in 50:50 optimum cutting temperature (OCT) compound (Tissue-Tek, 

Torrance, CA, USA) and sucrose solution for 24h at 4°C and subsequently frozen 

in liquid nitrogen-cooled isopentane and OCT compound. Samples were stored 

at -80°C until they were cryo-sectioned (30μm) onto glass slides. Samples for 

histology were fixed in 10% buffered formalin solution overnight at 4°C and stored 

in 70% ethanol until paraffin embedding. 

3.3.6.2 Immunohistochemistry 

Immunohistochemistry was performed on distal colon tissues as described in 

Chapter 2, section 2.3.6.2. Briefly, after a 1h incubation in 10% normal donkey 

serum (NDS; Merck Millipore, Bayswater, VIC, Australia) diluted in 0.1M PBS-

0.1% Triton X-100 at room temperature, samples were washed with 0.1M PBS-

0.1% Triton X-100 (2×5min) and incubated with primary antibodies (Table 3.1) 

diluted in 2% NDS and 0.1M PBS-0.1% Triton X-100 overnight at room 

temperature. Tissues were then washed in 0.1M PBS-0.1% Triton X-100 

(2×5min) prior to incubation with secondary antibodies (diluted in 2% NDS and  
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Table 3.1 Primary antibodies used in this study 

Antibody Host species Dilution Supplier Application in this study 

Anti-β-Tubulin class III Rabbit 1:1000 Abcam, Melbourne, VIC, 

Australia 

Cross sections 

Anti-CD45 (clone IH-1) Mouse 1:200 Abcam Cross sections 

Anti-choline acetyltransferase 

(ChAT) 
Goat 1:500 Merck Millipore LMMP preparations 

Anti-Hu (clone 15A7.1) Mouse 1:500 Merck Millipore LMMP preparations 

Anti-neuronal nitric oxide synthase 

(nNOS) 
Goat 1:500 

Novus Biologicals, 

Littleton, CO, USA 
LMMP preparations 

Anti-human leukocyte antigen 

(HLA)-A,B,C (conjugated to  

fluorescein isothiocyanate (FITC)) 

Human 1:50 
BioLegend, San Diego, 

CA, USA 
Cross sections 



  

127 
 

 

 

 

Table 3.2 Secondary antibodies used in this study 

Antibody Host species Dilution Supplier Application in this study 

Alexa Fluor 594 
Donkey anti-

mouse 
1:200 

Jackson Immunoresearch 

Laboratories, PA, USA 

LMMP preparations 

Alexa Fluor 594 
Donkey anti-

rabbit 
1:200 

Jackson Immunoresearch 

Laboratories 
Cross sections 

FITC 488 
Donkey anti-

goat 
1:200 

Jackson Immunoresearch 

Laboratories 

LMMP preparations 

FITC 488 
Donkey anti-

mouse 
1:200 

Jackson Immunoresearch 

Laboratories 
Cross sections 
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0.1M PBS-0.1% Triton X-100; Table 3.2) for 2h at room temperature. Following 

3×10min washes in 0.1M PBS-0.1% Triton X-100, samples were mounted on 

glass slides with fluorescent mounting medium (DAKO, North Sydney, NSW, 

Australia). 

3.3.6.3 Histology 

Tissues for histology were paraffin embedded, sectioned at 5μm, deparaffinized, 

cleared, and rehydrated in graded ethanol concentrations for standard 

hematoxylin and eosin (H&E) staining as described in Chapter 2, section 2.6.3.3. 

3.3.7 Imaging 

Confocal microscopy was undertaken on an Eclipse Ti confocal laser scanning 

system (Nikon, Tokyo, Japan). Fluorophores were visualized by using a 488nm 

excitation filter for FITC and a 559nm excitation filter for Alexa 594. Z-series 

images were acquired at a nominal thickness of 0.5μm (512×512 pixels). H&E-

stained colon sections were visualized using an Olympus BX53 microscope 

(Olympus, Notting Hill, VIC, Australia) and images were captured with 

CellSense™ software. 

3.3.8 Quantitative analyses of immunohistochemical and histological 

data 

In wholemount LMMP preparations, the total number of myenteric neurons 

immunoreactive (IR) for Hu, nNOS and ChAT were counted within eight randomly 

captured images per preparation (total area 2mm2), as well as per ganglia 

(average of ten ganglia per animal). Infiltration of leukocytes throughout the colon 

wall was assessed by counting the total number of CD45-IR cells within the 

mucosal (including the mucosa, submucosa and submucosal plexus) and 

musclar (circular muscle, myenteric plexus, and longitudinal muscle) layers in 

cross sections (total area 1.5mm2). The density of nerve fibers was determined 

by measuring β-tubulin (III)-IR in eight randomly captured images at ×20 

magnification. All images were captured under identical acquisition exposure time 
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conditions and calibrated to standardized minimum baseline fluorescence. 

Images were converted from red, green, and blue (RGB) to grayscale 8 bit then 

to binary; changes in fluorescence from the baseline were measured using Image 

J software (National Institutes of Health, Bethesda, MD, USA). The area of 

immunoreactivity was then expressed as a percentage of the total area 

examined. Gross morphological damage in H&E-stained colon sections was 

assessed by histological grading of four parameters: mucosal flattening 

(0 = normal, 3 = severe flattening), occurrence of hemorrhagic sites (0 = none, 

3 = frequent sites), loss of goblet cells (0 = normal, 3 = severe loss of cells) and 

variation of the circular muscle (0 = normal, 3 = considerable thickening of 

muscular layer) (Robinson et al. 2014). Quantitative analyses were conducted 

blindly. 

3.3.9 Statistical analysis 

Statistical differences were determined by Student’s t-test (two-tailed) or one-way 

ANOVA with Bonferroni post hoc test for multiple group comparisons using Prism 

v6.0 (Graphpad Software Inc., La Jolla, CA, USA). Data were considered 

statistically significant when P<0.05. Data were presented as mean±standard 

error of the mean (SEM), if not specified otherwise. 
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3.4 Results 

3.4.1 MSC migration and engraftment at the site of inflammation 

The capacity of MSCs to migrate and engraft to the area of tissue damage and 

inflammation was assessed in sections of the distal colon from guinea-pigs 

treated with 1×105, 1×106 or 3×106 MSCs administered by enema 3h after the 

induction of TNBS colitis (n=4/group). Transmural migration of MSCs within colon 

cross sections was identified by labeling with an antibody against HLA-A,B,C, 

which detects major histocompatibility complex (MHC) class I antigens expressed 

by all human nucleated cells (Fig. 3.1). MSCs successfully engrafted into the 

intestinal wall evident by localization of HLA-A,B,C-positive cells in the colon 

sections collected at 3 days post induction of colitis (Fig. 3.1A-C). HLA-A,B,C-

positive cells were present mostly in the mucosal lamina propria in colon sections 

from guinea-pigs treated with 1×105 MSCs (Fig. 3.1A). When administered at 

higher doses (1×106 and 3×106), transmural migration and engraftment of human 

MSCs into the colon wall to the level of the myenteric ganglia was evident (Fig. 

3.1B-C). 

3.4.2 Effects of MSC treatment on tissue repair 

Changes to the colonic architecture 3 days after induction of TNBS-induced colitis 

were evaluated by gross morphological assessment of H&E-stained colon 

sections (n=4/group; Fig. 3.2). Continuous epithelial cell lining, regular structural 

arrangements of goblet cells and crypts and defined colonic layers were evident 

in H&E-stained colon cross sections from sham-treated guinea-pigs (histological 

score = 0-1; Fig. 3.2A). In contrast, sections from guinea-pigs in the TNBS-only 

group displayed disruptions to the epithelial lining, goblet cell loss, glandular 

distortion and flattening of crypts (histological score = 2; Fig. 3.2B). Sections from 

animals in all MSC-treated groups revealed accelerated healing of the mucosa 

and repair to levels comparable with sham-treated guinea-pigs (histological score 

= 0-1 for all; Fig. 3.2C-E). 
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Figure 3.1. MSC homing within the inflamed colon. The migration and 

engraftment of MSCs (arrows) to the site of TNBS-induced inflammation in 

sections of the guinea-pig colon was confirmed using anti-HLA-A,B,C antibody 

specific to human MHC class I at 3 days post induction of colitis (A-C). Scale 

bars = 100μm. 
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Figure 3.2. Gross morphological changes in the distal colon assessed in 

H&E-stained cross sections. A complete and continuous epithelial lining and 

regular arrangement of colonic layers was apparent in sections from sham-

treated animals (A). Flattening of the glands, disruption to the epithelial lining and 

goblet cell loss were evident in sections from TNBS-administered guinea-pigs at 

3 days post induction of colitis (B). H&E-stained sections from 1×105, 1×106 and 

3×106 MSC-treated animals revealed accelerated repair and restoration of the 

colonic architecture (C-E). Scale bars = 50 μm. 
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3.4.3 Dose-dependent effects of MSC treatments on leukocyte 

infiltration in the inflamed colon 

The severity of colitis and the anti-inflammatory effect of MSC treatments were 

assessed by quantitative analyses of CD45+ leukocytes in colon cross sections 

(n=4/group; Fig. 3.3). TNBS administration produced an increase in leukocytes 

within the mucosa and muscular layers at 3 days when compared to sections 

from sham-treated guinea-pigs (P<0.001 for both; Table 3.3; Fig. 3.3A-B, F-G). 

The TNBS-induced increase in number of leukocytes in the mucosa and muscular 

layers was reduced by all MSC treatments compared to the TNBS-only group 

(P<0.001 for all). However, leukocyte numbers in both the mucosa and muscular 

layers of 1×105 MSC-treated animals were higher compared to sham, 1×106 MSC 

and 3×106 MSC-treated guinea-pigs (P<0.001 for all; Table 3.3; Fig. 3.3A-G). 

3.4.4 Dose-dependent effects of MSC treatment on nerve fiber 

regrowth 

Nerve fibers innervating smooth muscles and mucosa were identified in cross 

sections of the guinea-pig distal colon by labeling with an antibody specific to 

neuronal microtubule protein β-tubulin (III) (n=4/group point; Fig. 3.4). Regularly 

distributed β-tubulin (III)-IR fibers were observed within the mucosal gland cores, 

submucosal and muscular layers of colon sections from sham-treated guinea-

pigs (Fig. 3.4A). Following TNBS administration, β-tubulin (III)-IR fibers within the 

mucosa were disordered, patchy, and arranged irregularly (Fig. 3.4B). 

Quantitative analysis confirmed a reduction in β-tubulin (III)-IR fiber density in 

both mucosa and muscle layers of the colon sections from TNBS-administered 

guinea-pigs when compared to sections from sham-treated animals (P<0.001 for 

both; Table 3.3; Fig. 3.4F-G). Treatment with 1×105 MSCs improved the nerve 

fiber density in the mucosa compared to the TNBS-only administered group 

(P<0.001). However, the density of fibers in both the mucosa and muscle was 

still lower compared to the sham-treated group (P<0.001 for both; Table 3.3; Fig. 

3.4C, F-G). In contrast, the morphology of β-tubulin (III)-IR fibers in mucosal and 

muscular layers of colon sections from guinea-pigs treated with 1×106 and 3×106 
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MSCs were comparable to those in sections from sham-treated animals (Fig. 

3.4D-E). When quantified, β-tubulin (III)-IR fiber density in mucosa and muscles 

in colon sections from 1×106 and 3×106 MSC-treated guinea-pigs was higher 

compared to both TNBS-only and 1×105 MSC-treated guinea-pigs (P<0.001 for 

all; Table 3.3; Fig. 3.4F-G). 

 



  

137 
 

Table 3.3 Dose-dependent effects of MSC treatment on leukocyte infiltration, nerve fiber density and number of 

myenteric neurons in the inflamed distal colon 

 
Sham TNBS 

TNBS+          

1x105 MSCs 

TNBS+          

1x106 MSCs 

TNBS+          

3x106 MSCs 

Total no. CD45-IR cells 

Mucosa 341±34 927±31***^^^###††† 686±23***###††† 368±27 425±25 

Muscle 33±4 131±1***^^^###††† 83±5***###††† 32±6 29±6 

β-tubulin (III)-IR fiber density (%) 

Mucosa 3.3±0.1 1.7±0.1***^^^###††† 2.5±0.1***###††† 3.4±0.1 3.4±0.04 

Muscle 5.5±0.2 4.0±0.1***###††† 3.9±0.1***###††† 5.7±0.1 5.5±0.1 

Total no. of Hu-IR myenteric neurons 

Ganglia 124±2 108±5*##†† 104±2**##†† 128±3 127±4 

Area 1498±13 1330±41**###††† 1312±20***##††† 1510±19 1513±12 

Total no. of nNOS-IR myenteric neurons 

Ganglia 22±1 27±1**###†† 27±1***##††† 20±1 22±1 

Area 262±12 318±7***##††† 317±5***##††† 277±6 246±3 

Proportion of nNOS-IR myenteric neurons (%) 

Ganglia 17±1 26±2***###††† 27±1***###††† 16±1 18±1 

Area 17±1 24±1***###††† 24±1***###††† 18±1 16±1 
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Table 3.3 Dose-dependent effects of MSC treatment on leukocyte infiltration, nerve fiber density and number of 

myenteric neurons in the inflamed distal colon (continued) 

 Sham TNBS 
TNBS+          

1x105 MSCs 

TNBS+          

1x106 MSCs 

TNBS+          

3x106 MSCs 

Total no. of ChAT-IR myenteric neurons 

Ganglia 67±1 52±2**##†† 57±2**#† 64±2 65±3 

Area 749±29 545±24***##††† 585±23**#†† 708±29 743±14 

Proportion of ChAT-IR myenteric neurons (%) 

Ganglia 54±1 49±1 55±1 50±1 52±4 

Area 50±2 41±1**#† 45±2 47±2* 49±1* 

*P<0.05, **P<0.01, ***P<0.001 when compared to sham-treated guinea-pigs. ^P<0.05, ^^P<0.01, ^^^P<0.001 when compared 

to 1x105 MSC-treated guinea-pigs. #P<0.05, ##P<0.01, ###P<0.001 when compared to 1x106 MSC-treated guinea-pigs. †P<0.05, 

††P<0.01, †††P<0.001 when compared to 3x106 MSC-treated guinea-pigs. 
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Figure 3.3. Effects of MSC treatments on leukocyte infiltration in colon 

cross sections. Sections of the guinea-pig distal colon were labeled with pan-

leukocyte marker anti-CD45 to observe the effects of MSC treatments on 

leukocyte infiltration. CD45-IR leukocytes were visualized within the mucosa and 

muscular layers of distal colon sections from guinea-pigs collected at 3 days post 

induction of colitis (A-E). Scale bars = 100μm. The total number of CD45-IR cells 

per 1.5mm2 area quantified in the mucosa (F) and muscular (G) layers of the 

colon cross sections. ***P<0.001 when compared to sham-treated guinea-pigs. 

^^^P<0.001 when compared to 1x105 MSC-treated guinea-pigs. ###P<0.001 when 

compared to 1x106 MSC-treated guinea-pigs. †††P<0.001 when compared to 

3x106 MSC-treated guinea-pigs. 
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Figure 3.4. Effects of MSC treatments on nerve fibers in cross sections of 

the distal colon. Distribution of fibers labeled by neuron-specific anti-β-tubulin 

(III) antibody in colon sections from sham-treated, TNBS-only, 1×105 MSC-

treated, 1×106 MSC-treated, and 3×106 MSC-treated guinea-pigs at 3 days post 

induction of colitis (A-E). Scale bars = 100μm. β-tubulin (III)-IR fibers were 

quantified in the mucosa (F) and muscular (G) layers of the colon. ***P<0.001 

when compared to sham-treated guinea-pigs. ^^^P<0.001 when compared to 

1x105 MSC-treated guinea-pigs. ###P<0.001 when compared to 1x106 MSC-

treated guinea-pigs. †††P<0.001 when compared to 3x106 MSC-treated guinea-

pigs. 

 

  



  

142 
 



  

143 
 

3.4.5 Dose-dependent effects of MSC treatment on enteric 

neuroprotection  

To investigate whether 1×105, 1×106 and 3×106 MSC treatments were effective 

in preventing loss of myenteric neurons, neuronal cell bodies were labeled with 

the pan-neuronal marker anti-Hu antibody in wholemount LMMP preparations of 

the distal colon (n=4/group; Fig. 3.5). The number of Hu-IR neurons was counted 

per ganglion and per 2mm2 area. The number of Hu-IR myenteric neurons was 

decreased in colon preparations from TNBS-only guinea-pigs compared to sham-

treated animals (ganglia: P<0.05; area: P<0.01; Table 3.3; Fig. 3.5A-B, F-G). 

Treatments with 1×106 and 3×106 MSCs attenuated neuronal loss associated 

with inflammation compared to the TNBS group (ganglia: P<0.01 for both; area: 

P<0.001 for both; Table 3.3; Fig. 3.5D-G). However, treatment with 1×105 MSCs 

did not prevent myenteric neuronal loss associated with colitis (ganglia: P<0.01 

for all; area - sham: P<0.001; MSC: P<0.01; CM: P<0.001; Table 3.3; Fig. 3.5C, 

F-G). 

3.4.6 Dose-dependent effects of MSC treatments on inhibitory 

myenteric neurons  

Changes in inhibitory and excitatory myenteric muscle motor and interneurons 

underlie inflammation-induced colonic dysmotility, therefore we investigated the 

effects of MSC-based therapies on these two major subpopulations of neurons. 

Inhibitory neurons were labeled with anti-nNOS antibody in wholemount LMMP 

preparations of the distal colon (n=4/group; Fig. 3.6). The number of nNOS-IR 

neurons per ganglion and per area was increased in the myenteric plexus from 

the TNBS-only group compared with sham-treated animals (ganglia: P<0.01; 

area: P<0.001). The proportion of nNOS-IR neurons to the total number of Hu-IR 

neurons was increased in TNBS-only guinea-pigs compared with sham-treated 

animals (P<0.001 for all; Table 3.3; Fig. 3.6A-B, F-I). The number and proportion 

of nNOS-IR neurons were comparable between TNBS-only administered guinea-

pigs and 1×105 MSC-treated animals (Table 3.3; Fig. 3.6C). Thus, nNOS-IR 

neurons were elevated in preparations from 1×105 MSC-treated animals 
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compared to sham-treated (P<0.001 for both ganglia and area), 1×106 MSC-

treated (P<0.01 for both ganglia and area) and 3×106 MSC-treated (P<0.001 for 

both ganglia and area) guinea-pigs (Table 3.3; Fig. 3.6F-I). Correspondingly, the 

proportion of nNOS-IR neurons was also increased (P<0.001 for all). Both 1×106 

and 3×106 MSC treatments prevented the increase in the total number (1×106 - 

ganglia: P<0.001; area: P<0.01; 3×106 - ganglia: P<0.01; area: P<0.001) and 

proportion (P<0.001 for all) of nNOS-IR neurons compared to the TNBS-only 

group (Table 3.3; Fig. 3.6D-I). 

3.4.7 Dose-dependent effects of MSC treatments on excitatory 

myenteric neurons  

Excitatory muscle motor and interneurons were identified using ChAT 

immunoreactivity in wholemount preparations of the distal colon (n=4/group; Fig. 

3.7). Quantification of ChAT-IR neurons revealed a decrease in the TNBS-only 

group compared to sham-treated guinea-pigs (ganglia: P<0.01; area: P<0.001) 

(Table 3.3; Fig. 3.7A-B, F, H). The number of ChAT-IR neurons in preparations 

from 1×105 MSC-treated guinea- pigs was comparable to the TNBS-only group, 

indicating that this dose was not effective in preventing the TNBS-induced 

decrease in ChAT-IR neurons (Table 3.3; Fig. 3.7C, F, H). ChAT-IR neurons were 

reduced in 1×105 MSC-treated animals compared to sham-treated (P<0.01 for 

both ganglia and area), 1×106 MSC-treated (P<0.05 for both ganglia and area) 

and 3×106 MSC-treated (ganglia: P<0.05; area: P<0.01) guinea-pigs. Treatment 

with 1×106 MSCs (P<0.01 for both ganglia and area) and 3×106 MSCs (ganglia: 

P<0.01; area: P<0.001) prevented the TNBS-induced loss of ChAT-IR neurons, 

with numbers comparable to the sham-treated group (Table 3.3; Fig. 3.7D-E, F, 

H). When quantified per ganglia, there were no differences between any groups 

in the proportion of ChAT-IR neurons to total number of neurons (Fig. 3.7G). 

However, when quantified per area, the proportion of ChAT-IR neurons to Hu-IR 

neurons was reduced in TNBS-only administered animals when compared to 

sham-treated (P<0.01), 1×106 MSC-treated (P<0.05) and 3×106 MSC-treated 

(P<0.05) guinea-pigs (Fig. 3.7I). 
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Figure 3.5. Effects of MSC treatments on the total number of myenteric 

neurons. Myenteric neurons were identified by anti-Hu antibody in wholemount 

LMMP preparations of the distal colon from sham-treated, TNBS-only, 1×105 

MSC-treated, 1×106 MSC-treated, and 3×106 MSC-treated guinea-pigs 3 days 

post induction of colitis (A-E). Scale bars = 50μm. The total number of Hu-IR 

neurons were counted per ganglion (average of ten ganglia) (F) and per 2mm2 

area (G) of the colon. *P<0.05, **P<0.01, ***P<0.001 when compared to sham-

treated guinea-pigs. ##P<0.01, ###P<0.001 when compared to 1x106 MSC-treated 

guinea-pigs. ††P<0.01, †††P<0.001 when compared to 3x106 MSC-treated guinea-

pigs. 
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Figure 3.6. Effects of MSC treatments on nNOS-IR myenteric neurons. 

Inhibitory myenteric neurons were identified by anti-nNOS antibody in 

wholemount LMMP preparations of the distal colon from sham-treated, TNBS-

only, 1×105 MSC-treated, 1×106 MSC-treated and 3×106 MSC-treated guinea-

pigs at 3 days post induction of colitis (A-E). Scale bars = 50μm. The total number 

of nNOS-IR neurons was counted per ganglion (average of ten ganglia) (F) and 

per 2mm2 area (H) of the colon. The proportion of nNOS-IR neurons to Hu-IR 

neurons per ganglia (G) and per 2mm2 area (I). **P<0.01, ***P<0.001 when 

compared to sham-treated guinea-pigs. ##P<0.01, ###P<0.001 when compared to 

1x106 MSC-treated guinea-pigs. ††P<0.01, †††P<0.001 when compared to 3x106 

MSC-treated guinea-pigs. 
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Figure 3.7. Effects of MSC treatments on ChAT-IR myenteric neurons. 

Excitatory myenteric neurons were identified by anti-ChAT antibody in 

wholemount preparations of the distal colon from sham-treated, TNBS-only, 

1×105 MSC-treated, 1×106 MSC-treated and 3×106 MSC-treated guinea-pigs (A-

E). Scale bars = 50μm. The total number of ChAT-IR neurons were counted per 

ganglion (average of ten ganglia) (F) and per 2mm2 area (H) of the colon. The 

proportion of ChAT-IR neurons to Hu-IR neurons per ganglia (G) and per area 

(I). ##P<0.01, ###P<0.001 when compared to sham-treated guinea-pigs, **P<0.01, 

***P<0.001 when compared to TNBS-only administered guinea-pigs, ^P<0.05, 

^^P<0.01 when compared to 1×105 MSC-treated guinea-pigs.  
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3.5 Discussion 

In this study, we compared different doses of human BM-MSCs for their 

neuroprotective efficacy in a guinea-pig model of TNBS-induced colitis. Both 

1×106 and 3×106 MSC treatments demonstrated therapeutic efficacy in the 

accelerated repair of colonic architecture, reduced leukocyte infiltration 

transmurally through the colon wall, regeneration of nerve fibers, and were 

equally neuroprotective in the amelioration of myenteric neuronal loss and 

changes to the neurochemical coding of their subpopulations. When 

administered at a dose of 1×105, BM-MSCs offered some therapeutic benefit in 

healing of the colonic architecture, protection of nerve fibers and the offset of 

CD45-IR cells in the mucosa, however, were less effective in the attenuation of 

neuropathy at the level of the myenteric plexus. Thus, a dose of 1×106 MSCs is 

necessary to ameliorate the effects of TNBS-induced inflammation at the level of 

the myenteric plexus; further increases in dose provide consistent efficacy 

without promotion of benefit. 

In inflammatory bowel disease (IBD) patients with fistulae and luminal 

inflammation it has been demonstrated that therapy with both BM and adipose 

MSCs is safe, feasible and efficacious (Forbes et al. 2014; Ciccocioppo et al. 

2011; Duijvestein et al. 2010; Garcia-Olmo et al. 2009; 2005). However, there is 

inconsistency regarding the most effective dose; some studies report reduced 

disease activity and fistula closure with doses ranging from 3×106-60×106 MSCs 

(Molendijk et al. 2015; de la Portilla et al. 2013; Garcia-Olmo et al. 2009; 2005). 

Additionally, some studies have reported positive outcomes with dose regimes 

based relative to fistula size (dose range 1×106-4×107 cells/cm length of fistula 

(average number of injected cells: 20×106-15.8×107)) (Cho et al. 2013; Lee et al. 

2013b; Ciccocioppo et al. 2011) or patient body weight (1×106-2.7×106 cells/kg) 

(Forbes et al. 2014; Duijvestein et al. 2010). In experimental models of colitis, 

BM-MSCs derived from rats (Fawzy et al. 2013; Castelo-Branco et al. 2012; 

Tanaka et al. 2011; 2008; Yabana et al. 2009; Hayashi et al. 2008), mice (Liu et 

al. 2015b; Wang et al. 2014a; Chen et al. 2013b; He et al. 2012), guinea-pigs 

(Stavely et al. 2015a) and humans (Robinson et al. 2015; 2014; Stavely et al. 
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2015b; Duijvestein et al. 2011; Zhang et al. 2009b) have been investigated for 

therapeutic efficacy. In addition, some studies have assessed adipose MSCs 

derived from these species (Stavely et al. 2015a; 2015b; Liu et al. 2014; 

Anderson et al. 2013; Castelo-Branco et al. 2012; Gonzalez et al. 2009; 

Gonzalez-Rey et al. 2009; Ando et al. 2008), as well as human umbilical cord, 

umbilical cord blood and gingiva (Chao et al. 2016; Kim et al. 2013; Liang et al. 

2011; Zhang et al. 2009b). Overall, intravenous, intraperitoneal and local 

administration of MSCs from various sources and species have been reported to 

ameliorate experimental colitis however, similarly to clinical trials, there is no 

consistency regarding the most efficacious dose. Studies report therapeutic 

efficacy in ameliorating colitis following MSC application with doses of 2×103 

(Tanaka et al. 2011), 2×104 (Yabana et al. 2009), 5×105 (Fawzy et al. 2013), 

0.5×106 (Duijvestein et al. 2011), 1×106 (Chao et al. 2016; Liu et al. 2015b; 

Robinson et al. 2015; 2014; Stavely et al. 2015a; 2015b; Wang et al. 2014a; 

Anderson et al. 2013; Chen et al. 2013b; He et al. 2012; Duijvestein et al. 2011; 

Liang et al. 2011; Gonzalez et al. 2009; Gonzalez-Rey et al. 2009), 2×106 (Liu et 

al. 2014; Kim et al. 2013; Castelo-Branco et al. 2012; Zhang et al. 2009b), 5×106 

(Gonzalez-Rey et al. 2009; Tanaka et al. 2008), 1×107 (Ando et al. 2008; Hayashi 

et al. 2008) MSCs. 

In this study, we employed MSCs derived from human BM. Human MSCs are the 

most characterized, clinically applied as a potential regenerative cell therapy 

(Mendicino et al. 2014) and defined based upon three minimal criteria (i) plastic 

adherence, (ii) trilineage differentiation, (iii) surface expression of CD73, CD90, 

CD105 and absence of expression of CD45, CD34, CD14 or CD11b, CD79α or 

CD19, and HLA-DR (Dominici et al. 2006). MSCs used in this study were 

validated according to these guidelines issued by the ISCT. On the other hand, 

MSCs from animal origin have been defined as cells that fulfil the first two criteria 

(Li et al. 2012). Comparison of animal and human-derived MSCs has revealed a 

high degree of concordance (Scuteri et al. 2014; Zavan et al. 2007; Wieczorek et 

al. 2003). However, differences have been reported in genomic stability (Redaelli 

et al. 2012; Foudah et al. 2009), differentiation potential (Martinez-Lorenzo et al. 

2009), surface antigen expression and immunoregulatory capabilities (Ren et al. 
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2009) making it difficult to directly extrapolate the results obtained on animal 

MSCs to human MSCs. MSCs were originally derived from the BM, are the most 

frequently investigated cell type (Jones and Schafer 2015a) and are often 

designated as the gold standard in the treatment of various inflammatory 

conditions (Antunes et al. 2014; Elman et al. 2014; Roemeling-van Rhijn et al. 

2013; Hass et al. 2011). Furthermore, human BM-MSCs are the most therapeutic 

in the treatment of enteric neuropathy and plexitis associated with TNBS-induced 

colitis (Stavely et al. 2015b). 

Of particular relevance to the therapeutic application of MSCs is their fate post-

implantation. Ambiguity seen in the efficacy of MSCs, in both animal studies and 

clinical trials, with therapies being ineffective or only temporarily effective could 

be due to suboptimal application of MSCs. Previous studies have indicated MSC 

efficacy may be affected by the timing of delivery (Wei et al. 2013) and 

administration during the earlier phases of inflammation is favorable for 

therapeutic results (Wang et al. 2014c; Bernardo and Fibbe 2013; Karp and Teo 

2009). Therefore, in consistency with our previous study, BM-MSCs were 

administered 3h after TNBS; the time point when substantial mucosal damage 

occurs (Pontell et al. 2009). 

The migratory and homing capacity of MSCs is facilitated by their expression of 

a wide array of chemokine receptors and adhesion molecules that respond to 

chemoattractant signals released from host cells at the site of injury (Karp and 

Teo 2009). MHC class I molecules are expressed on the surface of viable human 

MSCs promoting immune rejection and assisting in engraftment into damaged 

tissue via the absence of co-stimulatory ligands/receptors and release of 

immunosuppressive factors (Jacobs et al. 2013; Machado et al. 2013; Li et al. 

2012). MSC migration to the area of inflammation and subsequent engraftment 

into the damaged tissue is an inaugural part of the tissue repair/regeneration 

process and indispensable for therapeutic efficacy. In this study, we labeled 

sections of the guinea-pig colon with anti-HLA-A,B,C antibody to evaluate the 

successful migration and engraftment of MSCs within the inflamed intestinal wall. 

MSCs engrafted into the mucosa at the initial site of TNBS-induced inflammation 
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in all MSC-treated groups. However, in sections from guinea-pigs administered 

1×106 or 3×106 MSCs, HLA-A,B,C-positive cells were observed at the level of the 

myenteric plexus in addition to the mucosal layer. The successful migration and 

engraftment of enema-applied MSCs into the inflamed colonic wall observed in 

our study is consistent with previous reports demonstrating implantation of locally 

administered MSCs into target tissues, especially in inflammatory conditions 

(Hayashi et al. 2008; Hu et al. 2007). Subsequently, the outcomes of the 

treatment were more pronounced in animals treated with 1×106 and 3×106 MSCs 

compared to those treated with 1×105 MSCs. In this study, we did not quantify 

the proportion of MSCs which migrated to and engrafted in the inflamed colon. 

Limited studies have quantified the efficiency of MSC transplantation, and those 

that have quantified MSC engraftment have demonstrated poor engraftment 

efficiency (approximately 1-20% of transplanted MSCs survive) (Marquardt and 

Heilshorn 2016; Kean et al. 2013). Most studies investigating the therapeutic 

effects of MSCs, including our study, administer MSCs in PBS (Hayashi et al. 

2008; Hu et al. 2007; Fawzy et al. 2013; He et al. 2012). However, it is plausible 

to consider that a greater engraftment of MSCs (and thus a reduced number of 

cells required to attain a therapeutic effect) may be achieved by using viscous, 

injectable hydrogels or scaffolds as cell carriers since low viscosity saline or PBS 

seemingly does not hold cells in tissue efficiently (Li et al. 2016a; Li et al. 2016c). 

This requires further investigation in the guinea-pig model of TNBS-induced 

colitis. 

Reduced disease activity, endoscopic and histopathologic severity of colitis, and 

infiltration of neutrophils into the colon are commonly evaluated to determine the 

effectiveness of MSC treatments in both clinical trials and experimental models 

of IBD. Within these parameters examining the therapeutic efficacy of various 

MSC doses at the level of the mucosa only, we could conclude that BM-MSCs 

ameliorate experimental colitis at a dose as low as 1×105 MSCs. However, 

previous studies have reported marked structural and functional changes to the 

enteric nervous system (ENS) in IBD accompanied by infiltration of inflammatory 

cells to the submucosa and myenteric plexus (Sokol et al. 2009; Villanacci et al. 

2008; Ferrante et al. 2006). Alterations to the ENS persist long after resolution of 
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acute intestinal inflammation reflected through changes in gut function, colonic 

dysmotility, hypersensitivity and dysfunction (Mawe 2015; Villanacci et al. 2008), 

and myenteric plexitis has been shown to be predictive of IBD recurrence (Sokol 

et al. 2009; Ferrante et al. 2006). Therefore, we further investigated the 

therapeutic efficacy of varying doses of BM-MSCs at the level of the myenteric 

plexus. 

In this study, MSCs were effective in reducing leukocyte infiltration to the 

myenteric plexus within the muscular layers of the colon when administered at 

doses of 1×106 and 3×106, but not at a dose of 1×105. It may be proposed that 

while some immunomodulatory effect is occurring following application of 1×105 

MSCs, it is not strong enough to combat all inflammation since leukocyte 

numbers were reduced at the mucosal level in this group, but not at the myenteric 

level. While the immunomodulatory mechanisms of MSCs have not been 

completely elaborated, it is known that in order for MSCs to wield their 

immunosuppressive capacities, they must be induced by inflammatory cytokines 

within a pro-inflammatory microenvironment (Crop et al. 2010). The increased 

numbers of leukocytes in the colonic wall following induction of TNBS colitis 

provided sufficient pro-inflammatory stimuli for activation of MSCs. Hence, the 

weaker influence demonstrated by the lower dose of MSCs suggests that the 

anti-inflammatory effect was hindered by a smaller quantity of MSCs rather than 

their immunomodulatory capacity. This is reflected by localization of MSCs within 

the inflamed colon where HLA-A,B,C-positive cells were evident in the mucosa 

only in sections from 1×105 MSC-treated animals. 

It is generally considered that the anti-inflammatory properties of MSCs function 

via direct interaction with target cells and/or production of diverse soluble factors 

(Burdon et al. 2011; Chen et al. 2008). Many of the MSC-associated biological 

effects are mediated by paracrine mechanisms engaging the release of 

cytokines, chemokines and growth factors (Burdon et al. 2011; Ankrum and Karp 

2010; Parekkadan and Milwid 2010) and may be exerted by the induction and 

stimulation of endogenous host progenitor cells to improve the regenerative 

process (Chen et al. 2013b; Semont et al. 2013). In animal models of colitis, MSC 
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application efficiently reduces T helper 1 and T helper 17 responses and 

downregulates pro-inflammatory cytokines (such as tumor necrosis factor-α, 

interleukin (IL)-1β, IL-6, IL-17, inducible nitric oxide synthase, cyclooxygenase-2 

and interferon-γ while enhancing the numbers of regulatory T cells and 

upregulating anti-inflammatory cytokines (such as IL-10) (Forte et al. 2015; Sala 

et al. 2015; Yang et al. 2015; Zuo et al. 2015). The proportion of mucosal and 

peripheral regulatory T cells was also increased after MSC treatment of Crohn’s 

disease fistulae (Ciccocioppo et al. 2011). These findings suggest that the 

paracrine actions of MSCs have an anti-inflammatory affect in IBD associated 

with inhibition of nuclear factor kappa B signaling pathways. Furthermore, 

paracrine actions of MSCs have be shown to diminish free radicals and impede 

oxidative stress, prevent apoptosis via the extrinsic death receptor signal 

pathway and the intrinsic mitochondrial signal pathway and stimulate 

endogenous mechanisms of intestinal epithelial repair (Yang et al. 2015; Semont 

et al. 2013). 

It remains unclear whether changes to the ENS are the cause or the 

consequence of inflammation; however, in this study TNBS-induced plexitis was 

associated with damage to nerve fibers and loss of myenteric neurons, as well 

as changes in their subpopulations. Similar to the limited anti-inflammatory effect 

discussed above, sections from animals treated with 1×105 MSCs revealed some 

nerve fiber regrowth, but not to the level of sham-treated animals. In contrast, 

significant regeneration and regrowth of nerve fibers in the colon were associated 

with 1×106 and 3×106 MSC treatments in this study. MSCs improve axonal and 

nerve regeneration through the production of local neurotrophic factors for 

induction of axonal growth, including brain-derived neurotrophic factor, nerve 

growth factor and insulin-like growth factor-1 (Petrova 2015; Ladak et al. 2011). 

Hence, differences in the level and areas of MSC engraftment demonstrated in 

sections from 1×105 MSC-treated animals compared to 1×106 and 3×106 MSC-

treated guinea-pigs maybe associated with a reduction in the expression of 

neurotrophic factors. However, this needs to be further investigated. 
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Our study demonstrated a persistent loss of myenteric neurons to be associated 

with TNBS-induced inflammation in the distal colon of guinea-pigs 3 days after 

induction of colitis. Consistent with our findings, the quantity of myenteric neurons 

was found to be reduced in the guinea-pig intestine subsequent to intra-rectal 

administration of TNBS in previous studies (Robinson et al. 2015; 2014; Stavely 

et al. 2015a; 2015b; Nurgali et al. 2011; Linden et al. 2005). In this study, neuronal 

loss was not prevented following treatment with 1×105 MSCs and the number of 

myenteric neurons was comparable to the TNBS-only administered group. On 

the other hand, doses of 1×106 and 3×106 MSCs prevented the neuronal loss 

associated with TNBS-induced inflammation. Similarly, MSCs have been shown 

to prevent neuronal apoptosis (Wei et al. 2009), increase the survival of motor 

neurons in amyotrophic lateral sclerosis (ALS) (Marconi et al. 2013; Suzuki et al. 

2008) and reduce the loss of dopaminergic neurons in Parkinson’s disease (Kim 

et al. 2009). Furthermore, in a dose-dependent study, 1×106 BM-MSCs was 

optimal to reduce the extent of neural loss in mice with ALS (Kim et al. 2010a). 

Enteric neuropathy in intestinal inflammation may be influenced by excessive 

nitric oxide (Hogaboam et al. 1995), while inflammation-associated loss of ChAT-

IR neurons has been associated with decreases in the number of myenteric 

neurons (Boyer et al. 2005; Linden et al. 2003; Poli et al. 2001; Sanovic et al. 

1999). An increase in the total number of nNOS neurons, as well as a decrease 

in the number of ChAT neurons was revealed 3 days after the induction of colitis. 

These results are consistent with previous studies using tissues from IBD patients 

and experimental animals describing alterations in the neurochemical coding of 

enteric neurons (Winston et al. 2013; Boyer et al. 2007; Linden et al. 2005; 

Neunlist et al. 2003; Belai et al. 1997). In this study, treatment with 1×105 MSCs 

was not effective in attenuating changes in the neurochemical coding of excitatory 

and inhibitory myenteric neurons. However, the increase in nNOS-IR neurons, as 

well as the loss of ChAT-IR neurons was attenuated by 1×106 and 3×106 MSCs. 

The neurons of the myenteric plexus are primarily responsible for coordinating 

muscular contraction (Furness 2012) and prevention of changes to 

neurochemical coding by MSC treatments has been associated with alleviating 

TNBS-induced changes to colonic motility (Robinson et al. 2014). Thus, 
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attenuating changes in the subpopulations of myenteric neurons may alleviate 

dysmotility associated with intestinal inflammation. 

In consistency with our findings, MSCs have been reported to reduce neurological 

defects and promote functional recovery in experimental models of 

neurodegenerative diseases (Freedman et al. 2010; Ohtaki et al. 2008; Zhang et 

al. 2006; Bang et al. 2005; Hofstetter et al. 2002). While the exact mechanisms 

of MSC neuroprotection remain unknown, MSCs can act via paracrine 

mechanisms secreting neuro-regulatory molecules, cytokines, growth factors and 

chemokines, which provide neuroprotective and neurorestorative effects (Uccelli 

et al. 2008). These effects include enhancing neuronal viability, promoting 

regeneration of nerve fibers and inducing the proliferation and differentiation of 

endogenous neural progenitor cells (Singer and Caplan 2011; Skalnikova et al. 

2011; Salgado et al. 2010b). Furthermore, studies investigating the MSC 

secretome suggest that numerous bioactive factors secreted by MSCs mediate 

neuroprotection via tropic support, immunomodulation and anti-apoptosis (Singer 

and Caplan 2011; Skalnikova et al. 2011). The exact MSC-mediated signaling 

network responsible for neuroprotection of enteric neurons requires further 

investigation. 

In this study, we have observed distinct differences between MSC doses in 

preventing enteric neuropathy associated with intestinal inflammation. From 

these results, we can determine that a 1×105 dose of BM-MSCs is not adequate, 

whereas doses of 1×106 and 3×106 demonstrate anti-inflammatory and 

neuroprotective qualities in TNBS-induced colitis. Although the 3×106 dose MSCs 

contained triple the quantity of cells than the 1×106 dose, no differences were 

evident between the magnitude of cells homing to and engrafting at the site of 

tissue injury. This suggests a dose saturation indicating that although there is a 

greater number of cells being transplanted in vivo, only the required number 

migrates and engrafts into the inflamed areas of TNBS-induced colitis. This is 

consistent with a previous MSC study which revealed the engraftment of 

osteoprogenitor cells to be saturated and concluded that higher doses of cells 

would be an ineffective strategy to improve engraftment (Marino et al. 2008). 
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Furthermore, high dose inhibition of cytokines has also been observed with high 

concentrations of MSCs (Audet et al. 2002; 2001; Viswanathan et al. 2002). 

3.6 Conclusion 

In this study we have essentially determined an optimal dose of MSCs for enteric 

neuroprotection in a guinea-pig model of TNBS-induced colitis. We have 

demonstrated that the neuroprotective and anti-inflammatory effect of BM-MSCs 

is dose-dependent in TNBS-induced colitis; BM-MSCs have the ability to prevent 

inflammatory insults to the ENS when administered at a dose of 1×106 cells 3h 

after induction of colitis, with no further benefit gained from a higher dose. The 

findings of this study are important for further investigations into the mechanisms 

of MSC-based enteric neuroprotection, as well as immunomodulation within the 

inflamed colon, further enabling MSC therapy to continue to advance forward in 

future studies. 
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CHAPTER FOUR: ALTERATIONS IN DISTAL COLON 

INNERVATION AND FUNCTION IN THE WINNIE MOUSE 

MODEL OF SPONTANEOUS CHRONIC COLITIS  

 

The material presented in this chapter is publishers and has been reproduced 

here with the permission of the publisher with minor alterations: 

Rahman, A. A., Robinson, A. M., Jovanovska, V., Eri, E., Nurgali, K. 2015. 

Alterations in the distal colon innervation in Winnie mouse model of spontaneous 

chronic colitis. Cell Tissue Res, 362, 497-512. 

Robinson, A. M., Rahman, A. A., Carbone, S. E, Randall-Demllo, S., Filippone, 

R., Bornstein, J. C., Eri, R., Nurgali, K. 2017. Alterations of colonic function in the 

Winnie mouse model of spontaneous chronic colitis. Am J Physiol Gastrointest 

Liver Physiol, 312, G85-102.  
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4.1 Summary 

Background: The gastrointestinal (GI) tract is innervated by extrinsic 

sympathetic, parasympathetic and sensory nerve fibers as well as by intrinsic 

fibers from the neurons in myenteric and submucosal ganglia embedded into the 

GI wall. Morphological and functional studies of intestinal innervation in animal 

models are important for understanding the pathophysiology of inflammatory 

bowel disease (IBD). The Winnie mouse, carrying a missense mutation in Muc2, 

is a model for chronic intestinal inflammation demonstrating symptoms closely 

resembling IBD. Alterations to the immune environment and morphological 

structure of Winnie mouse colon have been identified; however, analyses of distal 

colon innervation, intestinal transit and colonic functions have not been 

conducted. Methods: In this study, we investigated noradrenergic, cholinergic 

and sensory nerve fibers and myenteric neurons in the distal colon of Winnie 

compared to C57BL/6 mice using histological and immunohistochemical 

methods, as well as in vivo intestinal transit in radiographic studies and in vitro 

motility of the isolated colon in organ bath experiments. We compared 

neuromuscular transmission using conventional intracellular recording and 

smooth muscle contractions using force displacement transducers between the 

distal colon of Winnie and C57BL/6 mice. Results: Chronic inflammation in 

Winnie mice was confirmed by detection of lipocalin-2 in fecal samples over 4 

weeks, as well as increased leukocyte infiltration and gross morphological 

damage to the distal colon with thickening of muscle and mucosal layers. The 

density of sensory, cholinergic and noradrenergic fibers innervating the myenteric 

plexus, muscle and mucosa significantly decreased in the distal colon of Winnie 

mice compared to C57BL/6 mice, while the total number of myenteric neurons as 

well as subpopulations of cholinergic and nitrergic neurons remained unchanged. 

Colonic transit was faster in Winnie mice. Motility was altered including decreased 

frequency and increased speed of colonic migrating motor complexes and 

increased occurrence of short and fragmented contractions. The mechanisms 

underlying colon dysfunctions in Winnie mice included inhibition of excitatory and 

fast inhibitory junction potentials, diminished smooth muscle responses to 
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cholinergic and nitrergic stimulation, and increased number of α-smooth muscle 

actin-immunoreactive cells. Conclusions: Changes in the colon morphology and 

innervation found in Winnie mice have multiple similarities with changes observed 

in patients with ulcerative colitis. Diminished excitatory responses occur both 

prejunctionally and postjunctionally and reduced inhibitory purinergic responses 

are potentially a prejunctional event, while diminished nitrergic inhibitory 

responses are probably due to a postjunctional mechanism in the Winnie mouse 

colon. Many of these changes are similar to disturbed motor functions in IBD 

patients indicating that the Winnie mouse is a model highly representative of 

human IBD.  
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4.2 Introduction 

Experimental animal models provide a useful tool for elucidating the etiology and 

pathophysiological mechanisms of a disease. However, inflammatory bowel 

disease (IBD) is multifactorial, so it has been difficult to establish a model that 

closely resembles the pathological symptoms, clinical manifestations, and 

complexity of the human disease (DeVoss and Diehl 2014). Most experimental 

models of IBD produce acute colitis via chemicals or nematodes including 2,4,6-

trinitrobenzene-sulfonate acid (TNBS), dextran sodium sulfate (DSS), or 

Trichinella spiralis (T. spiralis) (Brierley and Linden 2014). In comparison, there 

are limited animal models of spontaneous chronic intestinal inflammation, 

reinforcing the significance of the recently developed Winnie mouse model of 

colitis which is raised from a C57BL/6 background and closely represents the 

clinical symptoms of IBD.  

In Winnie mice, chronic intestinal inflammation results from a primary intestinal 

epithelial defect conferred by a missense mutation, rather than a deletion, in the 

Muc2 mucin gene (Eri et al. 2011; Heazlewood et al. 2008). Disruption of Muc2 

biosynthesis initiates alterations to the mucus layers, heightens intestinal 

permeability, and increases vulnerability to luminal antigens (Heazlewood et al. 

2008). Furthermore, the mutation of Muc2 in Winnie mice is comparable to 

variations in human IBD, where there is a decrease in Muc2 production and 

secretion in active ulcerative colitis (UC) (Heazlewood et al. 2008; Van Klinken et 

al. 1999) and reduced expression of Muc2 in Crohn’s disease (CD) (Buisine et 

al. 2001). Winnie mice develop colitis in the distal region of the colon as indicated 

by crypt elongation, neutrophilic infiltrates, goblet cell loss, crypt abscesses, 

limited mucus secretion, and focal epithelial erosions with an UC-like phenotype 

(Heazlewood et al. 2008). Inflammation is evident by 6 weeks of age and 

advances over time, resulting in severe colitis by 16 weeks (Eri et al. 2011; 

McGuckin et al. 2011). 

Previous studies consist mainly of histopathological and immunological changes 

in the gastrointestinal (GI) tract of Winnie mice, but a study of the innervation and 
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functions of the colon, such as transit and motility, in this model has not been 

performed. Since Winnie mice closely mimic human chronic colitis, the aim of the 

present investigation was to evaluate the intrinsic and extrinsic intestinal 

innervation, especially in the distal colon. Additionally, we provide the first 

analysis of intestinal transit and isolated whole colonic motility in the chronically 

inflamed Winnie mouse colon and investigate mechanisms underlying changes 

in motility, including altered neuromuscular transmission and structural and 

functional changes in smooth muscles. Our findings crucially translate to human 

studies where investigation of colonic motility in IBD patients is limited to specific 

sections of the colon attained from muscle resected during operations (Vrees et 

al. 2002; Koch et al. 1988). 
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4.3 Materials and methods 

4.3.1 Animals 

Male and female Winnie mice (12-16 weeks old; 19-29g; n=40) were obtained 

from Monash Animal Services (MAS, Melbourne, Australia). Since the Winnie 

strain was developed from C57BL/6 background, male and female C57BL/6 mice 

(12wk old; 26-30g; n=33), obtained from MAS, were used as controls. All animals 

were housed in a temperature-controlled environment with 12h day/night cycles 

and free access to food and water. Mice were humanely euthanized by cervical 

dislocation and colon tissues were collected for histology, immunohistochemistry, 

in vitro motility, smooth muscle contractile activity, and intracellular 

electrophysiology experiments. All procedures performed within this study were 

approved by the Victoria University Animal Experimentation Ethics Committee 

and were conducted according to the guidelines of the Australian National Health 

and Medical Research Council. 

4.3.2 Analysis of fecal water content and colon length 

Fecal water content was calculated following stool collection from Winnie and 

C57BL/6 mice. After collection, stools were immediately weighed (wet weight) 

and left to air dry. Three days later, stools were re-weighed (dry weight) and the 

difference between wet and dry weight was calculated. Mouse colon length (from 

cecum to anus) was measured immediately after dissection from the animal by 

placing the colon parallel to a ruler and recording its size. 

4.3.3 Assessment of fecal lipocalin-2 levels 

To assess the level of colonic inflammation in Winnie mice, fecal lipocalin (Lcn)-

2 was measured. Lcn-2 was quantified by enzyme-linked immunosorbent assay 

(ELISA), as previously described (Chassaing et al. 2012). Fecal samples were 

collected from C57BL/6 and Winnie mice twice weekly for 4 weeks. Briefly, fecal 

samples were reconstituted in phosphate buffered saline (PBS)-0.1% Tween 20 

(100mg/mL) and vortexed (20min) to form a homogenous fecal suspension. 
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Samples were then centrifuged for 10min at 12,000rpm and 4°C. Lcn-2 levels 

were estimated in the supernatants using Duoset murine Lcn-2 ELISA kit (R&D 

Systems, Minneapolis, MN, USA). 

4.3.4 Immunohistochemistry and histology 

4.3.4.1 Tissue preparation 

Segments of the distal colon were processed in two different ways: (1) 

wholemount longitudinal muscle-myenteric plexus (LMMP) preparations, and (2) 

cross sections of the distal colon. The colon was exposed through a midline 

laparotomy and a 5cm section 2cm from the anus was collected from each 

animal. Immediately following dissection, colon tissues were placed in 

oxygenated PBS (pH7.2) containing L-type Ca2+ channel blocker, nicardipine 

(3μM; Sigma-Aldrich, Castle Hill, NSW, Australia). Segments of the distal colon 

were then cut open along the mesenteric border and pinned flat with the mucosal 

side up (maximally stretched for LMMP preparations while unstretched for cross 

sections) in a Sylgard-lined Petri dish (Dow Corning, Midland, Michigan, USA). 

Tissues for LMMP preparations and cryostat cross sections were fixed with 

Zamboni’s fixative (2% formaldehyde containing 0.2% picric acid) overnight at 

4°C and subsequently washed with dimethyl sulfoxide (DMSO; Sigma-Aldrich) 

for 3×10min followed by 0.1M PBS for 3×10min. Subsequently, LMMP tissues 

were dissected to expose the myenteric plexus by removing the mucosa, 

submucosa and circular muscle layers. For cryostat cross section preparations, 

tissues were cryoprotected (30% sucrose/phosphate buffer; Sigma-Aldrich, 

Australia) overnight at 4°C then transferred to 50% optimal cutting temperature 

compound (OCT; Tissue-Tek, Torrance, CA, USA) in 30% sucrose/PBS for 12-

24h prior to freezing in 100% OCT. Tissues were sectioned at a 20μm thickness 

(at least 15 sections from each animal) using a cryostat microtome (Leica 

CM1850, St. Gallen, Switzerland) and mounted onto glass slides. Tissues for 

histology were fixed in 10% buffered formalin overnight at 4°C and stored in 70% 

ethanol until embedding. 
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4.3.4.2 Immunohistochemistry 

Following a 1h incubation in 10% normal donkey serum (NDS; Merck Millipore, 

Bayswater, VIC, Australia) diluted in 0.1M PBS-0.1% Triton X-100 at room 

temperature, samples were washed with 0.1M PBS-0.1% Triton X-100 (2×5min) 

and incubated with primary antibodies (Table 4.1) diluted in 2% NDS and 0.1M 

PBS-0.1% Triton X-100 overnight at room temperature. The tissues were then 

washed briefly in 0.1M PBS-0.1% Triton X-100 (2×5min) prior to incubation with 

secondary antibodies (Table 4.2) diluted in 2% NDS and 0.1M PBS-0.1% Triton 

X-100 for 2h at room temperature. After 3×10min washes in 0.1M PBS-0.1% 

Triton X-100, tissues were mounted on glass slides with fluorescent mounting 

medium (DAKO, North Sydney, NSW, Australia). Cross sections immunolabeled 

with α-smooth muscle actin (SMA) were incubated for 2min with the fluorescent 

nucleic acid stain 4′-6-diamidino-2-phenylindole (DAPI; 14nM; Invitrogen, 

Thermo-Fisher Scientific, Scoresby, VIC, Australia) in between the second and 

third washes. 

4.3.4.3 Histology 

For histology, tissues were embedded in paraffin, sectioned at 5μm, 

deparaffinized, cleared, and rehydrated in graded ethanol concentrations. For 

hematoxylin and eosin (H&E) staining, sections were immersed in xylene 

(3×4min), 100% ethanol (3min), 90% ethanol (2min), 70% ethanol (2min), rinsed 

in tap water, hematoxylin (4min), rinsed in tap water, Scott’s tap water (1min), 

eosin (6min), rinsed in tap water, 100% ethanol (2×1min), xylene (2×3min) and 

mounted on glass slides with distrene plasticizer xylene (DPX) mountant. 
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Table 4.1 Primary antibodies used in this study 

Antibody 
Host 

species 
Dilution Supplier 

Application in this 

study 

Anti-α-smooth muscle actin (α-SMA) Rabbit 1:1000 Abcam, Melbourne, VIC, Australia Cross sections 

Anti-β-Tubulin class III Rabbit 1:1000 Abcam Cross sections 

Anti-calcitonin gene-related peptide 

(CGRP) 
Rabbit 1:3000 Sigma-Aldrich 

Cross sections and 

LMMP preparations 

Anti-CD45 Rat 1:500 BioLegend, San Diego, CA, USA Cross sections 

Anti-choline acetyltransferase (ChAT) Goat 1:500 Merck Millipore LMMP preparations 

Anti-neuronal nitric oxide synthase 

(nNOS) 
Goat 1:500 

Novus Biologicals, Littleton, CO, 

USA 
LMMP preparations 

Anti-protein gene product (PGP)-9.5  Rabbit 1:500 Abcam LMMP preparations 

Anti-tyrosine hydroxylase (TH) Sheep 1:1000 Merck Millipore 
Cross sections and 

LMMP preparations 

Anti-vesicular acetylcholine 

transporter (VAChT) 
Goat 1:500 Merck Millipore 

Cross sections and 

LMMP preparations 
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Table 4.2 Secondary antibodies used in this study 

Antibody Host species Dilution Supplier 
Application in this 

study 

Alexa Fluor 488 Donkey anti-rabbit 1:200 
Jackson Immunoresearch 

Laboratories, PA, USA 

Cross sections and 

LMMP preparations 

Alexa Fluor 488 Donkey anti-rat 1:200 
Jackson Immunoresearch 

Laboratories 
Cross sections 

Alexa Fluor 488 Donkey anti-sheep 1:200 
Jackson Immunoresearch 

Laboratories 

Cross sections and 

LMMP preparations 

Alexa Fluor 594 Donkey anti-rabbit 1:200 
Jackson Immunoresearch 

Laboratories 
Cross sections 

Alexa Fluor 647 Donkey anti-goat 1:200 
Jackson Immunoresearch 

Laboratories 

Cross sections and 

LMMP preparations 

Alexa Fluor 647 Donkey anti-rabbit 1:200 
Jackson Immunoresearch 

Laboratories 
LMMP preparations 

Fluorescein isothiocyanate 

(FITC) 488 
Donkey anti-goat 1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 
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4.3.5 Imaging 

Immunolabeled distal colon tissues were visualized and imaged by using filter 

combinations appropriate for the specific fluorophores on a Nikon Eclipse Ti 

multichannel confocal laser scanning system (Nikon, Tokyo, Japan). such as 

FITC, Alexa 488 (excitation wavelength 488nm), Alexa 594 (excitation 

wavelength 559nm), Alexa Fluor 647 (excitation wavelength 640nm) or DAPI 

(excitation wavelength 405nm). Images (512×512 pixels) were obtained with x20 

(dry, 0.75) or x40 (oil immersion, 1.3) lenses. In order to obtain Z-series, neuronal 

structures were imaged by collecting consecutive optical sections at 0.5-1μm 

intervals. An Olympus BX53 microscope (Olympus, Notting Hill, VIC, Australia) 

was used to visualize and image H&E-stained colon sections. 

4.3.6 Quantitative analysis of immunohistochemical and histological 

data 

All quantitative analyses were conducted blindly. Images were analyzed using 

Image J software (National Institute of Health, Bethesda, MD, USA). Muscle and 

mucosal thicknesses were quantified as described previously (Miampamba and 

Sharkey 1998). Muscle thickness was measured from the serosa to the 

submucosa including both longitudinal and circular muscle layers, while mucosal 

thickness was measured from the submucosa to the luminal surface of mucosa. 

Infiltration of leukocytes was assessed by measuring the density of CD45-

immunoreactive (IR) cells per area (average of eight areas of 500μm2 per animal 

at ×20 magnification). Image J software was employed to adjust color images 

from red, green, and blue (RGB) to 8 bit, after which thresholding to a consistent 

value was applied to obtain the percentage area of CD45-immunoreactivity. β-

Tubulin (III)-IR, CGRP-IR, TH-IR, and VAChT-IR nerve fibers in cross sections of 

the distal colon were measured from eight images per preparation at ×20 

magnification (total area 2mm2). CGRP-IR, TH-IR and VAChT-IR nerve fibers in 

LMMP preparations of the distal colon were measured from eight randomly 

captured images per preparation (total area 2mm2), as well as per ganglion (all 

ganglia within meaured area). Images were changed from RGB to 8 bit and made 
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binary prior to particle analysis with Image J software. The total number of DAPI-

IR nuclei of α-SMA-IR cells was counted throughout the muscle thickness 

including both longitudinal and circular muscle layers (from the serosa to the 

junction with the submucosa) in eight randomly captured images per preparation 

at ×40 magnification. Data are expressed as the number of α-SMA-IR cells per 

1mm2 area of distal colon. In LMMP preparations of the distal colon, the average 

number of PGP9.5-IR, nNOS-IR, and ChAT-IR neurons per ganglion was 

assessed by measuring ganglionic area and counting the number of myenteric 

neurons within that area (Gulbransen et al. 2012). Analysis was performed for all 

ganglia within eight randomly captured images at ×20 magnification (total area 

2mm2) and neuronal counts were normalized to a 0.1mm2 area of ganglia for 

direct comparison between groups. Histological scores were developed from the 

following parameters: aberrant crypt architecture (score range 0-3), increased 

crypt length (0-3), goblet cell depletion (0-3), crypt abscesses (0-3), leukocyte 

infiltration (0-3), and epithelial damage and ulceration (0-3) (average of eight 

areas of 500μm2 per animal).  

4.3.7 Gastrointestinal transit (radiographic study) 

GI transit was analyzed using a non-invasive radiological method. Briefly, 0.3mL 

of suspended barium sulfate (X-OPAQUE-HD; 2.5g/mL; Sigma-Aldrich) was 

administered to C57BL/6 and Winnie mice via oral gavage following 5d 

acclimatization. Subsequently, serial X-rays were taken using a HiRay Plus 

Porta610HF X-ray apparatus (50kV, 0.3mA, exposure time 60ms; JOC, 

Kanagawa, Japan). X-rays were captured using Fujifilm cassettes (24×30cm) 

immediately after administration of barium sulfate (0min), every 10min for the first 

60min, then every 20min through to 250min. Images were developed via a 

Fujifilm FCR Capsula XLII and analyzed using eFilm 4.0.2 software. Transit 

speed was calculated as the time (min) taken for the leading edge of the contrast 

to travel from the stomach to the cecum (orocecal intestine transit time (OCTT)) 

and from the cecum to the anus (colonic transit time (CTT)). 
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4.3.8 In vitro analysis of isolated whole colon motility 

Colonic motility experiments were performed as described in Chapter 2, section 

2.3.9. Briefly, colons from C57BL/6 and Winnie mice were placed in organ bath 

chambers superfused with warmed Krebs solution, cannulated at both ends, and 

positioned horizontally. The oral cannula was attached to a Krebs solution 

reservoir that was adjusted to maintain intraluminal pressure. A maximum of 

2cmH2O backpressure was provided by an outflow tube coupled to the segment’s 

anal end. A video camera positioned above the organ bath recorded colonic 

contractile activity (30min equilibration and 2×30min at each test condition 

(baseline, +1cmH2O, and +2cmH2O intraluminal pressure)). Spatiotemporal 

maps were produced (Scribble v2.0; MATLAB v2012a) and subsequently utilized 

to analyze colonic contractile activity.  

4.3.9 Intracellular electrophysiology 

Segments of the distal colon immediately oral to the pelvic brim were dissected 

in a Sylgard-lined petri dish containing physiological saline. The L-type Ca2+ 

channel blocker nicardipine (2µM) was added to limit the muscle contractions. 

Tissues were opened along the mesenteric border and pinned down flat, and the 

mucosa and submucosa were removed by sharp dissection. A full circumference, 

1.5cm-long segment of tissue was isolated and re-pinned circular muscle layer 

uppermost in a Sylgard-lined recording chamber using gold-plated tungsten pins 

(50µm). The recording chamber was fixed to a stage mounted on a Zeiss 

Axiovert-200 inverted microscope and superfused with warmed physiological 

saline (rate 3mL/min) so that the final bath temperature was ~35°C. Preparations 

were left to equilibrate for 120min before commencing recordings (Carbone et al. 

2014; 2012). Circular smooth muscle cells were impaled with borosilicate glass 

capillary electrodes (1mm outside diameter, 0.58mm inside diameter; Harvard 

Apparatus, SDR Scientific, Chatswood, NSW, Australia) filled with 5% 

carboxyfluorescein (Sigma-Aldrich) and 1M KCl in 20mM Tris buffer solution 

(pH7.0). Electrode resistance ranged from 80-130MΩ. Membrane potential (mV) 

was recorded with an Axoclamp 2B amplifier (Axon Instruments, Foster City, CA, 
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USA), digitized at 1-10kHz with a Digidata 1440A interface (Molecular Devices, 

SDR Scientific), and stored using PClamp 10.0 software (Molecular Devices, 

SDR Scientific). Focal electrical stimulation was applied 1mm circumferential to 

the site of impalement using a tungsten electrode (10-50µm tip diameter) 

connected to an ISO-Flex stimulator controlled by a Master-8 pulse generator 

(A.M.P. Instruments, Jerusalem, Israel). Unless otherwise specified, a single-

pulse, 0.4ms duration electrical stimulus (0-60V) was used to activate nerve 

fibers, causing motor neurons to release neurotransmitters onto smooth muscle 

cells. Postjunctional responses were recorded. The resting membrane potential 

(RMP) of each cell was measured, and its identity was confirmed by viewing 

carboxyfluorescein labeling in situ. For each preparation (n), the 

electrophysiological properties of four to eight cells were averaged for each test 

condition and then compared with other preparations. 

4.3.10 Measurement of contractile force 

Experiments were performed using standard organ bath techniques. Freshly 

excised distal colon was cut into 3mm rings, cleaned of connective tissue and fat, 

and placed in a custom-built organ bath containing physiological saline 

(oxygenated with 95% O2 and 5% CO2) maintained at 35°C and pH7.4. The 

colonic rings were then mounted between two small metal hooks attached to 

force displacement transducers (Zultek Engineering, Hampton, VIC, Australia) 

and stretched to 0.2g tension. Tissues were allowed to equilibrate for 1h with 

physiological saline changed every 30min before the start of the experiments 

(Habiyakare et al. 2014). The colonic rings were examined for their responses to 

carbachol (a muscarinic receptor agonist), sodium nitroprusside (SNP; nitric 

oxide (NO) donor), and adenosine 5′-triphosphate (ATP). The dose-response 

curve for carbachol was evaluated with progressive increases of carbachol dose 

(1nM-20µM). Increasing concentrations were delivered at 5min (minimum) 

intervals. Concentration-response curves for SNP (10nM-300µM) and ATP 

(10µM-3mM) were constructed cumulatively on tissues precontracted with 10µM 

carbachol (allowed to stabilize for 10min before adding SNP or ATP) with 5min 

intervals between administrations of increasing concentrations of each drug. The 
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response to each drug (carbachol, SNP, and ATP) was quantified by comparing 

the peak response to a baseline control period. The maximum contractile 

response to carbachol was expressed as a percentage of the contraction induced 

by 10μM carbachol. The dilating effects of SNP and ATP were expressed as a 

percentage of the maximum contractile response to carbachol. 

4.3.11 Drugs used 

ATP (10µM-10mM), atropine (1µM), carbachol (1nM-20µM), Nω-nitro-l-arginine 

(L-NNA; 1mM), nicardipine (2-3µM), SNP (10nM-1mM) (all from Sigma-Aldrich) 

and MRS 2500 tetrammonium salt (MRS2500; 1µM; Tocris, In vitro Technologies, 

Noble Park, VIC, Australia) were prepared as stock solutions and diluted in 

physiological saline daily before addition to preparations. 

4.3.12 Statistical analysis 

Statistical analysis was conducted with Prism (v.5.0; GraphPad Software Inc., La 

Jolla, CA, USA). All values are expressed as mean±SEM. Unpaired t-tests were 

used to compare two sets of data. One-way or two-way ANOVA was used for 

group comparison of data followed by the Bonferroni’s or Tukey-Kramer post hoc 

tests. For smooth muscle contractility experiments, responses to carbachol, SNP, 

and ATP were fitted to sigmoid curves. The variable n in results refers to the 

number of animals used for each set of experiments. P<0.05 was considered 

significant. 
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4.4 Results 

4.4.1 Assessment of colonic inflammation  

All Winnie mice used in this study displayed symptoms of intestinal inflammation: 

perianal inflammation and bleeding, soiled fur and soft fecal consistency, not 

forming pellets compared to control mice (Fig. 4.1A-C). There were no gender 

differences in disease severity in Winnie mice. The fecal water content (wet 

weight minus dry weight) of stools from Winnie mice was greater than in stools 

from C57BL/6 mice (n=6/group; P<0.001; Table 4.3; Fig. 4.1D). The body weight 

of all mice was monitored daily for a period of 7 days prior to culling. Average 

body weight of Winnie mice (23.0±1.0g) was less compared to C57BL/6 

(27.0±0.2g) mice (n=12/group; P<0.01; Fig. 4.1E). Immediately following 

dissection, the length of the colon was measured and recorded showing Winnie 

mice to have longer colons compared to C57BL/6 mice (n=6/group; P<0.001; 

Table 4.3; Fig. 4.1F). 

Fecal Lcn-2 was quantified by ELISA for Winnie (n=24) and C57BL/6 (n=17) 

mice. Lcn-2 is a component of granules in neutrophils and is expressed in 

response to a wide variety of pro-inflammatory stimuli (Kjeldsen et al. 2000). 

Thus, fecal Lcn-2 is a highly sensitive and broadly dynamic marker of intestinal 

inflammation (Chassaing et al. 2012). In this study, minimal Lcn-2 was detected 

in fecal pellets from C57BL/6 mice at any time point (Fig. 4.2A-C), confirming a 

lack of colonic inflammation. Levels of fecal Lcn-2 in samples from all Winnie 

mice used in this study were consistently higher than C57BL/6 mice at each time 

point confirming presence of chronic inflammation in the Winnie mice (P<0.001 

for all; Fig. 4.2A-C). Some variation in Lcn-2 levels was observed in individual 

Winnie mice, but not in C57BL/6 mice (examples for n=6/group are presented in 

Fig. 4.2A).  

Gross morphological damage was assessed in cross sections to further 

substantiate the level of inflammation in the distal colon (n=6/group; Fig. 4.3A-

AI). Consistent with earlier observations (Eri et al. 2011; McGuckin et al. 2011; 



  

176 
 

Heazlewood et al. 2008), Winnie mice exhibited blatant damage to the mucosa 

and epithelial lining, infiltration of leukocytes, crypt elongation and abscesses, 

and goblet cell loss (Fig. 4.3AI). No abnormalities were evident in the colon from 

C57BL/6 mice (Fig. 4.3A). Thickening of the muscle layer is also considered as 

a histological index of inflammation (Miampamba and Sharkey 1998). The 

thickness of the colonic muscle layer (total thickness of longitudinal and circular 

muscles) was significantly higher in Winnie mice (101.3±2.8μm) compared to 

C57BL/6 (88.5±1.2μm) mice (n=4; P<0.05; Fig. 4.3B). Winnie mice had a 

significantly thicker mucosal layer (291.7±10.4µm) compared to C57BL/6 

(226.6±8.3µm) mice (n=4; P<0.01; Fig. 4.3C). Histological scoring of H&E-

stained sections incorporated the sum of individual scores for various 

parameters: aberrant crypt architecture, increased crypt length, goblet cell 

depletion, general leukocyte infiltration, crypt abscesses and epithelial damage 

and ulceration. Overall histological score was significantly higher in sections from 

Winnie mice compared to sections from C57BL/6 mice (P<0.001; Table 4.3; Fig. 

4.3D). 

The severity of inflammation was evaluated by immunolabeling with anti-CD45 

antibody specific to the leukocyte common antigen in cross sections of the colon 

(n=6/group; Fig. 4.3E-EI). Quantification of CD45-IR cell density revealed a higher 

level of leukocyte infiltration throughout the colon wall, as well as in mucosal and 

muscular layers, in sections from Winnie mice compared to C57BL/6 mice 

(P<0.05 for all; Table 4.3; Fig. 4.3F-H).   
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Figure 4.1. Winnie mouse model of spontaneous chronic colitis. 

Representative images of C57BL/6 (control) and Winnie mice. Winnie mice have 

hunchbacked posture, perianal inflammation, bleeding and soiled fur due to 

chronic diarrhea (A-B). Soft fecal masses not forming pellets confirm non-watery 

diarrhea in Winnie mice compared to regular pellets in healthy C57BL/6 mice (C). 

Fecal water content calculated as the difference (Δ) between wet and dry stool 

weight was higher in Winnie mice (D). Winnie mice have lower average body 

weight compared to C57BL/6 mice (E). Variation in colon length between 

C57BL/6 and Winnie mice (F). **P<0.01, ***P<0.001. 
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Table 4.3 Evaluation of intestinal inflammation 

Parameter C57BL/6 Winnie 

Diarrhea  Absent (hard pellets) Prominent (loose stools) 

Fecal water content (wet weight minus dry weight, g)  0.14±0.005 0.24±0.005*** 

Colon length (from cecum to anus; cm)  6.2±0.2 8.3±0.5*** 

Density of CD45+ leukocytes in colon cross sections  5.2±0.6 9.8±1.2* 

Density of CD45+ leukocytes in the mucosa of colon cross sections  6.9±0.8 12.2±1.4* 

Density of CD45+ leukocytes in the muscle of colon cross sections  2.3±0.3 4.0±0.5* 

Parameters for histological 

scoring  

Aberrant crypt architecture (0-3) 0.33±0.05 2.33±0.06*** 

Increased crypt length (0-3) 0.25±0.04 2.33±0.05*** 

Goblet cell depletion (0-3) 0.25±0.03 2.25±0.03*** 

General leukocyte infiltration (0-3) 0.17±0.1 2.25±0.12*** 

Crypt abscesses (0-3) 0.25±0.15 2.50±0.15*** 

Epithelial damage and ulceration (0-3) 0.33±0.34 2.55±0.35*** 

Overall histological score (out of 18)  3.1±0.6 14.4±0.6*** 

*P<0.05, ***P<0.001.  
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Figure 4.2. Assessment of colonic inflammation with fecal lipocalin (Lcn)-

2. Examples of Lcn-2 level quantified in fecal samples from C57BL/6 (C1-C6) and 

Winnie (W1-W6) mice to indicate colonic inflammation. Fecal samples were 

collected from the same mouse twice weekly for 28d and compared both 

individually (A) and between groups (B). Average fecal Lcn-2 protein levels at the 

time of tissue collection for ex vivo experiments C57BL/6 and Winnie mice (C). d 

= days. ***P<0.001.   
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Figure 4.3. Histological and immunohistochemical evidence of colitis in 

Winnie mice. Hematoxylin and eosin (H&E) staining of the distal colon sections 

from C57BL/6 (A) and Winnie (AI) mice. Increased thickness of muscle layers 

and elongation of crypts observed in the distal colon from Winnie compared to 

C57BL/6 mice (B-C). Overall histological score based on the analysis of six 

individual parameters from H&E-stained sections (D). Anti-CD45 antibody 

labeling of leukocyte infiltration (arrows) within the colon wall from C57BL/6 (E) 

and Winnie (EI) mice. Density of CD45-IR cells in colon cross sections (F-H). 

Scale bars = 100μm. *P<0.05, **P<0.01, ***P<0.001.  
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4.4.2 Changes in the density of nerve fibers in the distal colon of 

Winnie mice 

Anti-β-Tubulin (III) antibody was used to identify nerve fibers innervating the 

mucosa and smooth muscle in cross sections of the distal colon from C57BL/6 

and Winnie mice (n=6/group). Colon sections from C57BL/6 mice showed orderly 

arrangement of β-Tubulin (III)-IR fibers within the mucosal gland cores, 

submucosal and muscular layers of the colonic wall (Fig. 4.4A). In contrast, 

sections from Winnie mice showed β-Tubulin (III)-IR fibers to be fragmented, 

disorderly, and erratically distributed within the mucosa (Fig. 4.4AI). 

Quantification of fiber density revealed a reduction in β-Tubulin (III)-IR fibers 

throughout the colon wall in sections from Winnie mice (5.7±0.4%) when 

compared to C57BL/6 mice (9.0±0.5%; P<0.01; Fig. 4.4B). In addition, the density 

of β-Tubulin (III)-IR fibers was less in both the mucosa (C57BL/6: 7.0±0.8%; 

Winnie: 3.4±0.4%; P<0.05; Fig. 4.4C) and muscular (C57BL/6: 14.9±0.2%; 

Winnie: 11.8±0.7%; P<0.05; Fig. 4.4D) layers in sections from Winnie mice.  

4.4.3 Changes in the density of cholinergic nerve fibers in the distal 

colon of Winnie mice  

Anti-VAChT antibody was used as a marker for cholinergic fibers accumulating 

acetylcholine (ACh) in synaptic vesicles in both cross sections and wholemount 

LMMP preparations of the distal colon (n=6/group; Figs. 4.5A-AI and 4.6A-AI). 

The density of cholinergic fibers was decreased throughout the colon wall in the 

cross section preparations from Winnie (2.4±0.3%) compared to C57BL/6 

(4.5±0.3%; P<0.001) mice (Fig. 4.5B). This result was reflected in reduced 

VAChT-IR within both mucosal and muscle layers of the colon from Winnie 

(mucosa: 0.7±0.1%; muscle: 7.5±0.9%) compared to C57BL/6 (mucosa: 

1.2±0.1%, P<0.05; muscle: 14.9±0.7%, P<0.001) mice (Fig. 4.5C-D). Similarly, a 

significant decrease in VAChT-IR fibers within the myenteric ganglia was 

observed in wholemount LMMP preparations of the distal colon from Winnie 

(ganglia: 24.4±0.7%; area: 5.6±0.3%) compared to C57BL/6 (ganglia: 

31.2±1.6%; area: 7.8±0.5%; P<0.05 for both) mice (Fig. 4.6B-C).   
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4.4.4 Changes in the density of noradrenergic nerve fibers in the distal 

colon of Winnie mice 

To assess changes in the expression of noradrenergic fibers, we evaluated the 

density of TH-IR fibers in both cross sections and wholemount LMMP 

preparations of the distal colon in Winnie mice (n=6; Figs. 4.7AI and 4.8AI) 

compared to C57BL/6 mice (n=6; Figs. 4.7A and 4.8A). The density of 

noradrenergic fibers was decreased throughout the colon wall in the cross section 

preparations from Winnie (1.2±0.1%) compared to C57BL/6 (2.6±0.4%; P<0.05) 

mice (Fig. 4.7B). When analysis was isolated to the mucosal (C57BL/6: 

1.9±0.2%; Winnie: 1.0±0.1%; P<0.05; Fig. 4.7C) and muscular (C57BL/6: 

4.3±0.7%; Winnie: 1.9±0.3%; P<0.05; Fig. 4.7D) layers of the colon, the density 

of TH-IR fibers was consistently less in sections from Winnie mice. A significant 

decrease in the density of TH-IR fibers was observed in LMMP preparations of 

the distal colon from Winnie (ganglia: 14.9±0.5%; area: 3.7±0.1%) compared to 

C57BL/6 (ganglia: 21.7±0.5%, P<0.001; area: 6.0±0.1%, P<0.001) mice (Fig. 

4.8B-C).  

4.4.5 Changes in the density of sensory nerve fibers in the distal colon 

of Winnie mice 

Intrinsic primary afferent neurons contain and release CGRP (Grider 2003). 

Additionally, approximately 85% of spinal afferents and less than 5% of vagal 

afferents contain CGRP, thus anti-CGRP antibody is recognized as a marker for 

sensory afferent fibers (Kressel et al. 1994). In this study, immunolabeling using 

anti-CGRP antibody was carried out to reveal sensory nerve fibers in both cross 

sections and wholemount LMMP preparations of the distal colon (n=6/group; 

Figs. 4.9 and 4.10). CGRP-IR nerve fibers were widely distributed in the mucosa, 

myenteric plexus and muscle layers of the colon in C57BL/6, but not Winnie mice 

(Figs. 4.9A-AI and 4.10A-AI). Quantitative analysis revealed a significant 

decrease in the density of CGRP-IR nerve fibers throughout the colon wall 

(C57BL/6: 9.4±0.9%; Winnie: 3.4±0.2%), as well as in the mucosal (C57BL/6: 

8.4±0.5%; Winnie: 2.7±0.3%) and muscular layers (C57BL/6: 13.2±1.0%; Winnie: 
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6.7±0.7%), in cross section preparations from Winnie compared to C57BL/6 mice 

(P<0.001 for all; Fig. 4.9B-D). Similarly, less CGRP-IR fibers were observed in 

wholemount LMMP preparations of the distal colon from Winnie (ganglia: 

20.3±1.4%; area: 4.9±0.6%) when compared to C57BL/6 (ganglia: 27.2±1.4%; 

area: 6.6±0.3%) mice (ganglia: P<0.01; area: P<0.05; Fig. 4.10B-C).   
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Figure 4.4. Nerve fiber density in cross sections of the distal colon from 

C57BL/6 and Winnie mice. Anti-β-Tubulin (III) antibody was used to label nerve 

fibers in cross sections of the distal colon from C57BL/6 (A) and Winnie (AI) mice. 

Scale bars = 100μm. Quantitative analyses of β-Tubulin (III)-IR throughout the 

colon wall (B), in the mucosa (C) and within the muscular layers (D). *P<0.05, 

**P<0.01. 
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Figure 4.5. Cholinergic nerve fiber density in cross sections of the distal 

colon from C57BL/6 and Winnie mice. Anti-VAChT antibody was used to label 

cholinergic nerve fibers in cross sections of the distal colon from C57BL/6 (A) and 

Winnie (AI) mice. Scale bars = 100μm. Quantitative analyses of VAChT-IR 

throughout the colon wall (B), in the mucosa (C) and within the muscular layers 

(D). *P<0.05, ***P<0.001. 
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Figure 4.6. Cholinergic nerve fiber density in LMMP preparations of the 

distal colon from C57BL/6 and Winnie mice. Anti-VAChT antibody was used 

to label cholinergic nerve fibers in LMMP preparations of the distal colon from 

C57BL/6 (A) and Winnie (AI) mice. Scale bars = 100μm. Quantitative analyses of 

VAChT-IR per ganglion (B) and per 2mm2 area (C) of the colon. *P<0.05. 
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Figure 4.7. Noradrenergic nerve fiber density in cross sections of the distal 

colon from C57BL/6 and Winnie mice. Anti-TH antibody was used to label 

noradrenergic nerve fibers in cross sections of the distal colon from C57BL/6 (A) 

and Winnie (AI) mice. Scale bars = 100μm. Quantitative analyses of TH-IR 

throughout the colon wall (B), in the mucosa (C) and within the muscular layers 

(D). *P<0.05. 
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Figure 4.8. Noradrenergic nerve fiber density in LMMP preparations of the 

distal colon from C57BL/6 and Winnie mice. Anti-TH antibody was used to 

label noradrenergic nerve fibers in LMMP preparations of the distal colon from 

C57BL/6 (A) and Winnie (AI) mice. Scale bars = 100μm. Quantitative analyses of 

TH-IR per ganglion (B) and per 2mm2 area (C) of the colon. ***P<0.001. 
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Figure 4.9. Sensory nerve fiber density in cross sections of the distal colon 

from C57BL/6 and Winnie mice. Anti-CGRP antibody was used to label sensory 

nerve fibers in cross sections of the distal colon from C57BL/6 (A) and Winnie 

(AI) mice. Scale bars = 100μm. Quantitative analyses of CGRP-IR throughout the 

colon wall (B), in the mucosa (C) and within the muscular layers (D). ***P<0.001. 
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Figure 4.10. Sensory nerve fiber density in LMMP preparations of the distal 

colon from C57BL/6 and Winnie mice. Anti-CGRP antibody was used to label 

sensory nerve fibers in LMMP preparations of the distal colon from C57BL/6 (A) 

and Winnie (AI) mice. Scale bars = 100μm. Quantitative analyses of CGRP-IR 

per ganglion (B) and per 2mm2 area (C) of the colon. *P<0.05, **P<0.01. 
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4.4.6 Changes in the average number of PGP9.5-IR and ChAT-IR, but 

not nNOS-IR myenteric neurons, in the distal colon of Winnie mice 

The pan-neuronal marker PGP9.5 was used to identify all myenteric neurons in 

wholemount LMMP preparations of the distal colon from C57BL/6 and Winnie 

mice (n=6/group; Fig. 4.11A-AI). The average number of PGP9.5-IR neurons per 

ganglionic area was 22±0.3 in colons from healthy C57BL/6 mice. A reduced 

number of PGP9.5-IR neurons were quantified in the inflamed distal colon from 

Winnie mice (19±0.4 cells/ganglionic area; P<0.001; Fig. 4.11B). Subsequently, 

a 14% loss in the ganglionic density of PGP9.5-IR neurons was calculated in 

tissues from Winnie mice (85.8±2.2%) compared to LMMP preparations from 

C57BL/6 mice (100%; P<0.01; Fig. 4.11C).  

Anti-nNOS antibody, which identifies predominantly inhibitory muscle motor 

neurons (Qu et al. 2008), was used to quantify the average number of nNOS-IR 

neurons in wholemount LMMP preparations of the distal colon (n=6/group; Fig. 

4.12A-BI). Immunofluorescence staining showed no significant difference in the 

average number of nNOS-IR neurons counted per ganglionic area (C57BL/6: 

7±0.4 cells/ganglionic area; Winnie: 7±0.3 cells/ganglionic area; Fig. 4.12C). 

Hence, ganglionic density of nNOS-IR neurons in tissues from Winnie mice 

(100±6.6%) was similar to tissues from C57BL/6 mice (100%; Fig. 4.12D). The 

proportion of nNOS-IR neurons to the total number of neurons per ganglionic 

area was higher in preparations from Winnie (37.5±1.2%) when compared to 

tissues from C57BL/6 (32.1±1.9%) mice (P<0.05; Fig. 4.12E). Although there 

were no changes in the average number of nitrergic neurons between groups, 

the significant loss of PGP9.5-IR neurons observed in the Winnie mouse distal 

colon ensued the increase in the proportion of nNOS-IR in preparations from 

Winnie mice.   

Anti-ChAT antibody labels excitatory muscle motor neurons and was used to 

identify cholinergic neurons in wholemount LMMP preparations of the distal colon 

from C57BL/6 and Winnie mice (n=6/group; Fig. 4.13A-BI). The average number 

of ChAT-IR neurons per ganglionic area was significantly less in tissues from 

Winnie mice (9±0.3 cells/ganglionic area) when compared to preparations from 
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C57BL/6 mice (11±0.3 cells/ganglionic area; P<0.01; Fig. 4.13C). As a result, the 

ganglionic density of ChAT-IR neurons was reduced in the Winnie mouse distal 

colon (82.4±4.4%) indicating a 18% loss of cholinergic neurons to be associated 

with chronic inflammation in this experimental model (P<0.05; Fig. 4.13D). The 

loss of ChAT-IR neurons in tissues from Winnie mice corresponded with the loss 

of PGP9.5-IR neurons. Thus, there were no differences in the proportion of ChAT-

IR to PGP-IR neurons between groups (C57BL/6: 51.8±1.3%; Winnie: 

49.7±2.8%; Fig. 4.13E). 
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Figure 4.11. The average number of myenteric neurons in the distal colon 

from C57BL/6 and Winnie mice. Anti-PGP9.5 antibody was used to label 

myenteric neurons in LMMP preparations of the distal colon from C57BL/6 (A) 

and Winnie (AI) mice. Scale bars = 100μm. Quantitative analyses of the average 

number of PGP9.5-IR neurons normalized to 0.1mm2 ganglionic area (B). 

Ganglionic density of PGP9.5-IR neurons in tissues from Winnie mice as a 

percentage of control (100%) (C). **P<0.01, ***P<0.001. 
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Figure 4.12. The average number of myenteric nitrergic neurons in the distal 

colon from C57BL/6 and Winnie mice. Anti-nNOS antibody was used to label 

nitrergic neurons in LMMP preparations of the distal colon from C57BL/6 (A) and 

Winnie (B) mice. The merged images of PGP9.5-IR (red) and nNOS-IR (green) 

neurons indicate the subpopulation of nNOS-IR neurons within the total 

population of myenteric neurons (AI-BI). Scale bars = 100μm. Quantitative 

analyses of the average number of nNOS-IR neurons normalized to 0.1mm2 

ganglionic area (C). Ganglionic density of nNOS-IR neurons in tissues from 

Winnie mice as a percentage of control (100%) (D). The proportion of nNOS-IR 

neurons to PGP9.5-IR neurons per ganglionic area (E). *P<0.05. 
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Figure 4.13. The average number of myenteric cholinergic neurons in the 

distal colon from C57BL/6 and Winnie mice. Anti-ChAT antibody was used to 

label cholinergic neurons in LMMP preparations of the distal colon from C57BL/6 

(A) and Winnie (B) mice. The merged images of PGP9.5-IR (red) and ChAT-IR 

(green) neurons indicate the subpopulation of ChAT-IR neurons within the total 

population of myenteric neurons (AI-BI). Scale bars = 100μm. Quantitative 

analyses of the average number of ChAT-IR neurons normalized to 0.1mm2 

ganglionic area (C). Ganglionic density of ChAT-IR neurons in tissues from 

Winnie mice as a percentage of control (100%) (D). The proportion of ChAT-IR 

neurons to PGP9.5-IR neurons per ganglionic area (E). *P<0.05, **P<0.01. 
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4.4.7 Altered gastrointestinal transit in Winnie mice 

To determine differences in GI transit between Winnie and C57BL/6 mice 

(n=8/group), radiographic images were used to track barium sulfate from the 

stomach to the cecum (orocecal intestine transit time (OCTT)), as well as from 

the cecum to the anus (colonic transit time (CTT); Fig. 4.14A-B). Diarrhea in 

Winnie mice is evident by long size of fecal mass moving from the cecum to the 

anus compared with the short defined pellets observed in C57BL/6 mice (arrows; 

Fig. 4.14A-B). Total transit time did not differ between C57BL/6 (221.3±25.7min) 

and Winnie (225.7±19.1min) mice. However, this masked substantial changes in 

transit within different gut regions. In C57BL/6 mice, OCTT was 164.4±24.5min, 

and CTT was 56.9±4.5min. In Winnie mice, although not statistically significant, 

OCTT was prolonged (190.0±18.0min) compared with C57BL/6 mice (Fig. 

4.14C). On the other hand, CTT was significantly faster in Winnie mice 

(40.0±3.6min; P<0.05; Fig. 4.14C).  
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Figure 4.14. Gastrointestinal transit time in Winnie and C57BL/6 mice. 

Representative X-ray images of C57BL/6 (A) and Winnie (B) mice obtained every 

30min from 0-210min after administration of barium sulfate by oral gavage. White 

arrows indicate long size of fecal mass suggesting diarrhea in Winnie mice 

compared with pellets in the C57BL/6 colon. Transit time (min) for barium sulfate 

moving from the stomach to the cecum (orocecal intestine transit time (OCTT)) 

and from the cecum to the anus (colonic transit time (CTT)) in C57BL/6 and 

Winnie mice (C). *P<0.05.  
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4.4.8 Altered patterns of colon contraction in Winnie mice 

The total number of contractions was similar in the colons of C57BL/6 (n=8; 

0cmH2O: 17.7±1.4min-10; 1cmH2O: 16.5±1.7min-10; 2cmH2O: 18.1±1.6min-10) and 

Winnie (n=13; 0cmH2O: 23.0±2.2min-10; 1cmH2O: 22.3±2.4min-10; 2cmH2O: 

22.1±1.3min-10) mice at all levels of intraluminal pressure. However, further 

analysis of various types of motor patterns revealed significant differences 

between Winnie and C57BL/6 mice.  

Three types of motor patterns (colonic migrating motor complexes (CMMCs), 

short contractions, and fragmented contractions) were identified and analyzed in 

the colon of Winnie (n=13) and C57BL/6 (n=8) mice. CMMCs were defined as 

propagating contractions appearing first at the proximal end and then sequentially 

over >50% of the distance to the distal end of the colon (Roberts et al. 2008a; 

2007). The number of CMMCs was lower in the colon from Winnie mice at all 

levels of intraluminal pressure than in C57BL/6 colon (P<0.05 for all; Table 4.4; 

Fig. 4.15A-B). Similarly, the proportion of contractions identified as CMMCs was 

less in maps generated from the colons of Winnie than C57BL/6 colons (P<0.001 

for all; Table 4.4; Fig. 4.15C). 

Contractions that propagated <50% of the length of the colon were defined as 

short contractions (Fig. 4.16A). Both the frequency and proportion of short 

contractions were higher in the colons from Winnie mice than those from C57BL/6 

mice (P<0.05 for all; Table 4.4; Fig. 4.16B-C). With increasing intraluminal 

pressure, the number and proportion of short contractions did not change 

significantly in the colons of both groups (Table 4.4; Fig. 4.16B-C). The numbers 

of short contractions initiated at the proximal, middle, and distal sections of the 

colon were quantified (Table 4.4; Fig. 4.16D-F). No significant changes in the 

frequency of short contractions were observed in either proximal or middle 

sections of the colon from both C57BL/6 and Winnie mice (Fig. 4.16D-E). 

However, increasing intraluminal pressure (>1cmH2O) reduced the frequency of 

short contractions in the distal colon from C57BL/6 mice (P<0.05; Fig. 4.16F), but 

not Winnie mice, so the frequency of short contractions was significantly higher 
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in Winnie mice at increased levels of intraluminal pressure and was significantly 

different between the two genotypes (P<0.05; Table 4.4; Fig. 4.16F). 

Fragmented contractions were defined as phasic non-propagating contractions 

occurring concurrently at various locations within the colon. They were easily 

distinguishable on spatiotemporal maps as distinct segmental contractions (solid 

arrows) and relaxations (dashed arrows; Fig. 4.17A). The frequency and 

proportion of fragmented contractions were significantly higher in Winnie mice 

than in C57BL/6 mice, regardless of the intraluminal pressure (Table 4.4; Fig. 

4.17B-C). Increased intraluminal pressure initiated heightened numbers and 

proportion of fragmented contractions in both groups. Because of the low number 

of fragmented contractions in C57BL/6 colons at 0cmH2O, we analyzed this in a 

slightly different way and compared the number of preparations exhibiting at least 

one fragmented contraction in the recording period between the two genotypes. 

At a baseline intraluminal pressure, 33±18% of C57BL/6 colons exhibited 

fragmented contractions, increasing to 44±17% and 56±17% at 1 and 2cmH2O, 

respectively. In contrast, more colons from Winnie mice exhibited fragmented 

contractions at baseline and 1cmH2O intraluminal pressure (77±10% for both; 

P<0.05 for both); this increased to 85±10% at 2cmH2O (Fig. 4.17D). 
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Table 4.4. Parameters of different types of colonic contractions 

 Intraluminal pressure 

 0cmH2O 1cmH2O 2cmH2O 

CMMCs 

Frequency (min-10) 
C57BL/6 8.9±1.0 9.5±0.8 10.1±0.9 

Winnie 4.9±1.1* 5.5±1.1* 5.7±1.3* 

Proportion (%) 
C57BL/6 53.0±7.7 59.0±3.4 60.9±3.6 

Winnie 18.7±4.0*** 20.9±5.1*** 20.7±5.0*** 

Speed (mm/s) 
C57BL/6 2.1±0.3 3.0±0.2 3.5±0.5 

Winnie 3.0±0.4^ 3.2±0.2^ 5.2±0.6* 

Length (mm) 
C57BL/6 35.7±1.7 33.6±1.7 30.8±1.3 

Winnie 34.7±1.8 35.0±1.8 32.4±1.9 

Short contractions 

Frequency (min-10) 
C57BL/6 8.5±1.5 6.3±1.3 5.8±1.4 

Winnie 14.2±1.8* 12.8±2.3* 10.4±1.2* 

Proportion (%) 
C57BL/6 45.6±7.3 36.1±3.0 29.9±5.5 

Winnie 60.4±3.7 51.8±6.6* 48.3±5.7* 

Proximal colon 

frequency (min-10) 

C57BL/6 1.1±0.9 0.8±0.4 0.8±0.3 

Winnie 2.9±1.3 1.2±0.7 1.5±0.6 

Middle colon frequency 

(min-10) 

C57BL/6 2.7±1.8 1.1±0.8 2.7±1.4 

Winnie 1.9±1.2 2.0±1.2 1.9±1.2 

Distal colon frequency 

(min-10) 

C57BL/6 25.3±5.0 13.0±2.3# 11.1±1.3# 

Winnie 25.5±4.4 26.2±4.9* 20.3±4.1* 

Speed (mm/s) 
C57BL/6 1.6±0.1††† 1.6±0.1††† 5.1±0.8 

Winnie 1.6±0.1^^ 1.8±0.2^ 2.7±0.3** 

Length (mm) 
C57BL/6 5.5±0.6 5.4±0.6 10.6±1.2 

Winnie 5.5±0.5 4.1±0.6 12.0±0.9 

Fragmented contractions 

Frequency (min-10) 
C57BL/6 0.3±0.2 0.7±0.4 2.3±0.7# 

Winnie 3.9±1.0** 4.0±0.6*** 6.9±1.7* 
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Table 4.4 Parameters of different types of colonic contractions (continued) 

 Intraluminal pressure 

 1cmH2O 1cmH2O 1cmH2O 

Fragmented contractions 

Proportion (%) 
C57BL/6 1.5±0.7 5.0±3.0 13.8±4.2# 

Winnie 21.0±5.8* 21.9±4.2** 31.4±7.2* 

Speed (mm/s) 
C57BL/6 1.6±0.2†† 2.3±0.7† 4.3±0.8 

Winnie 2.6±0.4 2.4±0.4^ 3.8±0.5 

Length (mm) 
C57BL/6 23.9±2.1 25.8±3.9 26.5±3.9 

Winnie 25.6±1.3 26.5±1.0 31.2±1.5 

*P<0.05, **P<0.01, ***P<0.001 significantly different to C57BL/6 at the same 

level of intraluminal pressure. ̂ P<0.05, ^^P<0.01 significantly different to Winnie 

at 2cmH2O. †P<0.05, ††P<0.01, †††P<0.001 significantly different to C57BL/6 at 

2cmH2O. #P<0.05 significantly different to C57BL/6 at 0cmH2O.  
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Figure 4.15. Frequency and proportion of colonic migrating motor 

complexes in Winnie and C57BL/6 mice. Examples of spatiotemporal maps 

depicting colonic contractions (red) and relaxations (blue) of whole length colons 

from C57BL/6 and Winnie mice. Black arrows indicate colonic migrating motor 

complexes (CMMCs) that propagate >50% of colon length (A). Frequency of 

CMMCs per 10min counted at baseline (0cmH2O), 1cmH2O, and 2cmH2O 

intraluminal pressure (B). The proportion of CMMCs to the total number of 

contractions was calculated at each level of intraluminal pressure (C). *P<0.05, 

***P<0.001 significantly different to C57BL/6 at the same level of intraluminal 

pressure. 
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Figure 4.16. Frequency and proportion of short contractions in Winnie and 

C57BL/6 mice. Examples of spatiotemporal map depicting short contractions 

that propagate <50% colon length in the proximal (P), middle (M), and distal (D) 

sections of the Winnie mouse colon (A). Total number of short contractions 

counted in the colons from C57BL/6 and Winnie mice at baseline (0cmH2O), 

1cmH2O, and 2cmH2O intraluminal pressure (B). The proportion of short 

contractions to the total number of contractions was calculated at each level of 

intraluminal pressure (C). Frequency of short contractions occurring in the 

proximal (D), middle (E), and distal (F) sections of the C57BL/6 and Winnie 

mouse colon. *P<0.05 compared to C57BL/6 at the same level of intraluminal 

pressure. #P<0.05 compared to C57BL/6 at 0cmH2O. 
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Figure 4.17. Frequency and proportion of fragmented contractions in 

Winnie and C57BL/6 mice. Images captured from a video recording of an in vitro 

colonic motility organ bath experiment and corresponding spatiotemporal map 

demonstrating fragmented contractions in the Winnie mouse colon. Solid arrows 

indicate contraction, and dashed arrows represent relaxation (A). Frequency of 

fragmented contractions in the colons from C57BL/6 and Winnie mice at baseline 

(0cmH2O), 1cmH2O, and 2cmH2O intraluminal pressure (B). The proportion of 

fragmented contractions to the total number of contractions was calculated at 

each level of intraluminal pressure (C). Line graph demonstrating the proportion 

of C57BL/6 and Winnie mice which generated fragmented contractions at each 

level of intraluminal pressure (D). Scale bars = 10mm. *P<0.05, **P<0.01, 

***P<0.001 compared to C57BL/6 at the same level of intraluminal pressure. 

#P<0.05 compared to C57BL/6 at 0cmH2O. 
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4.4.9 Speed and length of colonic contractions in Winnie and C57BL/6 

mice  

CMMCs propagated more rapidly in the colons from Winnie mice when 

intraluminal pressure was increased from 0 to 2cmH2O (n=13; P<0.05; Table 4.4; 

Fig. 4.18A), but there were no changes in CMMC speed in colons from C57BL/6 

mice (n=8). When intraluminal pressure was increased from baseline to 1cmH2O, 

the propagation speed of short contractions remained constant in both Winnie 

and C57BL/6 colons (Table 4.4; Fig. 4.18B). At 2cmH2O, short contractions 

propagated more rapidly in C57BL/6 than in Winnie colons (P<0.01), but the 

propagation speed increased significantly in each genotype (Table 4.4; Fig. 

4.18B). The speed of propagation of fragmented contractions did not differ 

between C57BL/6 and Winnie mice; faster contraction speeds were recorded as 

intraluminal pressure was increased to 2cmH2O in both groups (Table 4.4; Fig. 

4.18C). 

CMMCs propagated over similar distances in the colon in both C57BL/6 (n=8) 

and Winnie (n=13) mice regardless of intraluminal pressure. Similarly, short and 

fragmented contraction lengths did not differ between Winnie and C57BL/6 mice 

(Table 4.4). 

4.4.10 Phases of contraction in the colons from Winnie and C57BL/6 

mice 

The individual properties of contractions were compared between C57BL/6 (n=8) 

and Winnie (n=13) mice at the proximal, middle, and distal regions of the colon 

by tracking the diameter independent of the type of contraction (Gwynne et al. 

2004b). Several parameters were analyzed from these traces including duration 

of contraction, quiescence (time at the baseline resting diameter between 

contractions), and contraction interval (time from the beginning to the end of the 

contraction-relaxation cycle; Fig. 4.19A-BI). 

In the proximal colon, the duration of contraction was similar in Winnie and 

C57BL/6 mice, reducing in both groups as intraluminal pressure increased 
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(1cmH2O: P<0.01; 2cmH2O: P<0.05; Table 4.5), whereas the time of quiescence 

decreased in Winnie mice only (P<0.05; Table 4.5). Subsequently, at 2cmH2O, 

quiescence was shorter in the colons from Winnie mice compared with the colons 

from C57BL/6 mice (P<0.05; Table 4.5). The contraction interval in the proximal 

colon decreased as intraluminal pressure increased in both Winnie and C57BL/6 

mice (Table 4.5). In the middle colon, there were no changes in the duration of 

contraction or quiescence in both C57BL/6 and Winnie mice. As a result, there 

were no differences measured in the contraction intervals of the middle colon in 

either group (Table 4.5). 

The total constriction and relaxation activity (duration of contraction) was greater 

in the distal colons from Winnie mice than from C57BL/6 mice across all levels of 

pressure (P<0.05 for all; Table 4.5; Fig. 4.19C). Quiescence of the distal colon 

was decreased in Winnie mice at 2cmH2O of intraluminal pressure compared with 

C57BL/6 mice (P<0.05; Table 4.5; Fig. 4.19D). Similarly, contraction intervals 

were shorter in Winnie mice than in C57BL/6 mice at 2cmH2O (P<0.05; Table 

4.5). 

To investigate possible mechanisms underlying these changes in the patterns 

and properties of colonic motility induced by intestinal inflammation, we examined 

three possible causes: changes in neuromuscular transmission, changes in 

intestinal smooth muscle function, and changes in intestinal smooth muscle 

structure. These were examined in segments of the distal colon only, since most 

changes in the phases of contraction were evident in this section of the colon. 
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Figure 4.18. Colonic migrating motor complex, short contraction, and 

fragmented contraction speed in Winnie and C57BL/6 mice. The speed of 

colonic migrating motor complexes (CMMCs) (A), short contractions (B), and 

fragmented contractions (C) was measured from spatiotemporal maps generated 

from the colons of C57BL/6 and Winnie mice at baseline, 1cmH2O, and 2cmH2O 

intraluminal pressure. *P<0.05, **P<0.01 significantly different to C57BL/6 at the 

same level of intraluminal pressure. ^P<0.05, ^^P<0.01 significantly different to 

Winnie at 2cmH2O. †P<0.05, ††P<0.01, †††P<0.001 significantly different to 

C57BL/6 at 2cmH2O. 
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Figure 4.19. Variations in duration of contraction and quiescence in the 

distal colon. Parameters of contractions were evaluated at the distal section of 

the colon independent of the type of contraction in spatiotemporal maps from 

C57BL/6 (A) and Winnie mice (B). Traces of contractility at a specific location 

along the colon plotted changes in the gut width against time (AI, BI). The duration 

of contractile activity (C) and quiescence (D) was measured from traces of colonic 

motor patterns at distal section of the C57BL/6 and Winnie mouse colon. *P<0.05 

compared to C57BL/6 at the same level of intraluminal pressure. 
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Table 4.5. Phases of colonic contraction 

 Intraluminal pressure 

 0cmH2O 1cmH2O 2cmH2O 

Proximal colon 

Duration of contraction 

(s) 

C57BL/6 39.4±3.9† 33.9±3.5 26.1±1.7 

Winnie 44.1±3.4^^ 37.7±2.4 30.5±2.7 

Quiescence (s) 
C57BL/6 36.1±5.9 35.3±2.3 26.9±3.2 

Winnie 36.8±6.8^ 26.4±4.7 15.4±3.6* 

Contraction interval (s) 
C57BL/6 82.4±10.0† 57.9±5.8 52.9±4.6 

Winnie 80.9±8.8^^ 64.1±6.3^ 45.8±5.5 

Middle colon 

Duration of contraction 

(s) 

C57BL/6 34.1±5.7 31.8±6.4 25.1±2.5 

Winnie 37.1±6.4 35.1±3.5 30.6±2.1 

Quiescence (s) 
C57BL/6 44.7±9.8 35.3±6.8 34.2±7.0 

Winnie 35.1±2.7 35.5±6.6 25.3±4.1 

Contraction interval (s) 
C57BL/6 78.8±15.1 60.2±12.3 59.3±8.6 

Winnie 72.2±6.7 70.3±6.4 52.5±5.2 

Distal colon 

Duration of contraction 

(s) 

C57BL/6 21.3±3.1 19.7±2.6 17.7±2.4 

Winnie 28.5±1.7* 27.1±2.8* 23.5±1.7* 

Quiescence (s) 
C57BL/6 31.4±3.9 31.8±2.0 39.7±7.0 

Winnie 28.9±5.4 29.1±5.4 19.1±2.9* 

Contraction interval (s) 
C57BL/6 53.4±6.4 51.2±3.9 60.6±7.3 

Winnie 61.2±6.1^^ 51.5±6.4 40.8±3.7* 

*P<0.05 compared to C57BL/6 at the same level of intraluminal pressure. 

^P<0.01, ^^P<0.01 compared to Winnie at 2cmH2O. †P<0.05 compared to 

C57B/L6 at 2cmH2O.  
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4.4.11 Altered neuromuscular transmission in the distal colon of 

Winnie mice 

To evaluate the role of neuromuscular transmission in colonic dysmotility 

observed in Winnie mice, intracellular recordings from circular smooth muscle 

cells in the C57BL/6 and Winnie mouse colon were compared. Focal electrical 

stimulation of nerve fibers innervating the circular muscle layer evoked junction 

potentials in muscle cells. Inhibitory and excitatory neuromuscular junction 

potentials were identified as purinergic fast inhibitory junction potentials (fIJPs), 

nitrergic slow inhibitory junction potentials (sIJPs), and cholinergic excitatory 

junction potentials (EJPs) using various antagonists. 

Single-pulse electrical stimuli evoked fIJPs in control physiological solution (Fig. 

4.20A). In both the C57BL/6 (n=12) and Winnie (n=14) mouse colon, the 

amplitudes of these fIJPs increased with larger electrical stimuli (single-pulse, 

0.4ms duration, 0-60V; data not shown). The amplitudes of fIJPs evoked by a 

30V electrical stimulus differed significantly between the two genotypes 

(C57BL/6: -24.4±1.2mV; Winnie: -17.9±2.8mV; P<0.05; Fig. 4.20B). Addition of 

the purinergic P2Y1 receptor antagonist, MRS2500 (1µM), inhibited the fIJPs.  

A short, high-frequency train of electrical stimuli (3 pulses at 20Hz, 20V, 0.5ms 

duration) was used to generate sIJPs (Fig. 4.20C). The amplitudes of sIJPs did 

not differ between the C57BL/6 (-6.8±0.8mV) and Winnie (-6.6±0.8mV) colon 

(Fig. 4.20D). Addition of a NO synthase inhibitor L-NNA (1mM) in the presence 

of MRS2500 (1µM) blocked the sIJPs. 

High-frequency stimulus trains (3 pulses, 20Hz, 20V, 0.5ms pulse duration) in the 

presence of MRS2500 and L-NNA, blocking the fIJPs and sIJPs, evoked EJPs 

(Fig. 4.20E). The amplitudes of EJPs in colonic smooth muscle cells of C57BL/6 

mice (7.7±0.7mV) were greater than those from the Winnie mice (5.9±0.9mV; 

P<0.05; Fig. 4.20F). In both genotypes, EJPs were inhibited by the muscarinic 

antagonist atropine (1µM; C57BL/6 from 7.4±0.7 to 1.4±0.2mV; Winnie from 

6.8±0.8 to 1.3±0.1mV; P<0.001 for both). 
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In control Krebs solution, the RMPs of colonic smooth muscle cells from C57BL/6 

(-41.9±0.7mV) and Winnie (-40.7±1.5mV) mice were not significantly different. 

Addition of MRS2500, L-NNA, and atropine did not affect RMP.  
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Figure 4.20. Intracellular electrophysiological recordings of excitatory and 

inhibitory junction potentials from colonic smooth muscle cells. 

Representative traces of purinergic fast inhibitory junction potentials (fIJPs; 

*stimulus artifact) (A). Quantitative analysis of fIJP amplitudes in the colonic 

smooth muscle cells from C57BL/6 and Winnie mice (B). Representative traces 

of nitrergic slow inhibitory junction potentials (sIJPs) (C). Amplitudes of sIJP in 

the colonic smooth muscle cells from C57BL/6 and Winnie mice (D). 

Representative traces of excitatory junction potentials (EJPs) (E). Amplitudes of 

EJPs in the colonic smooth muscle cells from C57BL/6 and Winnie mice (F). 

*P<0.05.   
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4.4.12 Smooth muscle responses to carbachol and sodium 

nitroprusside (SNP) are altered in the distal colon of Winnie mice  

To investigate the role of smooth muscle function in colonic dysmotility observed 

in Winnie mice, we examined circular smooth muscle contractile responses to 

common excitatory and inhibitory agents. Addition of carbachol (1nM-20µM) to 

the organ bath containing excised colonic rings evoked a dose-dependent and 

significant increase in contractile force in both C57BL/6 (n=6) and Winnie (n=6) 

mice. However, the magnitude of contractions evoked by carbachol was 

significantly lower in preparations from Winnie mice compared with those from 

C57BL/6 mice at 5µM (P<0.001), 10µM (P<0.001), and 20µM (P<0.001) doses 

(Fig. 4.21A-AI). SNP (10nM-300µM) relaxed carbachol-preconstricted colonic 

rings from both C57BL/6 (n=6) and Winnie (n=6) mice (Fig. 4.21B). The 

magnitude of this relaxation was significantly reduced in Winnie mice compared 

with C57BL/6 mice at 10µM (P<0.01), 100µM (P<0.01), and 300µM (P<0.001; 

Fig. 4.21BI). ATP (10µM-3mM) induced relaxation of carbachol-preconstricted 

colonic rings from both C57BL/6 (n=6) and Winnie (n=6) mice with no difference 

between the groups (Fig. 4.21C-CI).  

4.4.13 Hyperplasia of smooth muscle cells in the distal colon of 

Winnie mice  

The changes in muscle function described above may be due to morphological 

changes in muscle structure. To determine whether chronic inflammation causes 

hyperplasia of smooth muscle cells in Winnie mice, cross sections of the distal 

colon were labeled with α-SMA antibody to label smooth muscle cells and DAPI 

to label nuclei (n=5/group; Fig. 4.22A-BII). The numbers of α-SMA-IR circular and 

longitudinal muscle cells counterstained with DAPI were significantly increased 

in the muscle layers of the colon in the cross section preparations from Winnie 

(618±16 cells/mm2) compared with C57BL/6 (329±9 cells/mm2; P<0.001) mice 

(Fig. 4.22C).  
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Figure 4.21. Smooth muscle cell response to carbachol, SNP, and ATP. 

Representative traces recorded from smooth muscle contraction (g) of the colonic 

rings from C57BL/6 and Winnie mice at baseline and following application of 

10µM carbachol (A), 100µM SNP (B), and 300µM ATP (C). Cumulative log dose-

response curves to carbachol (1nM-20µM) in colonic preparations from C57BL/6 

and Winnie mice (AI). Cumulative log dose-response curves to SNP (10nM-

300µM) (BI) and ATP (10µM-3mM) (CI) in colonic smooth muscle preparations 

precontracted with 10µM carbachol (100%) in C57BL/6 and Winnie mice. Peak 

effects are shown as percentage change from respective basal values. **P<0.01, 

***P<0.001.   
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Figure 4.22. Hyperplasia of smooth muscle cells in the distal colon of 

Winnie mice. Colon cross sections from C57BL/6 and Winnie mice were labeled 

with α-SMA antibody to identify smooth muscle cells (A, B) and counterstained 

with DAPI (AI, BI). Merged images depicting DAPI stained nuclei in α-SMA-IR 

cells within colon cross sections (AII, BII). Quantitative analysis of α-SMA-IR cells 

in the circular and longitudinal muscle layers of the colon (1mm2) (C). Scale bars 

= 50µm. ***P<0.001.   
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4.5 Discussion 

This study provides the first investigation of intestinal innervation, as well as in 

vivo GI transit and in-depth analysis of colonic function in an animal model of 

spontaneously occurring chronic intestinal inflammation. Chronic inflammation in 

the distal colon of Winnie mice was confirmed by thickening of muscle and 

mucosal layers, increased CD45-immunoreactivity, high fecal Lcn-2 protein 

levels measured over a 4wk period and distinct gross morphological damage to 

the colon. The ganglionic density of myenteric neurons, as well as the density of 

sensory, cholinergic and noradrenergic fibers innervating the myenteric plexus, 

muscle and mucosa significantly decreased in the distal colon of Winnie mice 

compared to C57BL/6 mice. Here, we report that Winnie mice exhibit alterations 

in small intestinal and colonic transit, in patterns of colonic motility, and in 

parameters of contractions. Furthermore, we provide novel data about the 

mechanisms underlying changes in Winnie colonic motility implicating impaired 

neuromuscular transmission, as well as altered contractile activity and 

morphology of colonic smooth muscle cells. 

Animal models of IBD have provided significant contributions to understanding 

pathophysiological mechanisms as well as development of novel therapeutic 

strategies for IBD (Mizoguchi and Mizoguchi 2010; Xavier and Podolsky 2007). 

Although animal models have their limitations and do not reproduce all the 

pathogenic and clinical features of human IBD, each animal model provides an 

invaluable tool to study complex physiological and biochemical disease aspects 

that are difficult to address in humans (Dothel et al. 2013; Elson et al. 1995). The 

Winnie mice used in our study develop inflammation in the colon with multiple 

similarities to human UC, including goblet cell pathology, depleted mucus layer, 

and distal gradient of colitis, as well as a characteristic immune profile (Eri et al. 

2011; McGuckin et al. 2011; Heazlewood et al. 2008; Lourenssen et al. 2005). 

The manifestation of clinical symptoms in Winnie mice starts at the age of 6 

weeks when animals become young adults. Colitis in Winnie mice has a chronic 

and relapsing nature, a major feature of human IBD. Winnie mice carry only a 

point mutation in the Muc2 gene leading to spontaneous colitis unlike chemically-
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induced models and some other chronic models which require pathogens to 

develop colitis (e.g., IL-10−/− mice) (Uhlig and Powrie 2009; Wirtz and Neurath 

2007).  

In this study, we used 12-16wk-old Winnie mice, all of which had active colitis 

with symptoms of perianal bleeding and diarrhea confirmed by increased fecal 

water content and Lcn-2 over 4 consecutive weeks, and lack of weight gain. Acute 

diarrhea lasting for <14d is generally associated with bacterial, viral, or parasitic 

infection. On the other hand, diarrhea that persists for at least 4 weeks is most 

likely caused by alterations in GI transit and motility (Collins 2007). Chronic 

inflammation induced morphological changes in the Winnie mouse colon 

including increase in its length and marked thickening of the intestinal wall which 

may contribute to colonic dysmotility present in these mice. Together with the 

mucosal damage and leukocyte infiltration observed in all Winnie mice in this 

study, these are the hallmark features of chronic intestinal inflammation. 

Muscular hypertrophy, changes in colon length and similar gross morphological 

changes have been described previously in other models of chronic intestinal 

inflammation (Rivera-Nieves et al. 2003; Elson et al. 1995). 

Inflammation in Winnie mice was associated with significant structural damage to 

the colonic innervation which was investigated for the first time in this study. The 

results of this study have demonstrated decrease in the density of nerve fibers, 

including cholinergic, noradrenergic and sensory fibers, projecting to the 

myenteric plexus, as well as reductions in the average number of myenteric 

neurons in the distal colon from Winnie mice. 

Significant reduction in the density of VAChT-IR cholinergic nerve fibers observed 

in the colon tissues from Winnie mice in our study is consistent with previous work 

conducted in colon tissues from UC patients (Jonsson et al. 2007). It has been 

established that ACh attenuates the release of pro-inflammatory cytokines (Ulloa 

2005; Borovikova et al. 2000) and thereby could control systemic inflammation 

and modulate immune response. Other studies further demonstrated that 

cholinergic pathways also modulated experimental colitis in rats by using 

acetylcholinesterase inhibitors (Miceli and Jacobson 2003) or vagotomy (Ghia et 



  

240 
 

al. 2006). Previous studies showed impaired release of ACh from the inflamed 

rat intestine (Collins et al. 1989). Alterations in functions of cholinergic fibers in 

Winnie mice should be further investigated. 

Noradrenergic neurons of the sympathetic celiac and the superior mesenteric 

ganglia innervate the smooth muscles and enteric ganglia in the colon and 

modulate motility, secretion, blood flow, and immune system activation (Cervi et 

al. 2014; Lomax et al. 2010; Straub et al. 2008; Vasina et al. 2008). The results 

of our study demonstrated that the density of noradrenergic nerve fibers identified 

by TH immunoreactivity was significantly reduced in the colon tissues from 

Winnie mice. This is consistent with the results of previous studies in patients with 

CD (Straub et al. 2008; Belai et al. 1997), and in mouse models of DSS and 

TNBS-induced colitis (Lomax et al. 2007b; Straub et al. 2005). A large body of 

evidence obtained from animal models of GI inflammation indicated marked 

changes in sympathetic neuronal excitability (Dong et al. 2008), neurotransmitter 

release (Blandizzi et al. 2003; Swain et al. 1991) and structure of noradrenergic 

nerve fibers (Straub et al. 2008; Magro et al. 2002; Dvorak and Silen 1985; 

Dvorak et al. 1980). Decreased colonic mucosal norepinephrine concentration 

was observed in CD patients (Magro et al. 2002). In addition, colitis impairs 

noradrenergic regulation of submucosal arterioles and mesenteric arteries (Birch 

et al. 2008; Lomax et al. 2007b). 

Anti-CGRP antibody was used to label sensory fibers including extrinsic spinal 

and vagal primary sensory afferent as well as intrinsic sensory fibers containing 

and releasing CGRP (Qu et al. 2008; Grider 2003; Kressel et al. 1994). In this 

study, we observed reductions in the density of CGRP-IR fibers in the distal colon 

of Winnie mice. Similarly, CGRP was found to be reduced in the inflamed bowel 

in animal models of chemically-induced colitis (Miampamba and Sharkey 1998; 

Miampamba et al. 1992; Eysselein et al. 1991). Moreover, tissues from patients 

with CD and UC also showed a decrease in the number and density of CGRP-

positive nerve fibers in the colonic mucosa (Eysselein et al. 1992; Koch et al. 

1987). 
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Our data demonstrated that, although significant reduction in all types of fibers 

analyzed in this study was observed, CGRP-IR fibers were the most affected 

compared to other types of fibers in Winnie mice with the loss of about 65% of 

CGRP-IR fibers in cross sections. CGRP-IR sensory fibers extensively supply the 

mucosa and submucosa where chronic inflammation is the most prominent in 

Winnie mice. CGRP released from sensory nerve fibers plays important anti-

inflammatory and protective roles: it facilitates mucus production and controls 

blood flow in the GI mucosa (Holzer 2007). It has been suggested that during 

inflammation there is a sustained increased release of CGRP, leading to 

depletion of CGRP fibers (Eysselein et al. 1992). Loss of CGRP-IR sensory fibers 

and sensory neuron dysfunction impair mucosal protection (Holzer 2007). The 

loss of about 52% of TH-IR noradrenergic fibers within myenteric ganglia 

observed in our study might contribute to impairment of motility, secretion, blood 

flow and GI immunity in Winnie mice which needs to be further investigated. It 

was suggested that the loss of noradrenergic fibers is a pro-inflammatory signal 

in the chronic phase of the intestinal inflammation (Straub et al. 2008). On the 

other hand, the density of VAChT-IR cholinergic fibers was less reduced in cross 

sections of the colon from Winnie mice. This might be due to the extensive 

projection of cholinergic fibers to the muscle layer where immune infiltration is 

less prominent. Nevertheless, concurrent significant reduction of VAChT-IR fibers 

within the myenteric ganglia suggests that excitatory cholinergic 

neurotransmission is reduced, leading to impaired motility and symptoms of 

diarrhea observed in Winnie mice.   Whether the loss of nerve fibers in 

Winnie mice is a result of chronic inflammation or whether Winnie mice are born 

with altered intestinal innervation which contributes to initial pathological changes 

in the mucosa leading to inflammation needs to be further elucidated. 

In this study, we have demonstrated a substantial loss of myenteric neurons in 

the Winnie mouse distal colon. These results are consistent with previous reports 

in both experimental models of colitis and tissues from IBD patients (Brown et al. 

2016; Bernardini et al. 2012; Sarnelli et al. 2009; Linden et al. 2005). However, 

while enteric neuronal loss associated with intestinal inflammation has been 

repeatedly reported, some studies have demonstrated increases or no change in 
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the number of myenteric neurons (Table 4.6). Variability within the literature may 

be attributable to the method of analyzing the number of myenteric neurons within 

the inflamed gut. In this study, we normalized the number of neurons to the 

ganglionic area and observed decreases in neuronal density consistent with other 

studies using this method of analysis (Brown et al. 2016; Bernardini et al. 2012; 

Gulbransen et al. 2012). The mean ganglionic area, relative to the microscopic 

field area, is increased in UC patients (Bernardini et al. 2012). Thus, reports of 

increases or no changes to neuronal numbers associated with intestinal 

inflammation may be due to absence of normalization to account for size 

differences between the ganglion. It has been suggested that the loss of enteric 

neurons in the inflamed bowel may be due to the infiltration of neutrophils into the 

myenteric ganglia (Boyer et al. 2005) and/or activation of the P2X7 receptor, 

pannexin-1-signaling complex (Gulbransen et al. 2012).  

Our results demonstrated that the number of cholinergic (ChAT-IR excitatory 

muscle motor and interneurons) neurons decreased in the distal colon of Winnie 

mice, but the density of nitrergic (nNOS-IR inhibitory muscle motor and 

interneurons) neurons were unaltered. These results are consistent with findings 

in animal models of colitis (da Silva et al. 2015; Winston et al. 2013) and in 

patients with UC (Neunlist et al. 2003). While there were no changes in the 

density of nNOS-IR neurons in Winnie mice, simultaneous decrease in the 

number of PGP9.5-IR neurons caused an increase in the proportion of nNOS-IR 

neurons. Imbalances in the number and/or proportion of inhibitory and excitatory 

myenteric neurons underlie impaired smooth muscle contractility and colonic 

dysmotility induced by inflammation (Robinson et al. 2014; Winston et al. 2013; 

Neunlist et al. 2003). Furthermore, reductions in the density of nerve fibers 

observed in Winnie mice might lead to decreased neuropeptide release and 

changes in the neurotransmission affecting alterations to GI functions.  
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Table 4.6 Effect of intestinal inflammation on the number of neurons in the myenteric plexus 

Species Pathology/model Tissue studied Preparations Number of neurons Reference 

Human UC Colon Transverse sections Threefold increase (Storsteen et al. 1953) 

Human UC Colon Cross sections 61% decrease (Bernardini et al. 2012) 

Human UC Colon LMMP preparations No change (Neunlist et al. 2003) 

Human UC Colon Transverse sections No change (Villanacci et al. 2008) 

Guinea-pig TNBS Colon LMMP preparations 15% decrease (Linden et al. 2005) 

Mouse DNBS Colon LMMP preparations 50% decrease (Boyer et al. 2005) 

Mouse DNBS Colon LMMP preparations 24% decrease (Brown et al. 2016) 

Mouse DNBS, DSS, 

Oxazolone, IL10-/- 

Colon LMMP preparations 20-30% decrease (Gulbransen et al. 

2012) 

Mouse Muc2 mutation Colon LMMP preparations 20% decrease (Rahman et al. 2016) 

Rat DNBS Colon Cross sections 50% decrease (Sanovic et al. 1999) 

Rat TNBS Colon LMMP preparations 33% decrease (Lin et al. 2005) 

Rat TNBS Colon LMMP preparations 20% decrease (Sarnelli et al. 2009) 

Rat DSS Colon LMMP preparations No change (Winston et al. 2013) 

UC = ulcerative colitis, TNBS = 2,4,6-trinitrobenzene sulfonic acid, DNBS = 2,4-dinitrobenzene sulfonic acid, DSS = dextran 

sodium sulfate.
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Similar to IBD and irritable bowel syndrome-diarrhea predominant patients, 

chronic diarrhea in Winnie mice was associated with a faster colonic transit time 

(Deiteren et al. 2010; Manabe et al. 2010; Camilleri et al. 2008; Sadik et al. 2008; 

Hebden et al. 2000). Compared with healthy control mice, OCTT was also altered 

in Winnie mice in this study. Previous studies examining murine GI transit times 

via the movements of radiopaque markers, as well as other methods (i.e., phenol 

red meal test), have reported that the orocecal or small intestinal transit time is 

greater than colonic transit time in wild-type or control mice (Myagmarjalbuu et 

al. 2013; Qiu et al. 2008). Furthermore, in experimental models of intestinal 

inflammation such as TNBS-induced colitis (Storr et al. 2008), croton oil-induced 

diarrhea (Izzo and Sharkey 2010), and intraperitoneal lipopolysaccharide 

injection (Duncan et al. 2008; Mathison et al. 2004), small intestinal transit is 

reported to be inhibited. It is considered that increased OCTTs may be due to 

electrical uncoupling and focal increase in slow-wave frequency, which lead to 

orally propagating contractions slowing the transit in the proximal small intestine 

(Der et al. 2000). Consistent with our results, many clinical studies report delays 

in small intestine transit to be correlated with IBD (Fischer et al. 2017; Niv et al. 

2014; Sadik et al. 2008). Moreover, it has been suggested that changes in 

intestinal transit resulting from inflammation, particularly faster CTT, correlate 

with changes in colonic motility (Capasso et al. 2014; Reddy et al. 1991).  

Colonic dysmotility, hypersensitivity, and dysfunction result from intestinal 

inflammation and reflect changes in smooth muscle function and/or the enteric 

nervous system (ENS) (Aldini et al. 2012; Wadie et al. 2012; Hoffman et al. 2011; 

Smith and Smid 2005; Vrees et al. 2002; O'Brien and Phillips 1996). In human 

studies, the majority of data were obtained from muscle resected at the time of 

operation. Therefore, investigation of colonic motility in IBD patients is usually 

limited to analyzing colonic segments rather than the whole colon (Vrees et al. 

2002; Koch et al. 1988). Hence, it is unsurprising that most of our knowledge 

regarding motility dysfunction in colonic inflammation has come from animal 

models. Changes in motor function have been described in animals with acute 

colitis induced by a variety of inflammatory stimuli, including infection, chemical 

irritation, and immune activation. These studies have mostly investigated smooth 
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muscle contractility in sections of the colon rather than analysis of whole colon 

motility (Aldini et al. 2012; Wadie et al. 2012; Kinoshita et al. 2006; Kiyosue et al. 

2006). Smooth muscle contractility has been examined in colon sections from 

animal models of chronic colitis, such as IL-10−/− mice, as well as from mice with 

chronic DSS-induced colitis (Park et al. 2015; Aldini et al. 2012; Ohama et al. 

2007). Although these experiments provide valuable information about the 

functional properties of isolated colonic smooth muscles, evaluation of the role of 

the ENS in inflammation-induced colonic dysmotility can only be achieved via 

studies of the whole organ. There are currently no in-depth analyses of isolated 

whole colon motility in a murine model of chronic colitis. 

Our spatiotemporal maps of isolated colonic motility revealed distinct rhythmic 

recurring patterns of motor activity in control C57BL/6 mice, consistent with 

previous studies (Spencer et al. 2013; Roberts et al. 2008a; Bush et al. 2001; 

2000). Alterations in both spatial and temporal characteristics of colonic motility 

were evident in Winnie mice. Notably, colonic motility in the C57BL/6 and Winnie 

mouse differed in the absence of external stimuli, as well as in response to rising 

intraluminal pressure. Winnie mice showed a high number of fragmented 

contractions in the colon. Fragmented contractions in the colon of C57BL/6 mice 

have previously been associated with variations in nitrergic innervation in 

different colonic regions (Chen et al. 2013a; Wang et al. 2009a). Importantly, our 

study is the first to report fragmented contractions in an experimental model of 

colitis. Previous studies have shown that the membrane potential of the circular 

layer is maintained under tonic neurogenic inhibition in the interval between 

CMMCs (Spencer et al. 1998; Fida et al. 1997). Periodic withdrawal of tonic 

inhibition, or disinhibition, can lead to generation of contractions (Spencer et al. 

1998). Therefore, coinciding with a decrease in CMMCs, the amplified 

occurrence of fragmented contractions may indicate disruption to neural inhibition 

and circuitry regulating CMMC generation. 

We observed an increased frequency of short or segmenting contractions 

between CMMCs in the Winnie mice colon. Spatially disorganized short 

contractions were also observed in C57BL/6 mice. This is consistent with 
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previous studies describing this type of motor pattern in normal intestinal motility 

(Roberts et al. 2007). The segmenting motor pattern varies from peristalsis in that 

it comprises only stationary or very short distance contractions. Hence, it is 

considered to be a specialized motor pattern for mixing and absorption (Fung et 

al. 2010; Huizinga and Chen 2014). Although short contractions were evident in 

all regions of the Winnie and C57BL/6 mouse colon, they were most frequent at 

the distal end with no constant or predictable pattern of occurrence. Under normal 

conditions, short contractions have been reported to make up a high proportion 

of activity in the distal colon (Bampton et al. 2002); however, we observed an 

exaggerated increase in spontaneous activity in the Winnie distal colon. 

The chronic intestinal inflammation in the Winnie mouse colon is associated with 

fewer propulsive propagating contractions and promotion of short contractions. 

In Winnie mice, loss of Muc2 leads to a thinner mucus layer allowing increased 

intestinal permeability and thus enhanced susceptibility to luminal toxins normally 

within the gut. The extended mixing period observed in the colons from Winnie 

mice might suggest slower colonic transit, contrary to what was seen in vivo. 

However, the faster CMMC propagation seen in this study suggests a mechanism 

for the faster colonic transit in vivo and the non-secretory diarrhea and changes 

to absorption described in UC (Van Klinken et al. 1999). This would also 

contribute to soft stools and increased fecal water content observed in Winnie 

mice. An increased propagation of contraction would reduce the contact time of 

fecal material with the inflamed mucosa and diminish absorption of water and 

electrolytes (Sarna 2010). Thus, clinical symptoms such as diarrhea may be 

associated with inhibited absorption in the colon of Winnie mice. This requires 

further investigation. 

Altered colonic motility in Winnie mice may result from challenges to ENS output 

and/or the regulatory mechanisms of smooth muscle cells. Chronic inflammation-

induced changes to motility in Winnie mice are associated with changes to 

neuromuscular transmission, including decreased purinergic fIJPs and 

cholinergic EJPs. The amplitude of fIJPs in the Winnie colon was significantly 

different from those in C57BL/6 mice. The fIJPs are mediated by ATP acting at 
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P2Y1 receptors and represent the rapid purinergic component of the IJP 

(Mutafova-Yambolieva et al. 2007). A reduction in purinergic inhibitory 

transmission in the inflamed colon is consistent with previous reports in guinea-

pig TNBS-colitis and mouse DSS-colitis (Roberts et al. 2013; Strong et al. 2010), 

where it has been concluded that an inflammation-induced decrease in the 

synthesis and release of purines contributes to a reduced purinergic 

neuromuscular transmission (Roberts et al. 2013). Inhibition of P2Y1 receptors 

slows propulsive motility in TNBS-inflamed guinea-pigs (Strong et al. 2010). 

Exogenously applied ATP to precontracted distal colon rings produced 

comparable responses in Winnie and C57BL/6 tissue. Similar findings were 

reported in TNBS-colitis (Strong et al. 2010). Thus, we conclude that interruptions 

to purinergic neurotransmission, but not alterations in the smooth muscle 

response to ATP, contribute to inflammation-induced changes in colonic motility 

in Winnie mice. 

EJPs are predominantly mediated by ACh released from cholinergic neurons 

acting at smooth muscle receptors to cause contraction (Spencer and Smith 

2001). The amplitudes of EJPs were reduced in the Winnie mouse colon, in 

contrast to previous studies of the effects of acute TNBS- and DSS-induced colitis 

on neuromuscular transmission which reported no change in EJP amplitudes 

(Roberts et al. 2013; Strong et al. 2010). Our data are consistent with our finding 

of reductions in density of cholinergic nerve fibers innervating the distal colon of 

Winnie mice, something that has also been described in UC patients (Jonsson et 

al. 2007). 

Smooth muscle contractility in response to cholinergic stimulation is also impaired 

in the Winnie distal colon. In contrast, no change in ACh-mediated contractile 

force was reported in the colon of IL-10−/− mice with chronic inflammation (Park 

et al. 2015). IL-10−/− mice provide an IBD model that closely resembles human 

CD (Hale and Greer 2012), whereas Winnie mice appear to model UC (Eri et al. 

2011). In addition, these authors used colonic sections, rather than colonic rings 

as employed in our study. Intestinal muscle hypocontractility is seen in isolated 

colonic muscle strips from both patients with UC and animal models of acute 
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colonic inflammation (Qureshi et al. 2010; Sato et al. 2007; Shi and Sarna 1999; 

Annese et al. 1997; Martinolle et al. 1997; Grossi et al. 1993; Reddy et al. 1991; 

Koch et al. 1988). 

Our study identified changes in both excitatory neuromuscular transmission and 

the smooth muscle response to carbachol suggesting that colonic dysmotility in 

Winnie mouse may result from both alterations to ENS output and smooth muscle 

cell function. Cholinergic innervation mediates the rapid component of the CMMC 

(Bywater et al. 1989). Thus, reduced CMMC frequency in the Winnie mouse colon 

may be due to impaired cholinergic output from the ENS. 

The slow nitrergic component of the IJP (sIJP) involves activation of NO and 

cyclic guanosine monophosphate (GMP) (Strong et al. 2010). Winnie and 

C57BL/6 mice had similar sIJPs in the distal colon, consistent with our findings of 

no changes to the number of nNOS neurons in the distal colon of Winnie mice 

when compared with C57BL/6 mice. Normal nitrergic sIJPs have been reported 

in acute TNBS-colitis (Strong et al. 2010). The reasons for this apparent 

protection of nitrergic neuromuscular transmission are uncertain. 

Exogenously applied NO donor SNP evoked a reduced level of smooth muscle 

relaxation in the distal colon from Winnie mice. NO-mediated relaxation of distal 

colon smooth muscle is also impaired in chronically inflamed IL-10−/− mice (Park 

et al. 2015). Similar findings have been observed in acute intestinal inflammation 

where smooth muscle relaxation in response to NO donor was decreased 

(Rajagopal et al. 2015; van Bergeijk et al. 1998). Release of inhibitory 

neurotransmitters suppresses contractile activity of the circular muscle (Farrell 

and Savage 2012; Roberts et al. 2007; Spencer et al. 1998). Subsequent to 

downregulatory mechanisms, smooth muscle response to NO is inhibited by high 

endogenous NO production as demonstrated by increased concentrations of NO 

in intestinal mucosa of IBD patients (Rachmilewitz et al. 1995; Middleton et al. 

1993; Tepperman et al. 1993). 

An impaired smooth muscle cell response may be associated with changes to 

muscle structure (Nair et al. 2014; Blennerhassett et al. 1999). We found that the 
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number of smooth muscle cells in the Winnie distal colon was significantly greater 

than in the C57BL/6 colon which is consistent with the increased muscle 

thickness of the distal colon in Winnie mice. A thickened intestinal wall occurs 

because of both hypertrophy and hyperplasia of the smooth muscle cells and is 

characteristic of inflammation in human disease and in animal models of intestinal 

inflammation (Finkelstone et al. 2012; Blennerhassett et al. 1999; 1992). It has 

been suggested that an increased number of cells with an altered contractile 

nature may challenge normal intestinal motility and is a cumulative risk for future 

obstruction, stricture formation, and fibrosis (Nair et al. 2014). Chronic 

inflammation in the Winnie distal colon would accentuate hyperplasia of smooth 

muscle cells in the colon wall, which may be associated with changes in smooth 

muscle function. Cooperation between neurally induced pacemaker activity by 

interstitial cells of Cajal and enteric neural programs in the Winnie mouse colon 

needs to be further investigated. 

4.6 Conclusion 

In conclusion, the present study demonstrates that chronic colitis in Winnie mice 

is associated with dysmotility and significant impairment of distal colon 

innervation. Furthermore, we found that cholinergic and purinergic 

neuromuscular transmission, as well as the smooth muscle cell responses to 

cholinergic and nitrergic stimulation, is altered in the chronically inflamed Winnie 

mouse colon. The reduced inhibitory purinergic responses are probably a 

prejunctional event, whereas diminished inhibitory nitrergic responses in the 

Winnie mouse colon may be due to a postjunctional mechanism. Diminished 

excitatory responses occurred both prejunctionally and postjunctionally. 

Myenteric neuronal loss and changes in cholinergic, noradrenergic and sensory 

innervation, as well as intestinal transit and colonic function observed in Winnie 

mice are similar to those seen in IBD patients; thus, this model is highly 

representative of human IBD and should be useful for studying chronic intestinal 

inflammation. 
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CHAPTER FIVE: FECAL MICROBIOTA AND METABOLOME 

IN A MOUSE MODEL OF SPONTANEOUS CHRONIC 

COLITIS: RELEVANCE TO HUMAN INFLAMMATORY 

BOWEL DISEASE 

 

The material presented in this chapter is published and has been reproduced 

here with the permission of the publisher with minor alterations: 

Robinson, A. M., Gondalia, S. V., Karpe, A. V., Eri, R., Beale, D. J., Morrison, P. 

D., Palombo, E. A., Nurgali, K. 2016. Fecal microbiota and metabolome in a 

mouse model of spontaneous chronic colitis: Relevance to human inflammatory 

bowel disease. Inflamm Bowel Dis, 22, 2627-87.  
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5.1 Summary 

Background: Dysbiosis of the gut microbiota may be involved in the 

pathogenesis of inflammatory bowel disease (IBD). However, the mechanisms 

underlying the role of the intestinal microbiome and metabolome in IBD onset and 

its alteration during active treatment and recovery remain unknown. Animal 

models of chronic intestinal inflammation with similar microbial and metabolomic 

profiles would enable investigation of these mechanisms and development of 

more effective treatments. Recently, the Winnie mouse model of colitis closely 

representing the clinical symptoms and characteristics of human IBD has been 

developed. In this study, we have analyzed fecal microbial and metabolomic 

profiles in Winnie mice and discussed their relevance to human IBD. Methods: 

The 16S rRNA gene was sequenced from fecal DNA of Winnie and C57BL/6 mice 

to define operational taxonomic units at ≥97% similarity threshold. Metabolomic 

profiling of the same fecal samples was performed by gas chromatography-mass 

spectrometry. Results: Microbial richness, diversity, and evenness were not 

altered by chronic intestinal inflammation in Winnie mice. However, composition 

of the dominant microbiota was disturbed, and prominent differences were 

evident at the phylum, class, order, family, genus and, species levels of the 

intestinal microbiome in fecal samples from Winnie mice, similar to observations 

in patients with IBD. Metabolomic profiling revealed that chronic colitis in Winnie 

mice upregulated production of metabolites and altered several metabolic 

pathways, mostly affecting amino acid synthesis and breakdown of 

monosaccharides to short chain fatty acids. Conclusions: Significant dysbiosis 

in the Winnie mouse gut replicates many changes observed in patients with IBD. 

These results provide justification for the suitability of this model to investigate 

mechanisms underlying the role of intestinal microbiota and metabolome in the 

pathophysiology of IBD. 
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5.2 Introduction 

The gastrointestinal (GI) tract harbors a highly diverse collection of 

microorganisms. The intestinal microbiota are involved in complex interactions 

between host mucosal epithelial and immune cells to shape fundamental 

physiological, metabolic, and immunological processes (Bakhtiar et al. 2013; Ley 

et al. 2008; Gill et al. 2006). Disruption to this symbiotic homeostasis and 

abnormal interactions between a host’s immune system and gut microbiota have 

been implicated in the pathogenesis of several GI disorders, including 

inflammatory bowel disease (IBD), functional dyspepsia, irritable bowel 

syndrome, diabetes and obesity (Sartor and Mazmanian 2012; Sartor 2008; Ley 

et al. 2006). However, it remains unclear whether this dysbiosis is a cause or 

consequence of these disorders. 

It is generally considered that IBD occurs due to inappropriate activation of 

intestinal mucosal immunity and an imbalanced mucosal immune response to 

commensal bacteria in genetically susceptible hosts (Chassaing and Darfeuille-

Michaud 2011). Persuasive evidence supporting an integral role for intestinal 

microbiota in IBD is provided by experimental models, where animals develop 

colitis in conventional environments, but not in the absence of commensal 

microbiota in germ-free conditions (Liu et al. 2013; Sartor 2008; Elson et al. 

2005). Furthermore, fecal and intestinal microbiota of IBD patients are 

characterized by decreased biodiversity and abnormal compositions (Manichanh 

et al. 2012; Qin et al. 2010), as well as disturbed metabolites (Thibault et al. 2010; 

Sartor 2008). Loss of beneficial microbes can provide opportunity for the 

emergence of disease-promoting microbes producing metabolites with negative 

effects on the intestine under inflammatory conditions (Dalal and Chang 2014). 

Collectively, these findings suggest the intestinal microbiota might play a role in 

initiating, maintaining, and determining the phenotype of intestinal inflammatory 

disease. However, the mechanisms underlying the role of the GI microbiome and 

metabolome in IBD onset and its alteration in the course of active treatment and 

recovery are still unknown. 
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Most intestinal microbiotas are anaerobic and difficult to identify using culture-

dependent methods (Suau et al. 1999). However, advances in DNA sequencing 

methods and development of culture-independent techniques have enabled the 

high-throughput phylogenetic study of microbial ecology and composition during 

IBD, in addition to examining the underlying molecular and metabolic 

mechanisms (Goodman et al. 2011; Schloss and Handelsman 2005). Currently, 

most detailed knowledge is available with respect to the microbial composition of 

feces because fecal material can be collected non-invasively and contains a large 

biomass of microbial cells. The large intestine has a rather uniform composition 

of luminal intestinal microorganisms, and fecal material seems to represent the 

colonic microbiota composition best (Eckburg et al. 2005). 

Experimental animal models provide an opportunity to identify gut microbial 

community members and functions in IBD, and host-microbiota responses to 

therapies. This can be difficult to discern in humans given their genetic diversity 

and variability in environmental and treatment exposures (Huttenhower et al. 

2014; Kostic et al. 2013). Many experimental models of IBD evoke acute colitis 

via chemicals or nematodes (Brierley and Linden 2014). In contrast, limited 

models of chronic intestinal inflammation exist. Recently, the Winnie mouse 

model of colitis has been developed which closely represents the clinical 

symptoms of IBD, including bloody stools, diarrhea, and weight loss (Eri et al. 

2011; Heazlewood et al. 2008). A primary intestinal epithelial defect in the mucin 

Muc2 gene alters intestinal barrier permeability and activates the interleukin (IL)-

23/Th17 pathway in Winnie mice causing the development of spontaneous 

chronic intestinal inflammation (Eri et al. 2011; Heazlewood et al. 2008). 

Additionally, defects in Paneth and goblet cells of the Winnie mouse intestine 

heighten their vulnerability to luminal antigens (McGuckin et al. 2011).  

Previous studies have described changes to histopathology, immunology, and 

intestinal innervation in the Winnie GI tract (Rahman et al. 2016; 2015; Shabala 

et al. 2013; Eri et al. 2011; Heazlewood et al. 2008). However, studies reporting 

the microbiome and metabolome signatures of Winnie mice with spontaneous 

chronic colitis are lacking. We chose to profile fecal samples from Winnie mice 
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rather than mucosal samples, since fecal material is highly representative of the 

colonic microbiome and metabolome, non-invasive to attain, and able to be 

compared to the majority of other studies investigating gut microbiota and 

metabolites in IBD patients. In this study, we investigated variations in microbial 

phyla, class and order, as well as more intricate differences at the family, genus 

and species levels between Winnie and C57BL/6 mice. In addition, we assessed 

the metabolic profiles of fecal samples from both phenotypes to determine 

changes in metabolites produced by the intestinal bacteria during colonic 

inflammation. The findings of this study will substantiate the Winnie mouse model 

of colitis to be appropriate in studying IBD-related microbiota, as well as provide 

assistance in targeting changes in microbiota as a therapy for intestinal 

inflammation.  
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5.3 Materials and methods 

5.3.1 Sample collection and DNA extraction 

Fecal samples were collected from Winnie (12wk old; n=10) and C57BL/6 (12wk 

old; n=10) mice and stored at -80C until microbial DNA was extracted. DNA was 

extracted from 0.25g of each fecal sample using MoBio PowerFecal® DNA 

Isolation Kit (Geneworks, Thebarton, South Australia) according to the 

manufacturer's instructions. Briefly, homogenization and lysis of cells was 

performed with a FastPrep-24® instrument (MP Biomedical, Seven Hills, NSW 

Australia) at 6.5m/s for 45s. Contaminating non-DNA organic and inorganic 

matter were then removed using patented Inhibitor Removal Technology®. A high 

concentration salt solution was added to assist the DNA bind to the silica spin 

filters before the DNA was cleaned with an ethanol-based wash solution to 

remove residual salt and other contaminants. Finally, a sterile elution buffer 

(10mM Tris) released the DNA from the spin column filter, yielding DNA that was 

ready for downstream applications. All centrifugation steps were carried out in a 

Heraeus Fresco-17TM centrifuge (Thermo Scientific, Scoresby, VIC, Australia) for 

1min at 13,000g.  

5.3.2 High-throughput sequence analysis 

The samples underwent high-throughput sequencing on the Illumina MiSeq 

platform at the Australian Genome Research facility (University of Queensland, 

Brisbane, Australia). Paired-end reads were assembled by aligning the forward 

and reverse reads using join_paired_ends.py. Primers were trimmed using Seqtk 

(version 1.0). Trimmed sequences were processed using Quantitative Insights 

into Microbial Ecology (QIIME 1.9) 4 USEARCH2,3 (version 8.0.1623) software 

(Caporaso et al. 2010). Briefly, de-multiplexing and quality filtering were 

performed using the split_libraries_fastq.py script for each data set. Operational 

Taxonomic Units (OTUs) were de novo picked at 97% sequence similarity 

following the USEARCH pipeline and representative sequences of each cluster 

were used to assign taxonomy through matching against the Blast 2.2.22 
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database. Evaluations present at each taxonomic level, including percentage 

compilations, represent all sequences resolved to their primary identification or 

their closest relative. Alpha diversity using alpha_diversity.py script was 

performed for species richness, Good’s coverage, Chao1, Shannon-Wiener’s 

diversity index and Simpson’s index. Weighted and unweighted UniFrac distance 

matrices were obtained through Jack-knifed beta diversities in QIIME and 

Principal Coordinate Analysis (PCoA) plots were obtained. Sample clustering and 

statistical analysis were carried out in R environment and SPSS (version 23).  

5.3.3 Metabolomic analysis 

Fecal samples from the same Winnie (n=6) and C57BL/6 (n=4) mice were 

collected for metabolic profiling. Freeze dried fecal samples (40±2mg) were 

derivatized prior to analyses by gas chromatography-mass spectrometry (GC-

MS) as described previously (Ng et al. 2012). Briefly, 1mL of methanol was added 

to the samples, immediately 13C-stearic acid (10µg/mL; HPLC grade; Sigma-

Aldrich, Castle Hill, NSW, Australia) was added as an internal standard. The 

sample was than vortexed for 2min and centrifuged at 572.5g and 4°C for 15min. 

50µL of supernatant was transferred to a clean tube and dried in an RVC 2-18 

centrifugal evaporator at 210g and 37°C (Vacubrand GMBH, Wertheim, 

Germany). All samples were stored at -80°C until further use.  

5.3.3.1 Sample silyl derivatization 

In order to derivatize the samples for GC-MS analysis, 40µL methoxamine HCl 

(2% in pyridine) was added to each sample and incubated for 45min at 37°C. To 

complete the derivatization, silylation was performed by adding 70µL BSTFA in 

1% TMCS. Samples were then incubated for an additional 1h at 70°C. Pre-

derivatized 13C-Sorbitol (Kovats Retention Index=1918.76; m/z=620.00; 

10µg/mL; HPLC grade; Sigma-Aldrich) was added as the second internal 

standard in order to verify instrument stability over the run time. Samples were 

then vortexed and centrifuged at 15682g for 5min before transferring to GC-MS 

vials. 
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5.3.3.2 Single quadrupole GC-MS 

The derivatized samples were analyzed using an Agilent 6890B Gas 

Chromatograph (GC) oven coupled with a 5973A Mass spectrometer (MS) 

detector (Agilent Technologies, Mulgrave, VIC, Australia) as described previously 

(Beale et al. 2014; 2013). Five replicates per sample were used for GC-MS 

analyses. Data acquisition and processing were performed using MassHunter. 

Qualitative identification of the compounds was performed according to the 

Metabolomics Standard Initiative (MSI) Chemical Analysis Workgroup (Sumner 

et al. 2007) using standard GC-MS reference metabolite libraries of Wiley, NIST 

11 and NIST EPA/NIH. 

5.3.4 Statistical analysis 

Two-tailed t-tests were used to compare two sets of data, assuming unequal 

variance. P<0.05 was considered significant. The data generated by mass 

spectral analyses were normalized with respect to internal standards 

(RSD=19.28%), where a magnitude of 1-fold change (FC) referred to the 

concentration of 10mg/L. Statistical analysis was performed using SIMCA 14 

(Umetrics AG, Umea, Sweden) and MetaboAnalyst 3.0 (TMIC, Edmonton, 

Canada). For metabolome: an unsupervised statistical approach using Principal 

Component Analysis (PCA) was undertaken on the data, with no clear separation 

being observed. To accommodate the outliers and enable differentiation between 

the groups based on metabolic pattern, a Partial Least Square-Discriminant 

Analysis (PLS-DA) was employed (Wold et al. 2001). The normalized 

observational distance between X modal plane (DModX) was used to find the 

residual standard of variables in PLS-DA model. 
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5.4 Results 

5.4.1 16S rRNA sequencing and bioinformatics analysis of fecal 

samples from C57BL/6 and Winnie mice 

A large quantity of gut bacteria and their metabolic products are present in feces 

creating an ideal biological sample to assess functional changes of the gut 

microbiome. To compare compositional differences in gut microbiota between 

healthy C57BL/6 control mice and Winnie mice with chronic colonic inflammation, 

we used 16S rRNA sequencing with fecal samples collected from 20 animals 

(C57BL/6: n=10, Winnie: n=10). Total DNA was extracted from the fecal samples 

and polymerase chain reaction (PCR) amplicons spanning the 16S rRNA V3-V4 

hypervariable region were sequenced. High-quality pyrosequencing yielded a 

total of 919,819 sequences from 20 fecal samples with an average of 45,990 

reads per sample (range: 22,580-68,027) (C57BL/6: 24,242±3,808 reads per 

sample, range: 11,551-48,907; Winnie: 35,072±4,072 reads per sample, range: 

21,330-53,756 [see Appendix A, Table S1]; Fig. 5.1A). To characterize the 

microbial communities, sequences were clustered into OTUs at a ≥97% similarity 

threshold. Following removal of low-quality or chimeric sequences, 11,551 high-

quality sequences per sample were available for analysis. The rarefaction curve 

of most samples approached saturation indicating sufficient reads for 

comparisons (data not shown).  

5.4.2 Microbial richness, diversity and evenness of fecal samples 

Library coverage was calculated by Good's formula (C57BL/6: 88-94%; Winnie: 

90-97%) indicating that the 16S rRNA gene sequences from each sample 

encompassed the majority of the microbiota in each mouse ([see Appendix A, 

Table S1]; Fig. 5.1B). The effect of chronic colonic inflammation on fecal 

microbiota α-diversity was assessed based on OTU richness (Chao1), diversity 

(Shannon-Wiener diversity index) and evenness (Simpson index). Community 

richness did not differ significantly between C57BL/6 and Winnie mice (P=0.18; 

[see Appendix A, Table S1]; Fig. 5.1C). Similarly, there were no statistically 
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significant differences in the diversity (P=0.72) or evenness (P=0.42) of the 

groups ([see Appendix A, Table S1]; Fig. 5.1D-E).  

Trends in community-level diversity differences were further probed by exploring 

the amount of diversity shared between samples (β-diversity) using an 

unsupervised multivariate statistical technique, PCoA. Applying unweighted 

UniFrac, the first three axes of the PCoA, plotted in Fig. 5.1F, were sufficient to 

account for 55% of the total variability. The relative contribution to variability for 

each successive axis decreased. The first principal coordinate (PC1) captured 

28% of intersample variance revealing a sharp distinction between the gut 

microbiota of C57BL/6 and Winnie mice. PC2 captured 18% and PC3 9% of 

variance further separating samples based on individual subject (Fig. 5.1F). 

Taken together, these results suggest that the gut microbiota of C57BL/6 and 

Winnie mice show both compositional individuality and temporal stability in their 

distal gut microbiota.  
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Figure 5.1. Species richness estimates and diversity indices between fecal 

samples from C57BL/6 and Winnie mice. Microbiota communities were profiled 

from healthy C57BL/6 mice and Winnie mice with chronic colonic inflammation. 

Number of reads per sample in each phenotype (A). Library coverage calculated 

by Good’s formula (B). Chao’s richness estimate detected in each group (C). 

Community diversity and evenness assessed by calculating the Shannon H’ 

(diversity) (D) and Simpson E (evenness) (E) indices based on microarray 

phylotype abundance data. Principle coordinate analysis (PCoA) of communities 

in C57BL/6 versus Winnie mice based on unweighted UniFrac distance (F). 
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5.4.3 Differences in the gut microbiome at the phylum level in fecal 

samples from C57BL/6 and Winnie mice 

In this study, 12 bacterial phyla were identified in all fecal samples (Fig. 5.2). A 

majority of the core OTUs were represented by two phyla: Bacteroidetes and 

Firmicutes, which have repeatedly been described as major and functionally 

significant components of the human intestinal microbiota (Jandhyala et al. 

2015). Although Winnie mice shared the majority of the same OTUs as healthy 

controls, quantities of core OTUs varied. In both phenotypes, Bacteriodetes was 

the most profuse phylum. Although the abundance of the Bacteriodetes phylum 

was less in fecal samples from Winnie mice (62.0±4.0%) compared to samples 

from C57BL/6 mice (66.4±6.2%), the result was not statistically significant (Fig. 

5.2). Similarly, while the Firmicutes phylum was increased in samples from 

Winnie mice (26.6±3.5% vs 22.0±6.4%), statistical significance was lacking (Fig. 

5.2). The Bacteriodetes to Firmicutes ratio was higher in samples from C57BL/6 

mice (3:1) compared to Winnie mice (2:1). Actinobacteria, Chloroflexi, 

Cyanobacteria, Deferribacteres, Nitrospirae, Proteobacteria, TM7, Tenericutes, 

Verrucomicrobia and an Unknown phylum were also identified in fecal samples 

from both phenotypes (Fig. 5.2A). A greater abundance of Actinobacteria 

(1.0±0.3% (113.6±35.8 OTUs) vs 0.1±0.0% (8.6±3.0 OTUs); P<0.01), 

Cyanobacteria (0.1±0.0% (9.8±3.4 OTUs) vs 0.0±0.0% (2.1±1.0 OTUs); P<0.05) 

and Proteobacteria (4.1±0.8% (471.9±91.9 OTUs) vs 2.3±0.3% (262.3±38.5 

OTUs); P<0.05) were represented in samples from Winnie mice, while 

Tenericutes (0.0±0.1% (2.3±2.1 OTUs) vs 0.3±0.3% (32.7±8.4 OTUs); P<0.05) 

and an Unknown phylum (4.3±0.3% (492.0±30.9 OTUs) vs 5.7±0.3% (659.5±29.5 

OTUs); P<0.01) were reduced (Fig. 5.2B). No changes were evident in 

Verrucomicrobia (1.7±0.6% vs 2.1±1.5%), Deferribacteres (0.2±0.1% vs 

0.8±0.4%), TM7 (0.1±0.1% vs 0.3±0.1%), Nitrospirae (0.0±0.0% vs 0.0±0.0%) 

and Chloroflexi phylum (0.0±0.0% vs 0.0±0.0%; Fig. 5.2B).  
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Figure 5.2. Phylum level changes in fecal gut communities. The composition 

and relative abundance estimates of bacterial phylum (%) measured in fecal 

samples from Winnie and C57BL/6 mice (A). Quantitative analysis depicting 

significant changes in phyla distribution between phenotypes (B). *P<0.05, 

**P<0.01. 
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5.4.4 Class differences in the gut microbiome in fecal samples from 

C57BL/6 and Winnie mice 

From the 12 identified phyla in samples from both phenotypes, 22 microbial 

classes were recognized (Fig. 5.3A). Clostridia (Winnie: 20.5±3.2%, 

2366.2±371.4 OTUs; C57BL/6: 21.0±6.5%, 2424.9±746.0 OTUs) and 

Erysipelotrichi (Winnie: 4.5±1.2%, 514.8±143.1 OTUs; C57BL/6: 0.5±0.4%, 

61.0±47.1 OTUs; P<0.01; Fig. 5.3B) from Firmicutes phylum, as well as 

Bacteroidia (Winnie: 62.0±4.0%, 7158.4±466.6 OTUs; C57BL/6: 66.4±6.2%, 

7666.6±715.0 OTUs) from Bacteroidetes phylum were the most prevalent in 

Winnie mice. Within the Actinobacteria phylum, 2 classes of bacteria were 

increased in samples from Winnie mice when compared to healthy controls: 

Actinobacteria (Winnie: 76.8±32.5 OTUs; C57BL/6: 5.7±3.1 OTUs; P<0.05) and 

Coriobacteria (Winnie: 36.7±12.4 OTUs; C57BL/6: 2.9±1.2 OTUs; P<0.05). 

Similarly, 4C0d-2 (Winnie: 9.5±3.3 OTUs; C57BL/6: 2.1±1.0 OTUs; P<0.05) from 

Cyanobacteria and Bacilli (Winnie: 191.3±58.9 OTUs; C57BL/6: 58.5±19.7 

OTUs; P<0.05) from Firmicutes phylum were also increased in the fecal samples 

from Winnie mice with chronic colonic inflammation (Fig. 5.3B). On the other 

hand, Mollicutes (Winnie: 2.3±2.1 OTUs; C57BL/6: 32.7±8.4 OTUs; P<0.05) from 

Tenericutes were reduced (Fig. 5.3B).  

5.4.5 Changes to microbial order in fecal samples from C57BL/6 and 

Winnie mice  

From the fecal samples of both phenotypes, 28 orders of bacteria were identified 

(Fig. 5.4A). The most dominant orders were Clostridiales (Winnie: 20.5±3.2%, 

2366.2±371.4 OTUs; C57BL/6: 21.0±6.5%, 2424.9±746.0 OTUs) from Firmicutes 

phylum and Bacteroidales (Winnie: 62.0±4.0%, 7158.4±466.6 OTUs; C57BL/6: 

66.4±6.2%, 7666.6±715.0 OTUs) from Bacteroidetes phylum. Within the 

Actinobacteria phylum, 2 orders of bacteria were increased in samples from 

Winnie mice when compared to healthy controls: Bifidobacteriales (class 

Actinobacteria) (Winnie: 76.8±32.5 OTUs; C57BL/6: 5.7±3.1 OTUs; P<0.05) and 

Coriobacteriales (class Coriobacteria) (Winnie: 36.7±12.4 OTUs; C57BL/6: 
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2.9±1.2 OTUs; P<0.05). Equally, Erysipelotrichales (class Erysipelotrichi) 

(Winnie: 514.8±143.1 OTUs; C57BL/6: 61.0±47.1 OTUs; P<0.01) and 

Lactobacillales (class Bacilli) (Winnie: 191.3±58.9 OTUs; C57BL/6: 55.8±18.9 

OTUs; P<0.05) from Firmicutes phylum, as well as YS2 (class 4C0d-2) (Winnie: 

9.5±3.3 OTUs; C57BL/6: 2.1±1.0 OTUs; P<0.05) from Cyanobacteria were also 

increased in the fecal samples from Winnie mice (Fig. 5.4B). Alternatively, 

Anaeroplasmatales (Winnie: 0.1±0.1 OTUs; C57BL/6: 11.2±3.5 OTUs; P<0.01) 

and RF39 (both from class Mollicutes) (Winnie: 2.1±2.1 OTUs; C57BL/6: 

21.5±7.9 OTUs; P<0.05) from Tenericutes were reduced (Fig. 5.4B).  
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Figure 5.3. Class level changes in fecal gut communities. The composition 

and relative abundance estimates of bacterial classes (%) measured in fecal 

samples from Winnie and C57BL/6 mice (A). Quantitative analysis depicting 

significant changes in class distribution between phenotypes (B). *P<0.05, 

**P<0.01.  
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Figure 5.4. Order level changes in fecal gut communities. The composition 

and relative abundance estimates of bacterial orders (%) measured in fecal 

samples from Winnie and C57BL/6 mice (A). Quantitative analysis depicting 

significant changes in order distribution between phenotypes (B). *P<0.05, 

**P<0.01.   
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5.4.6 Changes in fecal microbiota at the family level in Winnie mice  

Analysis of fecal samples from Winnie and C57BL/6 mice showed variances in 

the bacterial families present contributing to the differences in β-diversity and 

grouping (Fig. 5.5A). The most abundant distribution of microbial family was S24-

7 (phylum Bacteroidetes, class Bacteroidia, order Bacteroidales) followed by an 

unknown Clostridiales (phylum Firmicutes, class Clostridia, order Clostridiales). 

Amongst identified bacterial families, six were more abundant in samples from 

Winnie mice compared to samples from C57BL/6 mice: Bifidobacteriaceae 

(Winnie: 76.8±32.5 OTUs; C57BL/6: 5.7±3.1 OTUs; P<0.05) and 

Coriobacteriaceae (Winnie: 36.7±12.4 OTUs; C57BL/6: 2.9±1.2 OTUs; P<0.05) 

from Actinobacteria phylum, unknown YS2 (Winnie: 9.5±3.3 OTUs; C57BL/6: 

2.1±1.0 OTUs; P<0.05) from Cyanobacteria phylum, Lactobacilliaceae (Winnie: 

191.2±59.0 OTUs; C57BL/6: 55.8±18.9 OTUs; P<0.05) and  Erysipelotrichaceae 

(Winnie: 514.8±143.1 OTUs; C57BL/6: 61.0±47.1 OTUs; P<0.01) from Firmicutes 

phylum and Oxalobacteraceae (Winnie: 1.3±0.5 OTUs; C57BL/6: 0.1±0.1 OTUs; 

P<0.05) from Proteobacteria phylum (Fig. 5.5B). The increases in 

Bifidobacteriaceae and Coriobacteriaceae in samples from Winnie mice correlate 

with the greater abundance of the Actinobacteria phylum in this group. 

Additionally, increases in the Lactobacilliaceae and Erysipelotrichaceae families, 

as well as in the Oxalobacteraceae family and in the unknown YS2 family 

associate with increases in the Firmicutes, Proteobacteria and Cyanobacteria 

phyla in samples from Winnie mice. Certain bacterial families were reduced in 

samples from Winnie mice including Prevotellaceae (Winnie: 287.6±78.9 OTUs; 

C57BL/6: 739.3±128.6 OTUs; P<0.01), [Barnesiellaceae] (Winnie: 0.1±0.1 

OTUs; C57BL/6: 4.2±1.8 OTUs; P<0.05) and [Paraprevotellaceae] (Winnie: 

167.9±68.7 OTUs; C57BL/6: 839.2±175.2 OTUs; P<0.01) from Bacteroidetes 

phylum; Dehalobacteriaceae (Winnie: 9.9±5.7 OTUs; C57BL/6: 69.5±24.9 OTUs, 

P<0.05) and Peptococcaceae (Winnie: 0.0±0.0 OTUs; C57BL/6: 1.7±0.8 OTUs, 

P<0.05) from Firmicutes phylum; Anaeroplasmataceae (Winnie: 0.1±0.1 OTUs; 

C57BL/6: 11.2±3.5 OTUs; P<0.01) and unknown RF39 (Winnie: 2.1±2.1 OTUs; 

C57BL/6: 21.5±7.9 OTUs; P<0.05) from Tenericutes phylum (Fig. 5.5B). 
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Figure 5.5. Changes in bacterial families present in fecal samples from 

Winnie mice. The composition and relative abundance estimates of bacterial 

families (%) measured in fecal samples from Winnie and C57BL/6 mice (A). 

Quantitative analysis depicting significant changes in order distribution between 

phenotypes (B). *P<0.05, **P<0.01.   
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5.4.7 Genus level differences of microbiota in fecal samples from 

Winnie and healthy C57BL/6 mice  

At the genus level, distribution of microbiota in samples from Winnie mice was 

markedly different to samples from C57BL/6 mice (Fig. 5.6A). Specifically, the 

abundance of Bifidobacterium (Winnie: 76.8±32.5 OTUs; C57BL/6: 5.7±3.1 

OTUs; P<0.05) and unknown Coriobacteriaceae (Winnie: 22.2±6.0 OTUs; 

C57BL/6: 1.6±0.7 OTUs; P<0.01) from Actinobacteria phylum, AF12 (Winnie: 

27.2±12.1 OTUs; C57BL/6: 0.0±0.0 OTUs, P<0.05) from Bacteroidetes phylum, 

unknown YS2 (Winnie: 9.5±3.3 OTUs; C57BL/6: 2.1±1.0 OTUs; P<0.05) from 

Cyanobacteria phylum, Lactobacillus (Winnie: 191.2±59.0 OTUs; C57BL/6: 

55.8±18.9 OTUs, P<0.05) and Allobaculum (Winnie: 506.7±145.5 OTUs; 

C57BL/6: 58.9±47.0 OTUs; P<0.01) from Firmicutes phylum, Oxalobacter 

(Winnie: 1.3±0.5 OTUs; C57BL/6: 0.0±0.0 OTUs; P<0.05), unknown 

Desulfovibrionaceae (Winnie: 54.7±13.6 OTUs; C57BL/6: 1.1±0.5 OTUs; 

P<0.001) and unknown Helicobacteraceae (Winnie: 27.7±12.3 OTUs; C57BL/6: 

0.0±0.0 OTUs; P<0.05) from Proteobacteria phylum were all increased in fecal 

samples from Winnie mice (Fig. 5.6B). On the other hand, certain microbial 

families were reduced in the samples from Winnie mice: unknown Prevotellaceae 

(Winnie: 8.9±3.3 OTUs; C57BL/6: 533.8±101.4 OTUs; P<0.001), unknown 

[Barnesiellaceae] (Winnie: 0.1±0.1 OTUs; C57BL/6: 4.2±1.8 OTUs; P<0.05) and 

[Prevotella] (Winnie: 167.9±68.7 OTUs; C57BL/6: 839.2±175.2 OTUs; P<0.01) 

from Bacteroidetes phylum, Dehalobacterium (Winnie: 9.9±5.7 OTUs; C57BL/6: 

69.0±25.0 OTUs; P<0.05) and unknown Peptococcaceae (Winnie: 0.0±0.0 

OTUs; C57BL/6: 1.7±0.8 OTUs; P<0.05) from Proteobacteria phylum, as well as 

Anaeroplasma (Winnie: 0.1±0.1 OTUs; C57BL/6: 11.2±3.1 OTUs; P<0.01) and 

unknown RF39 (Winnie: 2.1±2.1 OTUs; C57BL/6: 21.5±7.9 OTUs; P<0.05)  from 

Tenericutes phylum (Fig. 5.6B). 
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Figure 5.6. Genus level changes in fecal samples from Winnie mice. The 

genus level composition and relative abundance estimates (%) measured in fecal 

samples from Winnie and C57BL/6 mice (A). Quantitative analysis depicting 

significant changes in order distribution between phenotypes (B). *P<0.05, 

**P<0.01, ***P<0.001.  
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5.4.8 Species level differences of microbiota in fecal samples from 

Winnie and healthy C57BL/6 mice  

In this study, 88 species were identified in the fecal samples analyzed and 19 of 

these species differed between phenotypes (Fig. 5.7A). In samples from Winnie 

mice, there was an increased abundance of species from Actinobacteria phylum, 

including unknown Bifidobacterium (Winnie: 13.7±5.8 OTUs; C57BL/6: 0.7±0.4 

OTUs; P<0.05), Bifidobacterium longum (Winnie: 0.5±0.2 OTUs; C57BL/6: 

0.0±0.0 OTUs; P<0.05), Bifidobacterium pseudolongum (Winnie: 61.4±26.6 

OTUs; C57BL/6: 4.9±2.6 OTUs, P<0.05) and unknown Coriobacteriaceae 

(Winnie: 22.2±6.0 OTUs; C57BL/6: 1.6±0.7 OTUs; P<0.01). In addition, unknown 

AF12 (Winnie: 27.2±12.0 OTUs; C57BL/6: 0.0±0.0 OTUs; P<0.05) from 

Bacteroidetes phylum, unknown YS2 (Winnie: 9.5±3.3 OTUs; C57BL/6: 2.1±1.0 

OTUs; P<0.05) from Cyanobacteria phylum, unknown Lactobacillus (Winnie: 

191.2±59.0 OTUs; C57BL/6: 55.8±18.9 OTUs; P<0.05) and unknown 

Allobaculum (Winnie: 506.7±145.5 OTUs; C57BL/6: 58.9±47.0 OTUs; P<0.01) 

from Firmicutes phylum, Oxalobacter formigenes (Winnie: 1.3±0.5 OTUs; 

C57BL/6: 0.0±0.0 OTUs; P<0.01), unknown Desulfovibrionaceae (Winnie: 

54.7±13.6 OTUs; C57BL/6: 1.1±0.5 OTUs; P<0.001), and unknown 

Helicobacteraceae (Winnie: 27.7±12.3 OTUs; C57BL/6: 0.0±0.0 OTUs, P<0.05) 

from Proteobacteria phylum were increased in samples from Winnie mice (Fig. 

5.7B). Certain bacterial species were found to be decreased in samples from 

Winnie mice, including: unknown Prevotellaceae (Winnie: 8.9±3.3 OTUs; 

C57BL/6: 533.8±101.4 OTUs; P<0.001), unknown [Barnesiellaceae] (Winnie: 

0.1±0.1 OTUs; C57BL/6: 4.2±1.8 OTUs; P<0.05) and [Prevotella] (Winnie: 

167.9±68.7 OTUs; C57BL/6: 839.2±175.2 OTUs; P<0.01) from Bacteroidetes 

phylum, unknown Dehalobacterium (Winnie: 9.9±5.7 OTUs; C57BL/6: 69.0±25.0 

OTUs; P<0.05) and unknown Peptococcaceae (Winnie: 0.0±0.0 OTUs; C57BL/6: 

1.7±0.8 OTUs; P<0.05) from Proteobacteria phylum, as well as unknown 

Anaeroplasma (Winnie: 0.1±0.1 OTUs; C57BL/6: 11.2±3.1 OTUs; P<0.01) and 

unknown RF39 (Winnie: 2.1±2.1 OTUs; C57BL/6: 21.5±7.9 OTUs; P<0.05)  from 

Tenericutes phylum (Fig. 5.7B). 
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Figure 5.7. Species level changes in fecal samples from Winnie mice. The 

species level composition and relative abundance estimates (%) measured in 

fecal samples from Winnie and C57BL/6 mice (A). Quantitative analysis depicting 

significant changes in order distribution between phenotypes (B). *P<0.05, 

**P<0.01, ***P<0.001.  
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5.4.9 Metabolome profiling of fecal samples from Winnie and healthy 

C56BL/6 mice 

GC-MS metabolic profiling of fecal samples from Winnie (n=6) and C57BL/6 (n=4) 

mice yielded a total of 154 metabolites. An unsupervised statistical approach 

using PCA was undertaken. The model showed three PCs accounting for 31.4% 

(component 1) and 17.2% (component 2) variance in the data with good 

predictabilities (R2X(cum)=88% and Q2(cum)=63.9%) [see Appendix A, Fig. S1]. 

Although metabolic profiles were differentiated, no clear separation was observed 

and consequently the predictability of the model remained unsatisfactory (albeit 

good). Therefore, a supervised form of discriminant analysis, PLS-DA, that relies 

on the class membership of each observation was applied. The PLS-DA model, 

based on significant components, accounted for 30.5% (component 1) and 6.26% 

(component 2) of the data variance, with higher predictabilities of 

R2X(cum)=93.4%, R2Y(cum)=97.3% and Q2(cum)=86.2% [see Appendix A, Fig. 

S2A-B]. Hence, PLS-DA better yielded metabolite discrimination compared to 

PCA analysis indicating a distinct separation between sample groups. In a 

DModX model using critical value (Dcrit), the F-distribution based size of the 

observational model area of the PCA was calculated to be 1.23. Any values 

greater than this number were considered as the moderate outliers [see Appendix 

A, Fig. S2C]. 

Of the 154 metabolites analyzed by PLS-DA, 74 were significantly different in 

samples from Winnie compared to C57BL/6 mice based on their FC and 

statistical significance, as based on FC value ≥2.0 and P value ≤ 0.05 (Table 5.1; 

Fig. 5.8). The structures of these metabolites were diverse, including 

carbohydrates (CHOs), amino acids, derivatives of CHO and amino acid 

metabolism, carboxylic acids, fatty acids, alcohols, aldehydes, alkanes and 

phenolic compounds. In particular, samples from Winnie mice showed an 

increased presence of CHOs and CHO conjugates, alcohols, carboxylic acids 

and derivatives. Certain amino acid derivatives and lipid metabolites were also 

several fold higher in Winnie mice feces compared to C57BL/6 samples (Table 

5.1; Fig. 5.8). On the other hand, samples from Winnie mice revealed significantly 
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fewer amino acid, peptides and amines, as well as lipid metabolites than in 

samples from C57BL/6 mice (Table 5.1). Overall, fecal metabolomic profiling 

demonstrated inflammation-associated alterations in metabolites produced by 

the gut microbiome and, in particular, inhibition of monosaccharide breakdown to 

short chain fatty acids (SCFAs), as well as hindrance of amino acid metabolism.  
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Table 5.1. Metabolites identified in fecal samples from Winnie (FC>2.0) and C57BL/6 (FC<2.0) mice analyzed by PLS-DA 

and t-test of GC-MS data 

Metabolites Kovats RI FC P Value m/z InChI key KEGG ID 

1-O-Methyl-alpha-D-Galactoside 2394.8 10.0 0.000 194.2 
HOVAGTYPODGVJG-

PZRMXXKTSA-N 
C03619 

Tyramine (3TMS) 1907.1 7.5 0.000 353.7 
WDQQWJKBIMOZAK-

UHFFFAOYSA-N 
C00483 

N,O-Bis(trimethylsilyl)-L-

phenylalanine/Phenylalanine 

(2TMS) 

1646.7 5.7 0.000 309.6 
DWNFNBPPSFIIBG-

UHFFFAOYSA-N 
C00079 

Butanal, 2,3,4-

tris[(trimethylsilyl)oxy]-3-

[[(trimethylsilyl)oxy]methyl]-, O-

methyloxime, (S)- 

1658.5 5.3 0.000 467.9 
OKWPSPPSKQXZNS-

WFVLPUPGSA-N 
C01412 

(+/-)-2,3-Butanediol diTMS 1048.9 5.3 0.000 234.5 
ZAPDHFWCOMITJN-

UHFFFAOYSA-N 
C03044 

Xylose, D- (1MEOX) (4TMS) 1660.4 5.2 0.000 467.9 
ZBEJHGUYYNELJI-

RQSRTLBHSA-N 
C00181   

Ferulic acid, cis- (2TMS) 2085.2 5.1 0.001 338.5 
UQBSUVIBJIXFQT-

LUAWRHEFSA-N 
C01494  

Butane, 2,3-bis(trimethylsiloxy)- 1062.0 4.8 0.000 234.5 
ZAPDHFWCOMITJN-

UHFFFAOYSA-N 
C03044 
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Table 5.1. Metabolites identified in fecal samples from Winnie (FC>2.0) and C57BL/6 (FC<2.0) mice analyzed by PLS-DA 

and t-test of GC-MS data (continued) 

Metabolites Kovats RI FC P Value m/z InChI key KEGG ID 

Ribose, D- (1MEOX) (4TMS) 1664.3 4.7 0.000 467.9 
ZBEJHGUYYNELJI-

KSZLIROESA-N 
C00121 

Uridine TMS 3038.8 4.4 0.000 532.9 
GQVVRBIFPVSHCQ-

XFQGIKGNSA-N 
C00299 

Inositol, 1,2,3,4,5,6-hexakis-O-

(trimethylsilyl)-, D-chiro- 
2080.5 4.3 0.001 613.2 

FRTKXRNTVMCAKI-

UHFFFAOYSA-N 
C00137 

Neo-Inositol, 1,2,3,4,5,6-

hexakis-O-(trimethylsilyl)- 
2080.8 4.3 0.001 613.2 

FRTKXRNTVMCAKI-

HPEVMFQJSA-N 
  

Fructose, D- (1MEOX) (5TMS) 1667.6 4.1 0.000 570.1 
ACDMQGXCXUQPRR-

QQLONMSUSA-N 
C00095  

Pyruvic acid (1MEOX) (1TMS) 1059.6 4.0 0.000 189.3 
RDATZQIINHXKAG-

SOFGYWHQSA-N 
C00022 

1-phenyl-1-(2-

trimethylsilylcyclopentyl)ethanol 
1063.7 4.0 0.000 122.2 

WRMNZCZEMHIOCP-

UHFFFAOYSA-N 
C05853 

Trimethylsiloxy-

trimethylsilylmethyl-

phenylsulphide 

1063.2 3.8 0.000 73.0   C00850   
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Table 5.1. Metabolites identified in fecal samples from Winnie (FC>2.0) and C57BL/6 (FC<2.0) mice analyzed by PLS-DA 

and t-test of GC-MS data (continued) 

Metabolites Kovats RI FC P Value m/z InChI key KEGG ID 

Phosphoric acid (3TMS) 1311.6 3.8 0.000 314.5 
QJMMCGKXBZVAEI-

UHFFFAOYSA-N 
C00009  

Xylose, D- (1MEOX) (4TMS) 1699.3 3.7 0.000 467.9 
ZBEJHGUYYNELJI-

RQSRTLBHSA-N 
C00181  

(-)-Perillyl alcohol 1699.3 3.7 0.000 152.2 
NDTYTMIUWGWIMO-

UHFFFAOYSA-N 
C02452 

D-(+)-Glucose 1698.8 3.7 0.000 180.2 
GZCGUPFRVQAUEE-

SLPGGIOYSA-N 
C00031 

Compound_105 2112.1 3.7 0.013       

Oxalic acid dihydrate 1050.4 3.6 0.000 126.1 
GEVPUGOOGXGPIO-

UHFFFAOYSA-N 
C00209  

Compound_106 2224.0 3.4 0.000       

3-(trimethylsilyl)-1,1-

diethoxypropane 
1687.2 3.3 0.002       

Glycine, N-(2-methyl-1-

oxobutyl)-, trimethylsilyl ester 
1682.1 3.3 0.001 231.4 

SZZJQCDMJUGIOJ-

UHFFFAOYSA-N 
C00037  

Mucic acid 1681.8 3.3 0.001 210.1 
DSLZVSRJTYRBFB-

DUHBMQHGSA-N 
C00879   
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Table 5.1. Metabolites identified in fecal samples from Winnie (FC>2.0) and C57BL/6 (FC<2.0) mice analyzed by PLS-DA 

and t-test of GC-MS data (continued) 

Metabolites Kovats RI FC P Value m/z InChI key KEGG ID 

3-Oxalomalate 1565.5 3.3 0.001 229.1 
RTAVNKBUIDTTIZ-

UHFFFAOYSA-N 
C01990    

Sinapyl alcohol 2102.0 3.2 0.020 210.2 
LZFOPEXOUVTGJS-

ONEGZZNKSA-N 
C02325    

Benzenepropanoic acid, 3-

[(trimethylsilyl)oxy]-, 

trimethylsilyl ester 

1723.0 3.2 0.013 310.5 
BDAIEAHTVSLQPN-

UHFFFAOYSA-N 
C05629 

S-t-Butyl ester of (3-

Trimethylsilyloxy-2-

cyclopentenyl)-thioacetic acid 

1501.8 3.0 0.000 86.5 
SGLOKVXGLTZLJN-

UHFFFAOYSA-N 
  

1H-Indole-1-acetic acid 2219.1 2.9 0.000 247.4 
QSNYXYIMLGVIJP-

UHFFFAOYSA-N 
  

2-Methyl-4-phenyl-4-

trimethylsilylbutan-2-ol 
1226.6 2.7 0.000 164.2 

YXVSKJDFNJFXAJ-

UHFFFAOYSA-N 
  

D-Ribulose 1677.8 2.7 0.004 230.1 
FNZLKVNUWIIPSJ-

UHNVWZDZSA-N 
C00309 

Fucose, DL- (1MEOX) (4TMS) 1715.0 2.7 0.000 481.9 
SXUVIFIZLGMRBJ-

PYXDERCCSA-N 
C01019 
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Table 5.1. Metabolites identified in fecal samples from Winnie (FC>2.0) and C57BL/6 (FC<2.0) mice analyzed by PLS-DA 

and t-test of GC-MS data (continued) 

Metabolites Kovats RI FC P Value m/z InChI key KEGG ID 

Lithocholic acid 1226.1 2.7 0.000 376.6 
SMEROWZSTRWXGI-

VKPXTEDRSA-N 
C03990  

Oleic acid, trimethylsilyl ester 2220.0 2.7 0.001 354.6 
GAODWSYPSJBKGB-

SEYXRHQNSA-N 
C00712  

Shikimic acid-3-phosphate 1368.1 2.6 0.000 254.1 
QYOJSKGCWNAKGW-

PBXRRBTRSA-N 
  

Octadecanoic acid, n- (1TMS) 2244.1 2.6 0.000 356.7 
DDLPZVTUKLKVQB-

UHFFFAOYSA-N 
C01530 

Ethanimidic acid, N-

(trimethylsilyl)-, trimethylsilyl 

ester 

1157.3 2.6 0.000 203.4 
SIOVKLKJSOKLIF-

UHFFFAOYSA-N 
C06244  

Glycerol (3TMS) 1314.8 2.6 0.000 308.6 
JQUGYGVCECHKBA-

UHFFFAOYSA-N 
C00116 

Phytol mixture of isomers 1727.7 2.4 0.023 296.5 
BOTWFXYSPFMFNR-

PYDDKJGSSA-N 
C01389 

3-Methyl-2-phenyl-4-

trimethylsilylbutan-2-ol 
2610.2 2.3 0.001 164.2 

KZVSJCRPDWUPEP-

UHFFFAOYSA-N 
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Table 5.1. Metabolites identified in fecal samples from Winnie (FC>2.0) and C57BL/6 (FC<2.0) mice analyzed by PLS-DA 

and t-test of GC-MS data (continued) 

Metabolites Kovats RI FC P Value m/z InChI key KEGG ID 

2-Hydroxypyridine 1047.4 2.3 0.000 95.1 
UBQKCCHYAOITMY-

UHFFFAOYSA-N 
C02502 

Benzenepropanoic acid, .alpha.-

[(trimethylsilyl)oxy]-, 

trimethylsilyl ester 

1616.7 2.3 0.000 398.7 
ZSYIYFFJWIPCPN-

UHFFFAOYSA-N 
  

L-(-)-3-Phenyllactic acid 1616.7 2.3 0.000 166.2 
VOXXWSYKYCBWHO-

UHFFFAOYSA-N 
C05607  

Compound_1 1048.9 2.2 0.000     

9,12-Octadecadienoic acid 

(Z,Z)-, trimethylsilyl ester 
2256.3 2.2 0.000 352.6 

MXGBYOVWUYSJSN-

UTJQPWESSA-N 
C01595 

Trimethylsilyl 3-(3,4-

bis[(trimethylsilyl)oxy]phenyl)-2-

[(trimethylsilyl)oxy]propanoate 

2052.6 2.2 0.000 486.9 
YUBNYNACEYYZIC-

UHFFFAOYSA-N 
  

Inulobiose (impurity: Sucrose) 2491.6 2.2 0.005 342.3  C01711 

alpha-D-Glucose-1-phosphate, 

dipotassium salt dihydrate 
2491.5 2.2 0.005 260.1 

HXXFSFRBOHSIMQ-

VFUOTHLCSA-N 
  

(3-Carboxypropyl) 

Trimethylammonium chloride 
1252.1 2.2 0.000 181.7 

GNRKTORAJTTYIW-

UHFFFAOYSA-N 
C01996 
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Table 5.1. Metabolites identified in fecal samples from Winnie (FC>2.0) and C57BL/6 (FC<2.0) mice analyzed by PLS-DA 

and t-test of GC-MS data (continued) 

Metabolites Kovats RI FC P Value m/z InChI key KEGG ID 

Methionine, DL- (2TMS) 1560.2 2.2 0.003 293.6 
JATQZWJTOMUJCG-

JTQLQIEISA-N 
C00073 

Heptadecanoic acid, 

trimethylsilyl ester 
2137.9 2.1 0.000 342.6 

KCEZRIREPDDPDI-

UHFFFAOYSA-N 
C16536 

Glycerol (3TMS) 1314.8 2.1 0.000 308.6 
JQUGYGVCECHKBA-

UHFFFAOYSA-N 
C00116 

heptadecanoic acid tert-butyl-

dimethylsilyl ester 
2110.9 2.1 0.000 384.7 

PADPNPKFJSPJIC-

UHFFFAOYSA-N 
  

Hexadecanoic acid, n- (1TMS) 2042.1 2.0 0.000 328.6 
HKNNSWCACQFVIK-

UHFFFAOYSA-N 
C00249   

Sebacic acid, bis(trimethylsilyl) 

ester 
2416.3 0.4 0.000 346.6 

BDACUOPQFMCPLO-

UHFFFAOYSA-N 
C08277 

Putrescine 4TMS 1730.9 0.3 0.005 376.9 
HALMUIBMTWWREW-

UHFFFAOYSA-N 
C00134  

Tyrosine, DL- (3TMS) 1931.9 0.3 0.002 397.7 
WMWBCQXPKSQMOK-

UHFFFAOYSA-N 
C00082  

L-Isoleucine, N-(trimethylsilyl)-, 

trimethylsilyl ester 
1335.4 0.3 0.046 275.5 

JQJPJSDLFYVVEY-

GHMZBOCLSA-N 
C00407  

http://www.genome.jp/dbget-bin/www_bget?cpd:C08277
http://www.genome.jp/dbget-bin/www_bget?cpd:C00082
http://www.genome.jp/dbget-bin/www_bget?cpd:C00407
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Table 5.1. Metabolites identified in fecal samples from Winnie (FC>2.0) and C57BL/6 (FC<2.0) mice analyzed by PLS-DA 

and t-test of GC-MS data (continued) 

Metabolites Kovats RI FC P Value m/z InChI key KEGG ID 

L-Norleucine, N-(trimethylsilyl)-, 

trimethylsilyl ester 
1335.0 0.3 0.046 275.5 

PYFDJFOVTXNRGI-

UHFFFAOYSA-N 
C01933   

Glycine (2TMS) 1161.9 0.3 0.002 219.4 
SPAJELCPLFYXLX-

UHFFFAOYSA-N 
C00037 

Cadaverine 4TMS 1830.7 0.2 0.034 390.9 
VLLJOGZFMDUFGI-

UHFFFAOYSA-N 
C01672 

2-Piperidinecarboxylic acid, 1-

(trimethylsilyl)-, trimethylsilyl 

ester 

1406.3 0.2 0.016 273.5 
CPDPZJUOATWIOD-

UHFFFAOYSA-N 
C00408  

Butyric acid, 4-amino- (2TMS) 1570.9 0.2 0.020 247.5 
ZRQMOACDJFMJPD-

UHFFFAOYSA-N 
C00246 

Phenylalanine 1TM, 3-phenyl-, 

trimethylsilyl ester, DL- 
1592.9 0.1 0.000 237.4 

NBXFAHHUVWSAFQ-

NSHDSACASA-N 
C00079 

 

http://www.genome.jp/dbget-bin/www_bget?cpd:C00037
http://www.genome.jp/dbget-bin/www_bget?C01672
http://www.genome.jp/dbget-bin/www_bget?cpd:C00246
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Figure 5.8. Differences in the metabolic profiles of fecal microbiota in 

Winnie mice compared to control. Volcano plot demonstrating discrimination 

between the metabolic profiles of fecal samples from Winnie and C57BL/6 mice. 

Metabolites marked with triangles (▲) represent statistically significant 

metabolites from Winnie, while circles (●) represent metabolites from C57BL/6 

mice. Remaining metabolites, marked as diamonds (◆), represent metabolites 

that were not statistically significant. Lines represent FC value threshold levels of 

2.0 (X-axis) and P value threshold level of 0.05 (Y-axis). 
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5.5 Discussion 

In this study, we identified the microbial composition and metabolomic profile of 

fecal samples from Winnie mice with spontaneous chronic colitis. Notable 

differences in the fecal microbiome were evident at all formal levels of bacterial 

taxonomy, the rank-based classification, including the phylum, class, order, 

family, genus and species divisions. In general, the abundance of members from 

the Actinobacteria and Proteobacteria was greater, while less Bacteroidetes and 

Tenericutes present in samples from Winnie mice. Metabolomic profiling of fecal 

samples indicated substantial changes to metabolites generated by the gut 

bacteria in Winnie mice compared to healthy C57BL/6 mice. Specifically, defects 

in SCFA production and monosaccharide breakdown, as well as hindrance to 

amino acid metabolism, were observed in the inflamed Winnie mouse colon.  

The equilibrium of the dominant microbiota was disturbed in the fecal samples 

from Winnie mice, despite species diversity remaining high. Abnormal 

composition of the intestinal microbiome, such as imbalance between beneficial 

and harmful microbes, has consistently been reported in IBD patients and animal 

models of colitis (He et al. 2016; Rooks et al. 2014; Manichanh et al. 2012; Ott et 

al. 2004; Seksik et al. 2003). In this study, 12 bacterial phyla were identified, with 

Bacteroidetes and Firmicutes dominating in both groups. Consistent with our 

results, multiple studies have demonstrated Bacteroidetes and Firmicutes to be 

the two most numerically prevalent bacteria in the human gut (Khor et al. 2011; 

Waterman et al. 2011; Frank et al. 2007; Eckburg et al. 2005). Bacteroidetes 

inhabit the mucosal surface of the intestinal tract where they modulate immune 

and intestinal functions (Lathrop et al. 2011; Comelli et al. 2008; Mazmanian et 

al. 2005; Hooper et al. 2001) while maintaining a mostly beneficial relationship 

with the host (Hooper et al. 2012; Hooper and Macpherson 2010). Although not 

statistically significant, a 4% decrease in Bacteroidetes was observed in samples 

from Winnie mice when compared to C57BL/6 mice. Several studies have 

reported reductions in Bacteroidetes to associate with IBD (Krogius-Kurikka et al. 

2009; Frank et al. 2007; Scanlan et al. 2006). However, other studies have not 

found any significant alterations (Zitomersky et al. 2013; Andoh et al. 2011; 
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Bibiloni et al. 2006; Manichanh et al. 2006) or even reported an increased 

abundance of Bacteroidetes (Lucke et al. 2006; Kleessen et al. 2002; Neut et al. 

2002). Thus, no clear consensus has been reached about total gut 

Bacteroidetes levels in patients with IBD (Walker et al. 2011; Gophna et al. 2006).  

The abundance of the Prevotellaceae family from the Bacteroidetes phyla was 

significantly reduced in samples from Winnie mice, further evident at the genus 

and species levels. This is consistent with depleted species from the 

Prevotellaceae family and members of the lineage Prevotellaceae-

Prevotella found in IBD patients (Juste et al. 2014; Lepage et al. 2011; Willing et 

al. 2010). On the other hand, increasing trends were demonstrated in Bacteroides 

species and the AF12 genus from the Rikenellaceae family, which has been 

linked with inflammation in dextran sodium sulfate (DSS)-induced colitis (Schwab 

et al. 2014), was increased in fecal samples from Winnie mice.  

Preceding proteomic data in IBD patients implies that specific 

opportunistic Bacteroides pathogens are intensified at the expense 

of Prevotella species (Juste et al. 2014), which could rationalize the shifts within 

Bacteroidetes in this study. Other studies have established decreased mucus 

secretion, reduced production of glycosylated Muc2 and increased intestinal 

permeability in both Winnie mice and ulcerative colitis (UC) patients (Heazlewood 

et al. 2008; Van Klinken et al. 1999; Tytgat et al. 1996). Additionally, elevated 

levels of bacterial mucin desulfating sulfatases have been associated with active 

UC (Tsai et al. 1995). This suggests that changes in the Bacteroidetes phyla may 

contribute to and promote chronic inflammation by impairing the function of the 

epithelial cell barrier via production of mucin desulfating sulfatases (Lucke et al. 

2006; Tsai et al. 1995).  

There was a 4% increase in the quantity of Firmicutes in samples from Winnie 

mice. In contrast, a reduced abundance of the Firmicutes phylum has been 

consistently noted in patients with IBD (Peterson et al. 2008; Frank et al. 2007; 

Gophna et al. 2006; Manichanh et al. 2006; Scanlan et al. 2006; Sokol et al. 

2006). However, the only other study investigating the microbiome in mice with 

spontaneous chronic colitis also observed increases in Firmicutes (Alkadhi et al. 
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2014). Similar to Bacteroidetes, there were shifts in the diversity of Firmicutes in 

samples from Winnie mice, which has also been described in patients with IBD 

(Frank et al. 2007; Manichanh et al. 2006; Ott et al. 2004). Within the Firmicutes, 

order Clostridiales and families Dehalobacterium, Peptococcaceae, and 

Clostridiaceae decreased. A decrease in the Clostridium groups has been 

reported in human studies (Willing et al. 2010; Manichanh et al. 2006).  However, 

Lactobacilli were increased in samples from Winnie mice, consistent with findings 

in patients with Crohn’s disease (CD) (Wang et al. 2014b). The importance of 

Erysipelotrichaceae, which increased in samples from Winnie mice, in 

inflammation-related disorders of the GI tract is highlighted by the fact that they 

have been found to be enriched in colorectal cancer (Chen et al. 2012b). 

Changes in the levels of Erysipelotrichaceae in patients with IBD or animal 

models of IBD have also been observed; however, the evidence does not seem 

to be consistent (Schaubeck et al. 2016; Labbe et al. 2014; Dey et al. 2013; 

Craven et al. 2012). 

In this study, Actinobacteria was increased in samples from Winnie mice. 

Correspondingly, enrichment in Actinobacteria is associated with IBD (Wang et 

al. 2014b) and in mice with spontaneous colitis (Alkadhi et al. 2014). Furthermore, 

fecal samples from Winnie mice comprised increased Bifidobacterium, similar to 

findings in studies investigating the IBD microbiome (Wang et al. 2014b; Willing 

et al. 2010). Previous reports have indicated that Bifidobacterium animalis 

induced mild colonic inflammation and immune responses in germ-free IL-10-

deficient mice (Moran et al. 2009), whereas B. longum diverted immune 

responses toward a pro-inflammatory profile (Medina et al. 2007). However, 

Bifidobacterium are generally considered to exert protective activities against 

pathogens, and Bifidobacteria-containing probiotics have been shown to be 

effective in reducing the severity of gut inflammation (Preising et al. 2010; Rastall 

et al. 2005). 

The Tenericutes phylum, Anaeroplasmataceae family, and genus Anaeroplasma 

were reduced in samples from Winnie mice. It has been suggested that 

Tenericutes is involved in IBD because of their ability to adhere to and fuse with 
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epithelial and immune cells (Roediger and Macfarlane 2002). Furthermore, 

increased GI transit rates are associated with decreased levels of 

Anaeroplasmataceae (Kashyap et al. 2013) and therefore, diarrhea observed in 

all Winnie mice (Heazlewood et al. 2008) may play a role in the reduced 

distribution of Tenericutes in this study. In humans, reductions in 

Anaeroplasmataceae is evident in UC (Willing et al. 2010), but there are 

contradictory reports regarding the distribution of Tenericutes in murine models 

of IBD (Nagalingam et al. 2011; Hoffmann et al. 2009). 

Significantly, more Proteobacteria were present in fecal samples from Winnie 

mice when compared with samples from C57BL/6 mice. The most often reported 

incidence of microbial expansion in IBD is that of Proteobacteria (Lupp et al. 

2007). Hence, multiple classes of Proteobacteria are associated with IBD, 

including Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, 

Deltaproteobacteria, and Epsilonproteobacteria (Mukhopadhya et al. 2012; 

Lepage et al. 2011). Consistent with our findings, increased Proteobacteria were 

reported in both the feces and appendix of Winnie mice (Alkadhi et al. 2014). The 

increase in Proteobacteria observed in samples from Winnie mice in this study 

was mostly due to a class of Betaproteobacteria, order Burkholderiales, family 

Oxalobacteraceae, and species Oxalobacter formigenes. Increased 

Oxalobacteraceae has also been reported in CD (Chiodini et al. 2015). Of the 

Epsilonproteobacteria, it is noteworthy that the Helicobacter species of the 

Helicobacteraceae family were present in samples from Winnie mice, but not in 

samples from C57BL/6 mice. This is consistent with a previous study which 

reported Helicobacter in all mice with spontaneous chronic colitis (Alkadhi et al. 

2014). Helicobacteraceae are strongly associated with clinical IBD, although it is 

not clear whether its presence is a risk or causative factor in the etiology of the 

disease (Yu et al. 2015; Thomson et al. 2011). Additionally, enterohepatic 

Helicobacter species can trigger persistent intestinal inflammation and elicit 

diarrhea in susceptible laboratory animals (Yu et al. 2015; Shomer et al. 1998). 

Expansion of the members of Enterobacteriaceae family is described in patients 

with IBD (Frank et al. 2007), consistent with what is reported in murine models of 
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IBD (Petersen and Round 2014). However, in this study, no Enterobacteriaceae, 

such as Escherichia coli, were identified in samples from Winnie mice. This may 

be correlated with the genetic mutation of the Muc2 mucin in this phenotype. 

Generally, because of high mucin expression in IBD, E. coli are able to thrive 

because they can use mucin as their primary energy source. However, there is a 

decrease/depletion in bacteria related to E. coli when the Muc gene is knocked 

out or its expression is blocked (Ren et al. 2012b; Stringer et al. 2009).  

In this study, metabolomic analysis of fecal samples was performed to assess 

metabolite profiles pertaining to chronic intestinal inflammation in Winnie mice. 

The intestinal microbiota is directly involved in the metabolism of proteins, free 

amino acids, and CHOs, producing metabolites that influence signaling pathways 

in epithelial cells, modulate the mucosal immune system of the host, and play a 

direct role in health and disease (Nicholson et al. 2012; Blachier et al. 2007; 

Schaible and Kaufmann 2005). Our results revealed significant variation in CHO 

and amino acid metabolism in Winnie mice when compared with healthy C57BL/6 

mice. 

Branched-chain amino acids (BCAAs) isoleucine and leucine, as well as other 

amino acids phenylalanine, glycine, and tyrosine were significantly reduced in 

samples from Winnie mice suggesting increased gut protein putrefaction. In 

support of our findings, decreased levels of these amino acids are reported in the 

colonic mucosa of patients with IBD (Vigsnaes et al. 2013; Ooi et al. 2011; 

Balasubramanian et al. 2009). In contrast, one study reported increased fecal 

BCAA metabolites to be associated with CD (Marchesi et al. 2007). Overall, 

metabolomic analysis of fecal samples from patients with IBD demonstrates 

major perturbation of amino acid metabolism (Bjerrum et al. 2015) resulting in 

reduced amino acid biosynthesis and CHO metabolism in favor of nutrient uptake 

(Morgan et al. 2012). A decrease in amino acids can instigate a stress response 

in the host subsequently inducing intestinal epithelial cell autophagy. This may 

be involved in the pathogenesis and/or increase the risk of IBD (Tattoli et al. 2012; 

Shiomi et al. 2011). It has been demonstrated that several amino acids, including 

glycine, are radical scavengers in epithelial injury, exhibiting anti-inflammatory 
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activity and efficacy in attenuating intestinal inflammation in animal models of 

colitis (Andou et al. 2009; Tsune et al. 2003). 

Fecal levels of leucine and isoleucine are positively correlated with Prevotella, 

Alistipes and Barnesiella, but negatively associated with Bacteroides (Neis et al. 

2015). This correlates with our findings where a reduction in Prevotellaceae and 

(Prevotella), as well as increasing levels of Bacteroides accompanied reductions 

in BCAAs. In addition, Alistipes were present in samples from healthy C57BL/6 

mice, but absent in samples from Winnie mice. Therefore, the reduction in BCAA 

metabolites in Winnie mice may be due to the reduction in BCAA metabolizing 

bacteria. Reduction in these amino acids may also be attributed to chronic 

inflammation and decreased muscle protein metabolism that may lead to 

deterioration of the mucosal lining (Mercier et al. 2002). Previous studies have 

shown that species belonging to the genera Clostridium and Bacteroides have a 

high capacity to ferment phenylalanine to phenolic compounds such as 

phenylpropionate, phenyl acetate, and/or phenyllactate (Smith and Macfarlane 

1996; Elsden et al. 1976). Furthermore, UC has been associated with the 

production of phenolic compounds through proteolytic and peptidolytic activities 

of the gut microbiota (Smith and Macfarlane 1997). Clostridium are key 

participants in tyrosine metabolism, which correlates to the decreases in 

Dehalobacterium and Peptococcaceae species observed in the samples from 

Winnie mice in this study. 

Similar to our findings, the sulfur-containing amino acid methionine was 

increased in fecal samples from patients with CD (Morgan et al. 2012). As 

homocysteine is easily convertible to methionine, this may indicate a mechanism 

of maintaining redox homeostasis. Alternatively, this may be connected to the 

increase in CHO metabolism observed in samples from Winnie mice, as cysteine 

can be metabolized to pyruvate (Morgan et al. 2012). Sulfate-reducing activity in 

the human colon is predominantly performed by members of the Desulfovibrio 

genus in the Deltaproteobacteria class (Scanlan et al. 2009). These sulfate-

reducing bacteria are positively associated with inflammation (Devkota et al. 
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2012). Importantly, in this study, the increase in methionine corresponded with 

an increase in Desulfovibrio in samples from Winnie mice. 

The levels of amino acid derivatives tyramine, putrescine, and cadaverine were 

altered in the Winnie mouse metabolome. Dysregulation of amines is associated 

with inflammation, as well as various other pathological conditions (Pegg 2009). 

Tyramine, which was increased in samples from Winnie mice, has a strong 

cytotoxic effect and elevated levels have been correlated with GI symptoms 

including nausea, abdominal cramping, and diarrhea (Linares et al. 2016). 

Studies assessing fecal levels of tyramine and IBD are lacking. However, the 

increased tyramine level observed in Winnie mice in this study correlates with the 

decreased levels of tyrosine in this phenotype. Conversely, putrescine and 

cadaverine were reduced in the fecal samples from Winnie mice. These primary 

amines are indispensable for intestinal mucosal barrier function and gut tissue 

maturation (Matsumoto et al. 2012; Matsumoto and Benno 2007). Depletion of 

putrescine levels causes G1 phase growth arrest in intestinal epithelial (IEC)-6 

cells (Li et al. 1999), alters the sensitivity of IEC-6 cells to apoptotic stimulus (Li 

et al. 2001), and is accompanied by rapid induction of nuclear factor kappa B  

(NF-κB) activation (Pfeffer et al. 2001). In patients with IBD, NF-κB activation is 

markedly increased, strongly influencing the course of mucosal inflammation 

through its capacity to promote the expression of various pro-inflammatory genes 

(Atreya et al. 2008). Clostridium, Bacteroides, and Lactobacillus are involved in 

putrescine and cadaverine metabolism (Matsumoto and Benno 2007; Noack et 

al. 2000). In this study, reduced putrescine and cadaverine levels in fecal samples 

from Winnie mice correlate with decreases in the Clostridum group. Furthermore, 

in addition to the Muc2 mutation, it is possible that mucosal inflammation in the 

Winnie mouse colon may be stimulated by NF-κB activation as a result of 

decreased putrescine. 

CHO malabsorption may occur in IBD because of the adverse inflammatory 

effects on digestive enzymes (Ziambaras et al. 1996) or inflammatory infiltrates 

acting as a nutrient diffusion barrier (Lee et al. 1988). In this study, several 

monosaccharides including glucose, fructose, xylose, ribose, ribulose, and 
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fucose were increased in samples from Winnie mice. In support of our findings, 

excessive amounts of these monosaccharides have been reported in the fecal 

samples of various animal models of colitis (Minamoto et al. 2015; Jump et al. 

2014; Hong et al. 2010). Alterations of glucose metabolism are related with 

markers of systemic and intestinal inflammation (Pradhan et al. 2003). The 

malabsorption of fructose is frequent in both CD and UC (Barrett et al. 2009) and 

associated with fostering growth of detrimental commensal enteric bacteria 

(Whitehead et al. 2011). Accelerated whole gut motility is associated with high 

ribose resulting in malabsorption, diarrhea, and disturbed energy homeostasis 

(Liu et al. 2016b; van der Burg et al. 2011; Gross and Zollner 1991). Although 

fucose, a common component of many glycans and glycolipids, is protective in 

several disease models, fucosylated glycans can also provide adhesion sites or 

receptors for pathogens (Stahl et al. 2011; Coddens et al. 2009). As such, colonic 

fucosylation was shown to increase during local inflammation in humans (Miyoshi 

et al. 2011). Furthermore, genetic markers identified as IBD susceptibility genes 

are involved in glycosylation pathways, including hepatocyte nuclear factor 4 

alpha which regulates fucose metabolism and fucosyltransferase-2 which adds 

fucose to glycoproteins (Huttenhower et al. 2014; Theodoratou et al. 2014; 

McGovern et al. 2010). An increased abundance of many genes related to CHO 

transport is associated with CD (Morgan et al. 2012). Hence, rapid delivery of 

these monosaccharides to the colonic microbiota may play a role in the 

pathophysiology of IBD (Gibson and Shepherd 2005). Additionally, the increased 

ribose in samples from Winnie mice correlates with diarrhea and disrupted colonic 

motility previously described in this phenotype (Robinson et al. 2017a; Rahman 

et al. 2015). 

The fermentation of sugar alcohols by gut bacteria and the gases produced, such 

as hydrogen and methane, can produce flatulence, abdominal cramping, 

abdominal bloating, and diarrhea (Hayes et al. 2014). Furthermore, sugar 

alcohols have been shown to result in malabsorption of other energy nutrients, in 

addition to the sugar alcohol itself (Wolever et al. 2002). Particular sugar alcohols 

including glycerol, inositol, and neo-inositol were increased in samples from 

Winnie mice. Similar to our findings, an elevated level of glycerol has been 
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reported in the feces of patients with CD (Marchesi et al. 2007), as well as in the 

colonic mucosa of rats with IBD (Varma et al. 2007). Increases in glycerol in 

samples from Winnie mice may be reflective of increases in total colonic lipid 

concentration during inflammation. Alterations in colonic mucosal lipid profiles are 

demonstrated in UC and animal models of colitis (Nieto et al. 1998; Nishida et al. 

1987). Increased colonic glycerol levels can also occur through microbial 

synthesis, release from desquamated epithelial cells, intestinal clearing of 

endogenous plasma glycerol, disrupted fat absorption in the small intestine, and 

inhibition of its absorption by certain products of fermentation (Casas and 

Dobrogosz 2011; Fujimoto et al. 2007; Kato et al. 2005). 

Glycosyl compound galactoside and mucic acid, a sugar acid, were increased in 

samples from Winnie mice. There are no reports investigating either of these 

metabolites and their effect Faecalibacterium on IBD pathogenesis. However, 

bacterial enzyme activities, especially β-D-galactosidase, a glycoside hydrolase 

enzyme that catalyzes the hydrolysis of galactosides into monosaccharides, are 

decreased in fecal extracts from patients with CD (Favier et al. 1997). Therefore, 

a reduction in this enzyme may result in accumulation of galactosides as 

observed in the fecal samples from Winnie mice. Elevated sugar acids encourage 

the growth of pathogenic bacteria in the intestinal mucosa (Horne et al. 2009). 

High levels of mucic acid have also been linked to a high fat diet and positively 

correlated with albuminuria in patients with type 2 diabetes (Hwang et al. 2015; 

Hirayama et al. 2012). Thus, the increased concentration of mucic acid in fecal 

samples from Winnie mice may be associated with an overall heightening of the 

disease state. 

The composition of the gut microbiota shifts with increased presence of complex 

glycans. As such, microorganisms that prefer these glycans, such as 

Bacteroidetes, Lactobacillus, and Bifidobacterium species, become more 

prevalent (Koropatkin et al. 2012). Other gut microbes involved in fermentation of 

undigested CHOs are Ruminococcus and Roseburia species, as well as some 

members from the Clostridium, Eubacterium, and Enterococcus groups 

(Bernalier-Donadille 2010). Lactic acid bacteria, particularly the Lactobacilli, 
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represent the best characterized group of fructophilic and glycerol microbes, but 

Bifidobacterium and are also involved in metabolism of this monosaccharide 

(Payne et al. 2012a; Endo et al. 2009). Overall, the increase in CHO metabolites 

in samples from Winnie mice correlates with increases in Lactobacillus and 

Bifidobacterium. 

A principal energy source for colonic epithelial cells, SCFAs are known to 

enhance the integrity of the intestinal epithelial barrier and modulate the GI 

immune response (Lara-Villoslada et al. 2006; Wong et al. 2006). Fecal SCFA 

content is correlated with various diseases, including IBD, thereby reinforcing the 

essential role of SCFAs in maintaining the health of colonic mucosa (Floch and 

Hong-Curtiss 2001). In this study, it was found that SCFA butyric acid was 

decreased significantly in samples from Winnie mice. Similar to our findings, 

patients with IBD have defective butyrate metabolism and diminished 

concentrations of butyric acid metabolites (Takaishi et al. 2008; Hallert et al. 

2003; Vernia et al. 1988). Reduced butyric acid in Winnie mice feces is relevant 

to their augmented level of colonic inflammation; butyric acid has widely 

acknowledged anti-inflammatory effects, inhibiting NF-κB activation and reducing 

the formation of pro-inflammatory cytokines (Inan et al. 2000; Segain et al. 2000). 

Furthermore, butyric acid fortifies the colonic defense barrier, reducing its 

permeability and increasing production of mucins and antimicrobial peptides 

(Hamer et al. 2008). As such, enemas of butyric acid have been suggested to 

play an important role in the prevention and treatment of distal UC (Breuer et al. 

1997) and CD disease (Di Sabatino et al. 2005). 

Most butyrate-producing bacteria found in human feces belong to the Clostridia 

(Louis and Flint 2009), corresponding to the decreases in certain species within 

this class in samples from Winnie mice. The Ruminococcaceae and 

Lachnospiraceae families from Clostridium clusters IV and XIVa are also adept at 

fermenting various substrates to butyrate (Onrust et al. 2015). Interestingly, these 

families were found to increase in samples from Winnie mice. One reason for this 

may be that both clusters include additional non-butyrate-producing species. 

Furthermore, epithelial butyrate metabolism may be inhibited by hydrogen sulfide 
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released by excess numbers of sulfate-reducing bacteria (Pitcher and Cummings 

1996). As mentioned above, most sulfate-reducing bacteria belong to the genus 

Desulfovibrio (Scanlan et al. 2009). Therefore, in this study, the increase of 

Desulfovibrio in samples from Winnie mice suggests a possible explanation for 

the imbalance of butyric acid metabolites and butyric acid-producing bacteria. 

Long chain fatty acids hexadecanoic acid, heptadecanoic acid, and octadecanoic 

acid were heightened 2- to 3-fold in samples from Winnie mice when compared 

with samples from healthy C57BL/6 mice. In correlation with our findings, levels 

of long chain fatty acids are increased in IBD (Antharam et al. 2016; Jansson et 

al. 2009; Romanato et al. 2009). Hexadecanoic acid is an indicator of adipocyte 

lipolysis (Sarosiek et al. 2016) and has been shown to promote inflammation (Kim 

et al. 2010b). Furthermore, hexadecenoic acid has been characterized as a toll-

like receptor-2 and toll-like receptor-4 ligand to induce inflammatory cytokines 

(Nguyen et al. 2007; Senn 2006; Shi et al. 2006). The high concentrations of 

hexadecanoic acid observed in our study and in investigations associated with 

IBD suggest enhanced lipolysis within the colon. Mostly, Lactobacillus species 

metabolize hexadecanoic acid, whereas other intestinal bacteria such as 

Akkermansia, Enterococcus, Prevotella, and Clostridium cluster XI also possess 

the ability to metabolize this fatty acid, but at a much lower level (Chen et al. 

2015). Thus, the increased numbers of Lactobacillus observed in fecal samples 

from Winnie mice in this study correlate with the increase in hexadanoic acid.  

In addition to SCFAs, polyunsaturated fatty acids contribute significantly to 

enterocyte function and pathology. In this study, we observed increased 

quantities of oleic and 9,12-octadecadienoic acids in samples from Winnie mice. 

In support of these findings, increased concentrations of these polyunsaturated 

fatty acids were observed in fecal samples from patients with CD (Jansson et al. 

2009), whereas certain lipids implicating the role of oleic acid biogenesis in the 

mechanism of colitis were found in the serum of mice with DSS-induced colitis 

(Chen et al. 2012b). The Lactobacillales, specifically Bacilli, have been reported 

to be responsible for hydrogenation of oleic acid (Kishino et al. 2013), which 

corresponds to the increase in these microbiota in samples from Winnie mice. 
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Several carboxylic acid metabolites including thiocarboxylic acid (thioacetic acid), 

keto acid (pyruvic acid), and dicarboxylic acid (oxalate), as well as tricarboxylic 

acid and phenylcarboxylic acids were increased in samples from Winnie mice 

when compared with healthy controls in this study. In UC, irritation to the colonic 

mucosa is affected by the production of thioacetic acid in addition to hydrogen 

sulfide and sulfide (Parcell 2002). Increased intestinal thioacetic acid produced 

by sulfur-producing bacteria, Desulfovibrio, may result in impairment of colonic 

epithelial cells and subsequent inflammation (Jansson et al. 2009; Roediger 

1998; Roediger et al. 1997). Hence, increases in thioacetic acid and Desulfovibrio 

species in samples from Winnie mice correlate to disruptions in thiocarboxylic 

acid metabolism and microbial shifting observed in human UC. Higher 

concentrations of pyruvic acid are also reported in fecal samples of patients with 

IBD (Huda-Faujan et al. 2010; Takaishi et al. 2008; Vernia et al. 1988). Shifts in 

levels of pyruvic acid may be caused by a number of nonspecific factors, but 

suggest changes in mitochondrial function, as well as glucose oxidative and 

nonoxidative metabolisms (Campbell et al. 2014). Furthermore, in association 

with the excessive glucose evident in samples from Winnie mice, the increased 

pyruvate concentration may reflect reduced efficiency of glucose oxidative 

metabolism. Importantly, proficient glucose/pyruvate oxidation accompanies 

improved metabolic health. The lactic acid bacteria are responsible for converting 

pyruvic acid into lactic acid. No differences in the lactic acid bacteria were 

observed between samples from Winnie and C57BL/6 mice in this study, 

indicating that elevated pyruvic acid levels in Winnie mice are most likely due to 

mitochondrial dysfunction or disrupted glucose metabolism. 

The toxin oxalate, which was increased 3-fold in samples from Winnie mice, is 

formed endogenously as a waste product of metabolism. The bacterium primarily 

responsible is the strict anaerobe Oxalobacter formigenes, which was 

correspondingly increased in Winnie mice. Oxalate that is not degraded by the 

colonic microbiota can be excreted in the feces or urine or can accumulate in the 

kidneys as calcium oxalate stones (Miller and Dearing 2013). High level of urinary 

oxalate has been reported in patients with IBD (Kumar et al. 2004; Bohles et al. 

1988). In contrast to our findings, increased urinary oxalate excretion was 
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associated with the absence of colonization with Oxalobacter formigenes (Kumar 

et al. 2004). Fatty acids and bile acids increase the permeability of colonic oxalate 

affecting the absorption and secretion of oxalate to the colon (Viana et al. 2007). 

Therefore, the levels of oxalate in Winnie mice may exceed the capacity of 

Oxalobacter formigenes, despite the increased members found in this study. 

Volatile compounds, such as alcohols, aldehydes, alkanes, ketones, and esters, 

are products of diverse metabolic pathways and the result of complex interactions 

between the colonic intestinal cells, fecal microbes, mucosal integrity, and 

invading pathogens (Arasaradnam et al. 2009; Korpi et al. 2009). In this study, 

the alcohol 2,3-butanediol was observed in samples from Winnie mice, but not in 

samples from C57BL/6 mice. There are no studies focusing on 2,3-butanediol 

and IBD. However, 2,3-butanediol is present in <5% of healthy adults (Hsieh et 

al. 2007). It has been suggested that 2,3-butanediol production is upregulated in 

a glucose-rich environment to prevent hyperacidification (Yoon and Mekalanos 

2006). Therefore, 2,3-butanediol synthesis may be upregulated in Winnie mice 

subsequent to excess glucose manifestation. Additionally, 2,3-butanediol can be 

produced by some Bacillus, of which some members were increased in samples 

from Winnie mice. 

The aldehydes, butanal and propanal and the alkane, butane were predominantly 

observed in samples from Winnie mice. Similar to our results, aldehydes and 

alkanes are significantly elevated in patients with IBD (Ahmed et al. 2016; Hicks 

et al. 2015; Pelli et al. 1999). Increased aldehyde levels prospectively represent 

oxidative stress and correspondingly, there is considerable evidence linking 

markers of oxidative stress to IBD (Rezaie et al. 2007). Disruptions to the 

intestinal barrier function associated with intestinal inflammation can instigate 

oxidative stress and produce reactive oxygen species. In turn, reactive oxygen 

species seem to have a predominant role in instigating the production of alkanes 

in inflamed tissues, manufacturing propane, butane, and ethane from BCAAs 

(Kurada et al. 2015). Hence, elevated aldehydes and alkane production in the 

Winnie mouse intestine suggest increases in lipid peroxidation and oxidative 

stress. 
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High levels of salicylic alcohol and shikimate-3-phosphate were observed in fecal 

samples from Winnie mice. Salicylic alcohol metabolism and the shikimate 

pathway are necessary for the synthesis of important metabolites, such as 

aromatic amino acids, folic acid, and ubiquinone (Bochkov et al. 2012). Salican 

hydrolyzes in the GI tract to yield salicylic alcohol and glucose, thus increased 

levels of glucose in samples from Winnie mice correlate with the increases in 

salicylic alcohol. Furthermore, salicyl alcohol is oxidized into salicylic acid on 

absorption in the colon which suggests malabsorption of this metabolite in chronic 

inflammation. Bacteria involved in metabolism of shikimate include Firmicutes 

and Bifidobacteria which is consistent with shifts in these bacteria observed in 

this study. Proteobacteria has been associated with endogenous alcohol 

production (Ren et al. 2007). Hence, amplified members of this phylum could 

account for the high levels of alcohols in fecal samples from Winnie mice. 

Importantly, excess endogenous alcohol production may contribute to a constant 

source of oxidative stress (Michail et al. 2015). 

5.6 Conclusion 

In this study, we have provided evidence of microbial shifts and subsequent 

alteration to the metabolic profiles of fecal samples from Winnie mice with chronic 

inflammation of the colon. In particular, we have observed significant dysbiosis in 

the Winnie mouse gut reflected by changes similar to those noted in patients with 

IBD. These changes correlated with increases in CHO metabolites and 

decreases in amino acid metabolites, thereby generating disrupted CHO, fat, and 

amino acid profiles in fecal samples from Winnie mice. Collectively, these results 

point to mechanisms of oxidative stress and malabsorption of nutrients in the 

colon, both of which are reported in IBD. Furthermore, alterations in the 

microbiota and metabolome associate with variations in the enteric nervous 

system previously reported in the distal colon of this phenotype. It can therefore 

be concluded that the Winnie mouse model of spontaneous chronic colitis is an 

appropriate animal model for studying mechanisms underlying the role of 

intestinal microbiota and metabolome in the pathophysiology of IBD.  
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CHAPTER SIX: A SINGLE DOSE OF MESENCHYMAL STEM 

CELL TREATMENT DOES NOT EXERT BENEFICIAL 

EFFECTS ON ENTERIC NEUROPATHY IN THE WINNIE 

MOUSE MODEL OF SPONTANEOUSLY OCCURRING 

CHRONIC COLITIS 

 

  



  

308 
 

6.1 Summary 

Background: Our previous studies have demonstrated the beneficial effects of 

mesenchymal stem cell (MSC)-based treatments in attenuating disease 

symptoms, immune response and enteric neuropathy in acute models of colitis. 

Although inflammatory bowel disease (IBD) incorporates acute flares of gut 

inflammation, it is well established as a chronic and progressive disease. There 

has been some investigation into cellular therapy for the treatment of symptoms 

and immunological changes associated with chronic gut inflammation, however 

no studies have investigated the therapeutic effect of MSCs for the attenuation of 

enteric neuropathy in a chronic model of colitis. The Winnie mouse model of 

spontaneously occurring chronic colitis has been demonstrated to be highly 

representative of human IBD. Therefore, we have chosen this animal model to 

investigate the short-term and long-term effects of MSC treatment in moderating 

inflammation and damage to the enteric nervous system (ENS) associated with 

chronic colitis. Methods: Winnie mice with chronic colonic inflammation received 

a single dose of 1×106 human bone marrow-derived MSCs or 100µL phosphate 

buffered saline (PBS) by enema. C57BL/6 mice received 100µL PBS. Colon 

tissues were collected at 3 and 60 days post MSC administration to evaluate the 

short-term and long-term effects of MSC treatment on the extent of inflammation 

and enteric neuropathy by histological and immunohistochemical analyses. 

Results: Treatment with MSCs had no effect on the level of inflammation or 

damage to the ENS associated with chronic colitis at either 3 or 60 days post 

treatment. Conclusions: A single dose of human bone marrow-derived MSCs is 

ineffective in attenuating chronic colonic inflammation and associated enteric 

neuropathy in the Winnie mouse model of colitis. Studies investigating the 

therapeutic effects of higher and/or multiple doses of MSCs in moderating ENS 

damage in the chronically inflamed Winnie mouse colon are warranted.  
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6.2 Introduction 

In cases of acute inflammation, mesenchymal stem cells (MSCs) have been 

shown to respond quickly and vigorously to the injury (Joyce et al. 2010). Hence, 

various studies have established the benefits of MSC-based treatments in an 

array of diseases (Robinson et al. 2017b; 2015; 2014; Gao et al. 2016; Zhao et 

al. 2016; Stavely et al. 2015a; 2015b; Farini et al. 2014; Tanna and Sachan 2014; 

Galindo et al. 2011; Kassis et al. 2008; Zheng et al. 2008). In particular, in 

vivo application of MSCs has been successful  for acute inflammatory events 

including sepsis (Nemeth et al. 2009), acute renal failure (Bruno et al. 2009), 

myocardial infarction (Nagaya et al. 2004) and acute lung injury (Matthay et al. 

2010). In acute neurodegenerative diseases such as ischemic stroke or spinal 

cord injury (SCI), MSCs have been demonstrated to ameliorate post-stroke/SCI 

functional impairments (Melo et al. 2017; Yousefifard et al. 2016; Onda et al. 

2008; Li et al. 2002).  

Many inflammatory bowel disease (IBD) patients suffer from acute flares of gut 

inflammation interspersed with remissions due to the relapsing nature of the 

disease (Bielefeldt et al. 2009; Carter et al. 2004). In animal models of acute 

colitis, MSCs have been demonstrated to suppress disease activity (Chen et al. 

2013b; He et al. 2012; Liang et al. 2011; Gonzalez et al. 2009), systemically 

reduce pro-inflammatory cytokines interferon-γ, interleukin (IL)-17, IL-6, and 

tumor necrosis factor-α and elevate anti-inflammatory cytokine IL-10 (Akiyama et 

al. 2012; He et al. 2012; Liang et al. 2011; Gonzalez et al. 2009; Gonzalez-Rey 

et al. 2009), as well as impede inflammation-induced enteric neuropathy in the 

colon (Chapter 2 and Chapter 3). Nonetheless, IBD is well established as a 

chronic and progressive disease (Neurath 2017; de Souza and Fiocchi 2016; 

Kaser et al. 2010); therefore, animal models of acute colitis do not completely 

reproduce the complexity of human IBD (DeVoss and Diehl 2014; Wirtz and 

Neurath 2007). 

Given the extensive therapeutic potential of MSCs, it is feasible that they will be 

appropriate for treatment of numerous chronic diseases. MSCs have been 
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successfully applied in experimental models of chronic kidney disease (Ebrahimi 

et al. 2013; Zhu et al. 2013; Eirin et al. 2012; Franquesa et al. 2012; Choi et al. 

2009; Ezquer et al. 2008; Lee et al. 2006), chronic pancreatitis (Zhou et al. 2013) 

and chronic obstructive pulmonary disease (Stessuk et al. 2013; Ribeiro-Paes et 

al. 2011). Furthermore, MSCs have provided therapeutic effect in chronic 

untreatable neurodegenerative diseases, delaying loss of motor neurons and 

prolonging motor performance in models of amyotrophic lateral sclerosis (Vercelli 

et al. 2008), as well as functional improvement and decreased demyelination in 

experimental multiple sclerosis (Karussis and Kassis 2008; Zhang et al. 2005). 

The beneficial outcomes of MSC treatment in these chronic diseases is thought 

to be due to paracrine effects, promotion of repair, suppression of inflammatory 

cytokines and overall anti-inflammatory activity of MSCs (Cheng et al. 2017; Eirin 

and Lerman 2014; Zhou et al. 2013; Joyce et al. 2010). 

MSCs have been demonstrated to protect against inflammation and lessen 

disease progression in the IL-10-/- mouse model of chronic colitis (Jung et al. 

2015). However, no studies have investigated the therapeutic effect of MSCs for 

the attenuation of enteric neuropathy in a chronic model of IBD. Previously, we 

have shown changes in gastrointestinal (GI) histopathology, immunology, 

microbiota and intestinal innervation in the Winnie mouse model of spontaneous 

chronic colitis (Robinson et al. 2017a; 2016; Rahman et al. 2016; 2015). Thus, 

we have chosen this experimental model to investigate the potential of MSC 

treatment in attenuating enteric neuropathy associated with chronic colitis. 

Furthermore, most studies have focused on the prevention and attenuation of 

inflammation in a relatively short period after administration of MSCs, therefore 

in this study we will investigate the long-term, as well as the short-term, effects of 

a single dose of bone marrow (BM)-MSCs in Winnie mice with chronic colitis.  
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6.3 Materials and methods 

6.3.1 Animals 

Winnie (12wk old; 19-29g; n=16) and C57BL/6 (12wk old; 25-30g; n=8) were 

obtained from Monash Animal Services (MAS, Melbourne, Australia). All animals 

were housed in a temperature-controlled environment with 12h day/night cycles 

and free access to food and water. All procedures performed within this study 

were approved by the Victoria University Animal Experimentation Ethics 

Committee and were conducted according to the guidelines of the Australian 

National Health and Medical Research Council. 

6.3.2 MSC culture, passaging and characterization 

Cell culture and passaging were carried out as described in Chapter 2, section 

2.3.2. Briefly, pre-established cell lines of human BM-MSCs (Tulane University, 

New Orleans, LA, USA) were cultured until the fourth passage. Cells were plated 

at an initial density of 60 cells/cm2 and incubated in expansion medium (α-

minimum essential medium (MEM) supplemented with 16.5% MSC-qualified fetal 

bovine serum (FBS), 100 U/mL penicillin/streptomycin, and 100X GlutaMAX) 

(Gibco®, Life Technologies, Mulgrave, VIC, Australia) at 37°C. Expansion 

medium was replenished every 48-72h for 10-14 days until the cells were 70-85% 

confluent (maximum). MSCs were trypsinized and collected for in vivo treatment 

of Winnie mice. As described in Chapter 2, section 2.3.3, MSCs were 

characterized for their expression of surface antigens, differentiation potential, 

and colony-forming ability. All MSCs utilized in this study met criteria for defining 

in vitro human MSC cultures proposed by the International Society for Cellular 

Therapy (ISCT) (Dominici et al. 2006). 

6.3.3 MSC treatments 

Winnie mice in the short-term and long-term MSC treatment groups were 

anaesthetized with isoflurane (induced at 3%, maintained on 1-3% isoflurane in 

O2) and administered 1×106 MSCs in 100μL of sterile phosphate buffered solution 
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(PBS) by enema into the colon via a silicone catheter. Sham-treated Winnie and 

C57BL/6 mice underwent the same procedure but were administered 100μL of 

sterile PBS only. Animals were held at an inverted angle following MSC 

treatments to prevent leakage from the rectum and were monitored daily following 

treatment. Mice were culled via cervical dislocation at 3 (short-term) or 60 days 

(long-term) after MSC or sham treatments. Colon tissues were used for histology 

and immunohistochemistry experiments. 

6.3.4 Analysis of fecal water content and colon length 

Fecal water content was calculated as described in Chapter 4, section 4.3.2. 

Briefly, following collection, stools from C57BL/6+sham, Winnie+sham, and 

Winnie+MSC-treated mice were immediately weighed to ascertain the wet 

weight. After 3 days, stools were re-weighed to establish the dry weight. The 

difference between wet and dry weight was then calculated. Immediately after 

dissection, the length of the colon from cecum to anus was measured by placing 

the colon parallel to a ruler. 

6.3.5 Assessment of fecal lipocalin-2 levels 

To assess the level of colonic inflammation in Winnie mice prior to and after 

treatment, levels of fecal lipocalin (Lcn)-2 were measured as described in Chapter 

4, section 4.3.3 (Chassaing et al. 2012). For the short-term time point study, fecal 

samples were collected from mice prior to treatment and then at 3 days after 

treatment (immediately before culling). For the long-term time point study, fecal 

samples were collected prior to treatment and then twice weekly over 60 days 

following treatment. Briefly, fecal samples were reconstituted and vortexed to 

form a homogenous fecal suspension. Levels of fecal Lcn-2 were estimated in 

the supernatants using Duoset murine Lcn-2 ELISA kit (R&D Systems, 

Minneapolis, MN, USA).  
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6.3.6 Immunohistochemistry and histology 

Immunohistochemistry and histology were performed as described in Chapter 4, 

section 4.3.4.  

6.3.6.1 Tissue preparation 

Distal colon tissues were processed for wholemount longitudinal muscle-

myenteric plexus (LMMP) preparations and cross sections. Tissues for LMMP 

and cryostat cross sections were cut open along the mesenteric border, pinned 

flat with the mucosal side up and fixed overnight with Zamboni’s fixative (2% 

formaldehyde containing 0.2% picric acid) at 4°C. After fixative removal, the 

mucosa, submucosa and circular muscle layers were removed from LMMP colon 

preparations via fine dissection to expose the myenteric plexus. Cross section 

preparations were cryoprotected and subsequently frozen in liquid nitrogen-

cooled isopentane and optimal cutting temperature (OCT; Tissue-Tek, Torrance, 

CA, USA) compound. Samples were stored at -80°C until they were cryo-

sectioned (20μm) onto glass slides for immunohistochemistry. Tissues for 

histology were fixed in 10% buffered formalin overnight at 4°C and stored in 70% 

ethanol until embedding. 

6.3.6.2 Immunohistochemistry 

Following a 1h incubation in 10% normal donkey serum (NDS; Merck Millipore, 

Bayswater, VIC, Australia), samples were incubated with primary antibodies 

(Table 6.1) overnight at room temperature. Tissues were then washed and 

incubated with secondary antibodies (Table 6.2) for 2h at room temperature prior 

to mounting with fluorescent mounting medium (DAKO, North Sydney, NSW, 

Australia). 

6.3.6.3 Histology 

For histology, tissues were embedded in paraffin, sectioned at 5μm, 

deparaffinized, cleared, and rehydrated in graded ethanol concentrations for 

hematoxylin and eosin (H&E) and Alcian blue staining.  
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Table 6.1 Primary antibodies used in this study 

Antibody 
Host 

species 
Dilution Supplier 

Application in this 

study 

Anti-β-Tubulin class III Rabbit 1:1000 Abcam, Melbourne, VIC, Australia Cross sections 

Anti-calcitonin gene-related peptide 

(CGRP) 
Rabbit 1:3000 

Sigma-Aldrich, Castle Hill, NSW, 

Australia 
LMMP preparations 

Anti-CD45 Rat 1:500 BioLegend, San Diego, CA, USA Cross sections 

Anti-choline acetyltransferase (ChAT) Goat 1:500 Merck Millipore LMMP preparations 

Anti-human leukocyte antigen (HLA)-

A,B,C (conjugated to fluorescein 

isothiocyanate (FITC)) 

Human 1:50 BioLegend Cross sections 

Anti-neuronal nitric oxide synthase 

(nNOS) 
Goat 1:500 Novus Biologicals, Littleton, CO, USA LMMP preparations 

Anti-protein gene product (PGP)-9.5 Rabbit 1:500 Abcam LMMP preparations 

Anti-tyrosine hydroxylase (TH) Sheep 1:1000 Merck Millipore LMMP preparations 

Anti-vesicular acetylcholine transporter 

(VAChT) 
Goat 1:500 Merck Millipore LMMP preparations 
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Table 6.2 Secondary antibodies used in this study 

Antibody Host species Dilution Supplier 
Application in this 

study 

Alexa Fluor 488 
Donkey anti-

rat 
1:200 

Jackson Immunoresearch 

Laboratories, PA, USA 
Cross sections 

Alexa Fluor 488 
Donkey anti-

sheep 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 

Alexa Fluor 488 
Donkey anti-

rabbit 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 

Alexa Fluor 594 
Donkey anti-

rabbit 
1:200 

Jackson Immunoresearch 

Laboratories 
Cross sections 

Alexa Fluor 647 
Donkey anti-

goat 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 

Alexa Fluor 647 
Donkey anti-

rabbit 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 

FITC 488 
Donkey anti-

goat 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 
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6.3.7 Imaging 

Images were captured using a Nikon Eclipse Ti multichannel confocal laser 

scanning system (Nikon, Tokyo, Japan). Immunolabeled sections were visualized 

and imaged by using filter combinations appropriate for the specific fluorophores 

such as FITC, Alexa 488 (excitation wavelength 488nm), Alexa 594 (excitation 

wavelength 559nm) or Alexa Fluor 647 (excitation wavelength 640nm). Z-series 

images were acquired at a nominal thickness of 0.5μm (512×512 pixels). H&E-

stained colon sections were visualized and imaged with CellSense™ software 

using an Olympus BX53 microscope (Olympus, Notting Hill, VIC, Australia). 

6.3.8 Quantitative analysis of immunohistochemical and histological 

data 

Images were analyzed using Image J software (National Institute of Health, 

Bethesda, MD, USA) as described in Chapter 4, section 4.3.6. The density of β-

Tubulin (III)-immunoreactive (IR) fibers and CD45-IR cells was measured per 

area (average of eight areas of 500μm2 per animal at ×20 magnification) in colon 

cross sections. CGRP-IR, TH-IR and VAChT-IR nerve fibers in LMMP 

preparations of the distal colon were measured from eight randomly captured 

images per preparation (total area 2mm2), as well as per ganglion (all ganglia 

within measured area). All images were captured under identical acquisition 

exposure time conditions and calibrated to standardized minimum baseline 

fluorescence. Changes in fluorescence from the baseline were calculated and the 

area of immunoreactivity was then expressed as a percentage. Myenteric 

neuronal density was assessed in wholemount LMMP preparations 

immunolabeled with anti-PGP9.5, anti-nNOS, and anti-ChAT antibodies. The 

area of all ganglia randomly captured in eight images at ×20 magnification (total 

area 2mm2) was measured and the number of neurons within each ganglionic 

area recorded. The number of neurons was normalized to a 0.1mm2 area of 

ganglia for direct comparison between groups. Histological scores were 

developed from the following parameters: aberrant crypt architecture (score 

range 0-3), increased crypt length (0-3), goblet cell depletion (0-3), crypt 
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abscesses (0-3), leukocyte infiltration (0-3), and epithelial damage and ulceration 

(0-3) (average of eight areas of 500μm2 per animal). All quantitative analyses 

were conducted blindly. 

6.3.9 Statistical analysis 

Statistical differences were determined using Prism v7.0 (Graphpad Software 

Inc., La Jolla, CA, USA). Data were considered statistically significant when 

P<0.05. Data were presented as mean±standard error of the mean (SEM), if not 

specified otherwise. 
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6.4 Results 

6.4.1 MSCs are evident at the site of inflammation 3 days after 

administration 

To determine whether locally administered human MSCs migrated to and 

engrafted within the area of tissue damage and inflammation, sections of the 

distal colon were collected from Winnie+MSC-treated mice at 3 and 60 days post 

treatment and labeled with anti-human HLA-A,B,C antibody (n=4/group; Fig. 6.1). 

Anti-HLA-A,B,C antibody distinguishes major histocompatibility complex (MHC) 

class I antigens which are found on the surface of all human nucleated cells. MSC 

migration and engraftment into the colon wall was evident by the presence of 

HLA-A,B,C-IR cells in sections from MSC-treated Winnie mice at 3 days post 

treatment (Fig. 6.1A). However, no HLA-A,B,C-IR cells were identified in sections 

from MSC-treated Winnie mice at 60 days after treatment (Fig. 6.1B).  

6.4.2 Assessment of the short-term and long-term effects of MSC 

treatment on colonic inflammation in Winnie mice 

C57BL/6+sham-treated mice did not display any symptoms of inflammation prior 

to or following sham treatment (n=4/group). Furthermore, the fecal matter of 

control mice was consistently firm with distinct pellet formation and absence of 

diarrhea (Table 6.3; Fig. 6.2A-AI, D-DI). In this investigation, all Winnie mice 

exhibited signs of intestinal inflammation, including perianal bleeding, soiled fur, 

diarrhea, soft fecal consistency and inability to form pellets, before treatment (Fig. 

6.2B-C, E-F). Furthermore, a higher fecal water content (P<0.001) and lower 

body weight (P<0.01) was calculated in Winnie mice before treatment when 

compared to C57BL/6 mice (Table 6.3; Fig. 6.3A-B). Winnie+sham-treated mice 

continued to display signs of intestinal inflammation 3 and 60 days post treatment 

(n=4/group; Table 6.3; Fig. 6.2BI, EI). Treatment with MSCs did not provide any 

effect in alleviating symptoms; perianal bleeding and inflammation with soft fecal 

consistency, not forming pellets and diarrhea, was observed in Winnie+MSC-

treated mice at both 3 and 60 days post treatment (n=4/group; Table 6.3; Fig. 
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6.2CI, FI). The fecal water content of stools from Winnie+sham and Winnie+MSC-

treated was higher than in samples from C57BL/6+sham-treated mice following 

treatment (n=4/group; P<0.001 for all; Table 6.3; Fig. 6.3A). At 3 and 60 days 

post treatment, the average body weight of Winnie+sham-treated mice was less 

than C57BL/6+sham-treated mice (n=4/group; 3 days: P<0.001; 60 days: P<0.01; 

Table 6.3; Fig. 6.3B). Additionally, the colon length of Winnie+sham-treated mice 

was significantly longer than C57BL/6+sham-treated mice (n=4/group; 3 days: 

P<0.001; 60 days: P<0.01; Table 6.3; Fig. 6.3C). The body weight and colon 

length of MSC-treated Winnie mice was similar to sham-treated Winnie mice and 

significantly different to C57BL/6+sham-treated mice at 3 and 60 days post 

treatment (n=4/group; P<0.01 for all; Table 6.3; Fig. 6.3B-C).  

Fecal Lcn-2 was quantified by ELISA in samples from C57BL/6+sham, 

Winnie+sham and Winnie+MSC-treated mice prior to and post treatment 

(n=4/group). Before treatment, the level of fecal Lcn-2 was higher in sham 

(4.5±0.7pg/mL) and MSC-treated (4.4±0.4pg/mL) Winnie mice groups when 

compared to C57BL/6 mice (0.7±0.2pg/mL), indicating colonic inflammation in 

Winnie, but not C57BL/6 mice (P<0.001 for both; Fig. 6.4A). At 3 days, levels of 

fecal Lcn-2 in samples from sham-treated Winnie mice (4.2±0.2pg/mL) remained 

higher than in samples from C57BL/6+sham-treated mice (0.7±0.1pg/mL; 

P<0.001; Fig. 6.4A). Similarly, at 60 days post treatment, Lcn-2 was significantly 

greater in fecal samples from Winnie+sham-treated (4.2±0.4pg/mL) when 

compared to samples from C57BL/6+sham-treated (0.8±0.1pg/mL) mice 

(P<0.001; Fig. 6.4A). The levels of fecal Lcn-2 in samples from MSC-treated 

Winnie mice remained similar to pre-treatment values and comparable to 

samples from sham-treated Winnie mice at both 3 (4.1±0.1pg/mL) and 60 days 

(4.4±0.5pg/mL) post treatment. Consequently, Lcn-2 was significantly higher in 

fecal samples from Winnie+MSC-treated mice when compared to 

C57BL/6+sham-treated mice at both time points (P<0.001 for both; Fig. 6.4A). 

When measured twice weekly during the 60 day experimental period, fecal Lcn-

2 levels in samples from C57BL/6+sham-treated mice were consistently lower 

than in samples from Winnie+sham and Winnie+MSC-treated mice (P<0.001 for 

all; [see Appendix B, Table S2]; Fig. 6.4B).  
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Gross morphological damage was assessed in H&E and Alcian blue-stained 

colon sections to substantiate the short-term and long-term effects of MSC 

treatment on changes to the colonic architecture associated with intestinal 

inflammation (n=4/group; Fig. 6.5). Sections from C57BL/6+sham-treated mice 

at both time points showed continuous epithelial cell lining, distinct colonic layers 

and regular arrangements of goblet cell and crypt structures (Fig. 6.5). 

Conversely, at 3 and 60 days post treatment, damage to the epithelial cell lining 

and mucosa, crypt elongation, loss of goblet cells and leukocyte infiltration was 

evident in sections from Winnie+sham-treated mice (Fig. 6.5). Sections from 

MSC-treated Winnie mice were comparable to sham-treated Winnie mice at both 

time points (Fig. 6.5). These observations were confirmed with histological 

scoring of sections which combined individual scores of the following parameters: 

aberrant crypt architecture, increased crypt length, goblet cell depletion, general 

leukocyte infiltration, crypt abscesses and epithelial damage and ulceration 

(Table 6.3). Histological scores were significantly higher in sections from 

Winnie+sham-treated mice when compared to C57BL/6+sham-treated mice at 

both 3 and 60 days post treatment. The overall histological scores for MSC-

treated Winnie mice at these time points were comparable to sham-treated 

Winnie mice and significantly greater than C57BL/6+sham-treated mice (Table 

6.3).  

The thickness of the mucosal (3 days: 199.8±4.3µm; 60 days: 203.5±5.9µm) and 

muscular (3 days: 85.5±4.0µm; 60 days: 88.8±2.1µm) layers of colon cross 

sections from C57BL/6+sham-treated mice was consistent from 3 to 60 days post 

treatment (n=4/group). Both the mucosal and smooth muscle layer of distal colon 

sections from Winnie+sham-treated mice was thicker than in sections from 

C57BL/6+sham-treated mice at 3 (mucosa: 281.3±11.0µm; muscle: 

100.8±4.5µm) and 60 days (mucosa: 283.0±9.8µm; muscle: 105.3±4.6µm) 

following treatment (n=4/group; mucosa: P<0.001 for both; muscle: P<0.05 for 

both). The thickness of layers in colon sections from MSC-treated Winnie mice at 

3 (mucosa: 278.5±14.0µm; muscle: 103.8±4.3µm) and 60 days (mucosa: 

279.8±10.5µm; muscle: 103.0±3.6µm) post treatment was comparable to 

sections from Winnie+sham-treated mice and greater than in sections from 
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C57BL/6+sham-treated mice (n=4/group; mucosa: P<0.001 for both; muscle: 

P<0.05 for both). 

Cross sections of the distal colon were immunolabeled with anti-CD45 antibody, 

specific to the leukocyte common antigen, to evaluate the short-term and long-

term effects of MSC treatment on the severity of inflammation throughout the 

colon wall (n=4/group; Fig. 6.6). Overall, sections from Winnie+sham and 

Winnie+MSC-treated mice exhibited more CD45-IR cells than in sections from 

C57BL/6+sham-treated mice at 3 and 60 days post treatment (Fig. 6.6A-CI). 

These observations were supported by quantification of CD45-IR cell density. 

Distal colon sections from C57BL/6+sham-treated mice revealed low numbers of 

leukocytes when measured throughout the whole section, as well as when 

isolated to the mucosa and muscle layers at both time points (Table 6.3; Fig. 

6.6D-F). The level of leukocyte infiltration in sections from sham-treated Winnie 

mice was higher when compared to sections from C57BL/6+sham-treated mice 

at 3 and 60 days post treatment (P<0.001 for both; Table 6.3; Fig. 6.6D). CD45-

IR in sections from Winnie+MSC-treated mice at 3 and 60 days was comparable 

to sham-treated Winnie mice, and significantly higher than tissues from 

C57BL/6+sham-treated mice (P<0.001 for both; Table 6.3; Fig. 6.6D). Similarly, 

the density of CD45-IR cells was higher in the mucosal and muscle layers of colon 

sections from Winnie+sham (mucosa - 3 days: P<0.05; 60 days: P<0.001; muscle 

- 3 days: P<0.05; 60 days: P<0.01) and Winnie+MSC-treated (mucosa - 3 days: 

P<0.05; 60 days: P<0.01; muscle - 3 days: P<0.05; 60 days: P<0.05) when 

compared to C57BL/6+sham-treated mice following treatment (Table 6.3; Fig. 

6.6E-F). 

Hence, a single dose of MSCs did not have any short-term or long-term effect on 

symptoms, fecal Lcn-2 levels, gross morphological damage to the colonic 

architecture, or immune cell infiltration associated with chronic colonic 

inflammation in Winnie mice. 
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Figure 6.1. MSC migration and engraftment within the inflamed colon. 

Migration and engraftment of human BM-MSCs to the inflamed area of the Winnie 

mouse colon was investigated using anti-HLA-A,B,C antibody, specific to human 

MHC class I. Enema applied MSCs were localized in the mucosal layer of the 

colon wall at 3 days post treatment (A; arrows). At 60 days post treatment, HLA-

A,B,C-IR cells were not detected in the distal colon from MSC-treated Winnie 

mice (B). d = days. Scale bars = 50μm.  
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Table 6.3 Evaluation of intestinal inflammation 

 C57BL/6+sham Winnie+sham Winnie+MSC 

Parameter BT 3d 60d BT 3d 60d BT 3d 60d 

Symptoms 

Diarrhea  A A A P P P P P P 

Body weight (g)  
26.7± 

0.6 

27.6± 

0.4 

30.0± 

1.0 

22.5± 

0.9** 

23.2± 

0.7*** 

26.0± 

0.4** 

22.8± 

0.9** 

23.5± 

0.9** 

26.3± 

0.5** 

Fecal water content 

(g)  

0.15± 

0.01 

0.14± 

0.01 

0.15± 

0.02 

0.25± 

0.02*** 

0.24± 

0.01*** 

0.23± 

0.003*** 

0.26± 

0.01*** 

0.23± 

0.01*** 

0.25± 

0.01*** 

Colon length (cm) - 
6.3±   

0.2 

6.4±   

0.2 
- 

8.2± 

0.2*** 

7.9± 

0.2** 
- 

8.0± 

0.4** 

7.8± 

0.4** 

Leukocyte infiltration 

Density of CD45-IR 

cells in colon cross 

sections (%) 

- 
5.4±   

0.3 

5.3±   

0.3 
- 

9.2± 

0.6*** 

9.3± 

0.3*** 
- 

8.9± 

0.2*** 

9.3± 

0.3*** 

Density of CD45-IR 

cells in the mucosa 

(%) 

- 
6.9±   

0.3 

6.8±   

1.0 
- 

10.1± 

1.0* 

11.1± 

0.4*** 
- 

10.0± 

0.6* 

10.6±0.5

** 

Density of CD45-IR 

cells in the muscle 

(%) 

- 
2.3±   

0.2 

2.5±   

0.3 
- 

4.3±  

0.6* 

4.9±  

0.5** 
- 

4.1±  

0.7* 

4.4±  

0.5* 
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Table 6.3 Evaluation of intestinal inflammation (continued) 

 C57BL/6+sham Winnie+sham Winnie+MSC 

Parameter BT 3d 60d BT 3d 60d BT 3d 60d 

Histological scoring 

Aberrant crypt 

architecture (0-3) 
- 

0.5±   

0.3 

0.3±   

0.3 
- 

2.3±  

0.3* 

2.3± 

0.5** 
- 

2.3±  

0.3* 

2.0±  

0.6* 

Increased crypt length 

(0-3) 
- 

0.3±   

0.3 

0.3±   

0.3 
- 

2.5± 

0.3*** 

2.8± 

0.5*** 
- 

2.8± 

0.3*** 

2.5± 

0.5*** 

Goblet cell depletion 

(0-3) 
- 

0.5±   

0.3 

0.5±   

0.3 
- 

2.0±   

0.0* 

2.3± 

0.5** 
- 

2.0±  

0.4* 

2.0±  

0.4* 

General leukocyte 

infiltration (0-3) 
- 

0.8±   

0.3 

0.8±   

0.3 
- 

2.3±  

0.3* 

2.3±  

0.5* 
- 

2.3±  

0.5* 

2.5±  

0.3* 

Crypt abscesses (0-3) - 
0.5±   

0.3 

0.5±   

0.3 
- 

2.5± 

0.3*** 

2.8± 

0.3*** 
- 

2.5± 

0.3*** 

2.5± 

0.3*** 

Epithelial damage 

and ulceration (0-3) 
- 0.8±0.3 

0.8±   

0.3 
- 

2.5±  

0.3* 

2.5±  

0.5* 
- 

2.5±  

0.5* 

2.3±  

0.5* 

Overall histological 

score (out of 18)  
- 3.5±0.9 

3.0±   

0.7 
- 

14.0± 

0.9*** 

14.8± 

1.3*** 
- 

14.3± 

1.5*** 

13.8± 

1.7*** 

BT = before treatment, d = days, A = absent, P = prominent. *P<0.05, **P<0.01, ***P<0.001 when compared to C57BL/6+sham-

treated mice. 
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Figure 6.2. The short-term and long-term effects of MSC treatment on pellet 

formation. Fecal samples collected from C57BL/6+sham, Winnie+sham, and 

Winnie+MSC-treated mice pre treatment (A-F), as well as 3 (AI-CI) and 60 days 

(DI-FI) post treatment. d = days. 
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Figure 6.3. The short-term and long-term effects of MSC treatment on fecal 

water content, body weight and colon length. Fecal water content (wet weight 

minus dry weight) of stools (A), body weight (B), and colon length (C) of 

C57BL/6+sham, Winnie+sham, and Winnie+MSC-treated mice before treatment, 

as well as 3 and 60 days post treatment. d = days. **P<0.01, ***P<0.001 when 

compared to C57BL/6+sham-treated mice. 
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Figure 6.4. Assessment of the short-term and long-term effects of MSC 

treatment on colonic inflammation with fecal lipocalin (Lcn)-2. Average Lcn-

2 levels quantified in fecal samples from C57BL/6+sham, Winnie+sham, and 

Winnie+MSC-treated mice before treatment (BT), as well as 3 and 60 days post 

treatment (A). Fecal samples were collected twice weekly for 60 days to assess 

any changes in the level of intestinal inflammation during the experimental period 

(B). d = days. ***P<0.001 when compared to C57BL/6+sham-treated mice. 

  



  

331 
 



  

332 
 

 

 

 

 

 

 

 

 

Figure 6.5. Histological assessment of the short-term and long-term effects 

of MSC treatment on colonic inflammation in Winnie mice. Gross 

morphological changes to the colonic architecture and mucin expression was 

assessed by hematoxylin and eosin (H&E) (A) and Alcian blue (B) staining of 

cross sections of the distal colon from C57BL/6+sham, Winnie+sham, and 

Winnie+MSC-treated mice 3 and 60 days post treatment. d = days. Scale bars = 

50μm (A), 20μm (B).   
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Figure 6.6. Short-term and long-term effects of MSC treatment on leukocyte 

infiltration in Winnie mice. Anti-CD45 antibody was used to label infiltrating 

leukocytes within the colon wall from C57BL/6+sham, Winnie+sham, and 

Winnie+MSC-treated mice 3 and 60 days post treatment (A-CI). d = days. Scale 

bars = 100μm. Quantitative analyses of CD45-IR cells throughout the colon wall 

(D), in the mucosa (E) and within the muscular layers (F). *P<0.05, **P<0.01, 

***P<0.001 when compared to C57BL/6+sham-treated mice.  
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6.4.3 No changes in the density of nerve fibers in the distal colon of 

Winnie mice at 3 and 60 days post MSC treatment 

Nerve fibers in the mucosa and smooth muscle of the distal colon were identified 

with anti-β-Tubulin (III) antibody in cross sections from C57BL/6+sham, 

Winnie+sham and Winnie+MSC-treated mice (n=4/group; Fig. 6.7A-CI). Sections 

from all C57BL/6+sham-treated mice revealed systematic arrangement of β-

Tubulin (III)-IR fibers within the mucosal and muscular layers of the colonic wall 

(Fig. 6.7A-AI). β-Tubulin (III)-IR fibers were broken and irregularly dispersed in 

colon sections from sham-treated Winnie mice at 3 and 60 days post treatment 

(Fig. 6.7B-BI). Similar arrangements of β-Tubulin (III)-IR fibers were observed in 

sections from MSC-treated Winnie mice at both time points (Fig. 6.7C-CI). 

Quantification of β-Tubulin (III)-IR fibers supported these observations revealing 

a reduced nerve fiber density throughout the colon wall in sections from 

Winnie+sham (3 days: 4.8±0.6%; 60 days: 5.2±0.2%) and Winnie+MSC-treated 

(3 days: 5.6±0.5%; 60 days: 5.2±0.5%) mice when compared to C57BL/6+sham-

treated mice (3 days: 8.9±0.7%; 60 days: 9.0±0.3%) at both 3 and 60 days post 

treatment (P<0.001 for all; Fig. 6.7D). When analysis was isolated to the mucosal 

and muscular layers of the colon, sections from Winnie+sham (mucosa: 

2.8±0.4%; muscle: 10.3±1.3%) and Winnie+MSC-treated (mucosa: 3.5±0.5%; 

muscle: 11.1±1.0%) mice showed consistently diminished nerve fiber densities 

at 3 days post treatment when compared to C57BL/6+sham-treated mice 

(mucosa: 7.2±0.9%, P<0.001 for both; muscle: 14.7±0.2%, P<0.05 for both; Fig. 

6.7E-F). Similar results were evident at 60 days following treatment when β-

Tubulin (III)-IR fiber density was greater in the mucosa and smooth muscle of 

distal colon sections from C57BL/6+sham-treated (mucosa: 6.7±0.5%; muscle: 

14.7±0.3%) compared to Winnie+sham (mucosa: 3.2±0.2%; muscle: 11.2±0.9%) 

and Winnie+MSC-treated (mucosa: 2.9±0.1%; muscle: 11.2±0.2%) mice 

(mucosa: P<0.001 for both; muscle: P<0.05 for both; Fig. 6.7E-F). No changes in 

nerve fiber density were evident in colon sections from Winnie+sham when 

compared to Winnie+MSC-treated mice at either time point. 
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6.4.4 No changes in the density of cholinergic nerve fibers in the distal 

colon of Winnie mice at 3 and 60 days post MSC treatment 

Cholinergic fibers were identified by anti-VAChT antibody in wholemount LMMP 

preparations of the distal colon from C57BL/6+sham, Winnie+sham, and 

Winnie+MSC-treated mice at 3 and 60 days post treatment (n=4/group; Fig. 6.8A-

CI). VAChT-IR fibers were plentiful within the myenteric plexus of tissues from 

C57BL/6+sham-treated mice at both 3 (ganglia: 31.2±1.7%; area: 8.3±0.4%) and 

60 days (ganglia: 29.7±0.8%; area: 7.8±0.4%) following treatment (Fig. 6.8A-AI, 

D-E). There was a significant reduction in the density of VAChT-IR fibers in 

tissues from Winnie+sham (ganglia: 24.0±0.8%; area: 5.7±0.3%) and 

Winnie+MSC-treated (ganglia: 24.5±0.9%; area: 6.2±0.1%) mice when 

compared to C57BL/6+sham-treated mice at 3 days post treatment (P<0.001 for 

all; (Fig. 6.8B, C, D-E). Similarly, diminished cholinergic fibers were quantified in 

LMMP preparations from Winnie+sham (ganglia: 24.7±0.4%; area: 5.5±0.2%) 

and Winnie+MSC-treated (ganglia: 24.2±0.8%; area: 5.3±0.2%) mice when 

compared to C57BL/6+sham-treated mice at 60 days post treatment (ganglia: 

P<0.01 for both; area: P<0.001 for both; Fig. 6.8BI, CI, D-E). There were no 

differences in cholinergic fiber density in LMMP preparations of the distal colon 

from Winnie+sham and Winnie+MSC-treated mice when measured per ganglion 

or per area at either time point (Fig. 6.8D-E). 

6.4.5 No changes in the density of noradrenergic nerve fibers in the 

distal colon of Winnie mice at 3 and 60 days post MSC treatment 

To assess the short-term and long-term effects of MSC treatment on 

noradrenergic nerve fibers, we evaluated changes in their expression by 

quantifying the density of TH-IR fibers in LMMP preparations of the colon from 

C57BL/6+sham, Winnie+sham and Winnie+MSC-treated mice 3 and 60 days 

post treatment (n=4/group; Fig. 6.9A-CI). TH-IR fibers were abundantly 

distributed throughout the myenteric plexus of C57BL/6+sham-treated mice at 3 

(ganglia: 22.9±0.9%; area: 6.1±0.1%) and 60 days (ganglia: 23.1±0.6%; area: 

6.3±0.1%) post treatment (Fig. 6.9A-AI, D-E). The density of TH-IR fibers was 
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significantly less in LMMP preparations of the distal colon from Winnie+sham-

treated (ganglia: 15.1±0.5%; area: 3.6±0.1%) and Winnie+MSC-treated (ganglia: 

14.9±0.7%; area: 3.7±0.2%) mice at 3 days when compared to tissues from 

C57BL/6+sham-treated mice (P<0.001 for all; Fig. 6.9B, C, D-E). Similarly, when 

compared to colons from C57BL/6+sham-treated mice at 60 days post treatment, 

TH-IR fibers were reduced in LMMP preparations from Winnie+sham-treated 

(ganglia: 15.3±0.4%; area: 3.7±0.1%) and Winnie+MSC-treated (ganglia: 

15.4±1.0%; area: 3.5±0.1%) mice (P<0.001 for all; Fig. 6.9BI, CI, D-E). There was 

no difference in TH-IR fiber density in colon tissues from Winnie+sham-treated 

and Winnie+MSC-treated mice at either time point.    

6.4.6 No changes in the density of sensory nerve fibers in the distal 

colon of Winnie mice at 3 and 60 days post MSC treatment 

Sensory nerve fibers were labeled with anti-CGRP antibody in wholemount 

LMMP preparations of the distal colon from C57BL/6+sham, Winnie+sham and 

Winnie+MSC-treated mice 3 and 60 days post treatment (n=4/group; Fig. 6.10A-

CI). CGRP-IR fibers were liberally dispersed throughout the myenteric plexus in 

LMMP preparations from C57BL/6+sham-treated mice (Fig. 6.10A-AI). Less 

extensive sensory fiber IR was observed in tissues from Winnie+sham and 

Winnie+MSC-treated mice at 3 and 60 days post treatment (Fig. 6.10B-CI). 

Quantitative analyses revealed significantly less CGRP-IR fibers in preparations 

from Winnie+sham (ganglia: 18.9±0.6%; area: 4.9±0.2%) and Winnie+MSC-

treated mice (ganglia: 20.5±0.9%; area: 5.0±0.4%) when compared to 

C57BL/6+sham-treated mice (ganglia: 28.9±0.9%; area: 6.7±0.3%) at 3 days 

after treatment (P<0.001 for all; Fig. 6.10D-E). Similarly, at 60 days post 

treatment, there was a higher density of sensory fibers in LMMP preparations in 

C57BL/6+sham-treated mice (ganglia: 28.7±1.0%; area: 6.7±0.2%) than sham-

treated (ganglia: 19.6±1.7%; area: 4.8±0.4%) and MSC-treated (ganglia: 

20.9±1.4%; area: 4.8±0.3%) Winnie mice (P<0.01 for all; Fig. 6.10D-E). There 

were no differences in the density of sensory fibers in samples from 

Winnie+sham-treated and Winnie+MSC-treated at both time points.  
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Figure 6.7. Short-term and long-term effects of MSC treatment on nerve 

fiber density in Winnie mice. Nerve fibers were labeled with anti-β-Tubulin (III) 

antibody in cross sections of the distal colon from C57BL/6+sham, Winnie+sham 

and Winnie+MSC-treated mice 3 and 60 days post treatment (A-CI). d = days. 

Scale bars = 100μm. Quantitative analyses of β-Tubulin (III)-IR fibers throughout 

the colon wall (D), in the mucosa (E) and within the muscular layers (F). *P<0.05, 

***P<0.001 when compared to C57BL/6+sham-treated mice. 
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Figure 6.8. Short-term and long-term effects of MSC treatment on 

cholinergic nerve fiber density in Winnie mice. Anti-VAChT antibody was 

used to label cholinergic nerve fibers in LMMP preparations of the distal colon 

from C57BL/6+sham, Winnie+sham and Winnie+MSC-treated mice 3 and 60 

days post treatment (A-CI). d = days.  Scale bars = 100μm. Quantitative analyses 

of VAChT-IR fibers per ganglion (D) and per 2mm2 area (E) of the colon. 

**P<0.01, ***P<0.001 when compared to C57BL/6+sham-treated mice. 
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Figure 6.9. Short-term and long-term effects of MSC treatment on 

noradrenergic nerve fiber density in Winnie mice. Noradrenergic nerve fibers 

in LMMP preparations of the distal colon from C57BL/6+sham, Winnie+sham and 

Winnie+MSC-treated mice 3 and 60 days post treatment were identified by anti-

TH antibody (A-CI). d = days. Scale bars = 100μm. Quantitative analyses of TH-

IR fibers per ganglion (D) and per 2mm2 area (E) of the colon. ***P<0.001 when 

compared to C57BL/6+sham-treated mice. 
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Figure 6.10. Short-term and long-term effects of MSC treatment on sensory 

nerve fiber density in Winnie mice. Anti-CGRP antibody was used to identify 

sensory nerve fibers in LMMP preparations of the distal colon from 

C57BL/6+sham, Winnie+sham and Winnie+MSC-treated mice 3 and 60 days 

post treatment (A-CI). d = days. Scale bars = 100μm. Quantitative analyses of 

CGRP-IR fibers per ganglion (D) and per 2mm2 area (E) of the colon. **P<0.01, 

***P<0.001 when compared to C57BL/6+sham-treated mice. 
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6.4.7 No changes in the average number of myenteric neurons in the 

distal colon of Winnie mice at 3 and 60 days post MSC treatment 

The average number and percentage of myenteric neurons per ganglionic area 

was calculated in wholemount LMMP preparations of the distal colon from 

C57BL/6+sham, Winnie+sham, and Winnie+MSC-treated mice 3 and 60 days post 

treatment using the pan-neuronal marker PGP9.5 (n=4/group; Fig. 6.11A-CI). In 

tissues from C57BL/6+sham-treated mice, the average number of PGP9.5-IR 

neurons per ganglionic area was 22±0.7 and 22±0.3 at 3 and 60 days post 

treatment, respectively (Fig. 6.11D). Prominent neuronal loss was evident in 

tissues from Winnie mice in the sham treatment groups when compared to LMMP 

preparations from C57BL/6+sham-treated mice at both time points (3 days: 

18±0.2 cells/ganglionic area; 60 days: 18±0.4 cells/ganglionic area; P<0.001 for 

both; Fig. 6.11D). Subsequently, the percent ganglionic density of PGP9.5-IR 

neurons in tissues from Winnie+sham-treated mice (3 days: 83.9±1.9%; 60 days: 

82.2±3.0%; P<0.001 for both) was reduced relative to control (100%; Fig. 6.11E). 

In samples from MSC treated Winnie mice, the number of neurons per ganglionic 

area, as well as the percent neuronal density, was similar at 3 (18±0.2 

cells/ganglionic area; 82.4±3.3%) and 60 days (18±0.4 cells/ganglionic area; 

83.6±2.5%) post treatment, comparable to tissues from Winnie+sham-treated 

mice. At both time points, LMMP preparations from Winnie+MSC-treated mice 

exhibited a lower average number and percentage of PGP9.5-IR neurons per 

ganglionic area than tissues from C57BL/6+sham-treated mice (P<0.001 for all; 

Fig. 6.11D-E).  

6.4.8 No changes in the average number of nNOS-IR myenteric 

neurons in the distal colon of Winnie mice at 3 and 60 days post MSC 

treatment 

Nitrergic myenteric neurons were identified in wholemount LMMP preparations of 

the distal colon using anti-nNOS antibody (n=4/group; Fig. 6.12A-F). In addition, 

LMMP preparations were co-labeled with anti-PGP9.5 antibody to demonstrate 

the subpopulation of nNOS-IR neurons within the total population of myenteric 
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neurons (Fig. 6.12AI-FI). In tissues from C57BL/6+sham-treated mice, the 

average number of nNOS-IR neurons per ganglionic area was consistent from 3 

(7±0.2 cells/ganglionic area) to 60 days (7±0.3 cells/ganglionic area) post 

treatment (Fig. 6.12G). The average number of nNOS-IR neurons per ganglionic 

area in tissues from Winnie+sham (3 days: 7±0.2 cells/ganglionic area; 60 days: 

7±0.3 cells/ganglionic area) and Winnie+MSC-treated (3 days: 7±0.4 

cells/ganglionic area; 60 days: 7±0.4 cells/ganglionic area) mice were 

comparable to tissues from C57BL/6+sham-treated mice at both time points (Fig. 

4.12G). Consequently, there was no difference in the ganglionic density of nNOS-

IR neurons in distal colon samples from any group (Winnie+sham - 3 days: 

96.3±5.1%; 60 days: 93.6±4.0%; Winnie+MSC - 3 days:  92.5±3.3%; 60 days: 

95.0±2.6%) relative to control (100%; Fig. 4.12H). Although there were no 

changes in the average number of nNOS-IR neurons in tissues from 

Winnie+sham or Winnie+MSC-treated mice, loss of myenteric neurons 

established an increased proportion of nNOS-IR neurons to PGP9.5-IR neurons 

(Winnie+sham - 3 days: 38.1±1.4%; 60 days: 37.4±0.8%; Winnie+MSC - 3 days:  

37.5±1.4%; 60 days: 36.9±0.9%) when compared to C57BL/6+sham-treated 

mice (3 days:  33.5±0.6%; 60 days: 32.9±1.2%) at both time points (P<0.05 for 

all; Fig. 4.12I).  

6.4.9 No changes in the average number of ChAT-IR myenteric 

neurons in the distal colon of Winnie mice at 3 and 60 days post MSC 

treatment 

Anti-ChAT antibody was used to quantify the average number of cholinergic 

neurons in wholemount LMMP preparations of the distal colon from 

C57BL/6+sham, Winnie+sham, and Winnie+MSC mice at 3 and 60 days post 

treatment (n=4/group; Fig. 6.13A-F).  Tissues were also labeled with anti-PGP9.5 

antibody to verify the subpopulation of ChAT-IR neurons within the total 

population of myenteric neurons (Fig. 6.13AI-FI). The average number of ChAT-

IR neurons per ganglionic area and the proportion of ChAT-IR to PGP9.5-IR 

neurons in tissues from C57BL/6+sham-treated mice was similar at 3 (12±0.7 

cells per ganglionic area; 51.5±2.5%) and 60 days (11±0.6 cells per ganglionic 
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area; 51.9±3.0%) post treatment (Fig. 6.13G, I). Less ChAT-IR neurons were 

counted in tissues from Winnie+sham-treated when compared to 

C57BL/6+sham-treated at both time points (3 days: 9±0.2 cells per ganglionic 

area; 60 days: 9±0.4 cells per ganglionic area; P<0.05 for both; Fig. 6.13G). Thus, 

the ganglionic density of ChAT-IR neurons was reduced in samples from sham 

treated Winnie mice relative to control tissues (3 days: 79.5±3.3%, P<0.01; 60 

days: 81.9±6.3%, P<0.05; Fig. 6.13H). In tissues from Winnie+MSC-treated mice, 

the average number and density of ChAT-IR neurons per ganglionic area at 3 

(9±0.7 cells per ganglionic area, P<0.05; 80.7±2.7%, P<0.01) and 60 days (9±0.4 

cells per ganglionic area, P<0.05; 79.3±6.3%, P<0.01) post treatment was 

comparable to samples from Winnie+sham-treated mice and significantly less 

than in preparations from C57BL/6+sham-treated mice (Fig. 6.13G-H). No 

differences in the proportion of ChAT-IR neurons to the total number of neurons 

was found between groups due to the concurrent loss of PGP9.5-IR and ChAT-

IR neurons in samples from Winnie+sham (3 days: 49.2±1.3; 60 days: 51.3±2.3) 

and Winnie+MSC-treated (3 days: 51.7±4.0; 60 days: 49.0±1.8) mice (Fig. 6.13I).  
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Figure 6.11. Short-term and long-term effects of MSC treatment on the 

average number of myenteric neurons in Winnie mice. Anti-PGP9.5 antibody 

was used to label myenteric neurons in LMMP preparations of the distal colon 

from C57BL/6+sham, Winnie+sham, and Winnie+MSC-treated mice 3 and 60 

days post treatment (A-CI). d = days. Scale bars = 100μm. Quantitative analyses 

of the average number of PGP9.5-IR neurons normalized to 0.1mm2 ganglionic 

area (D). Ganglionic density of PGP9.5-IR neurons in tissues from Winnie mice 

as a percentage of control (100%) (E). ***P<0.001 when compared to 

C57BL/6+sham-treated mice. 
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Figure 6.12. Short-term and long-term effects of MSC treatment on the 

average number of nNOS-IR myenteric neurons in Winnie mice. Anti-nNOS 

antibody was used to label myenteric nitrergic neurons in LMMP preparations of 

the distal colon from C57BL/6+sham, Winnie+sham, and Winnie+MSC-treated 

mice 3 and 60 days post treatment (A-F). Merged images of nNOS-IR (green) 

and PGP9.5-IR (red) neurons indicate the subpopulation of nNOS-IR neurons 

within the total population of myenteric neurons (AI-FI). d = days. Scale bars = 

100μm. Quantitative analyses of the average number of nNOS-IR neurons 

normalized to 0.1mm2 ganglionic area (G). Ganglionic density of nNOS-IR 

neurons in tissues from Winnie mice as a percentage of control (100%) (H). The 

proportion of nNOS-IR neurons to PGP9.5-IR neurons (I). *P<0.05 when 

compared to C57BL/6+sham-treated mice. 
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Figure 6.13. Short-term and long-term effects of MSC treatment on the 

average number of ChAT-IR myenteric neurons in Winnie mice. Anti-ChAT 

antibody was used to label myenteric cholinergic neurons in LMMP preparations 

of the distal colon from C57BL/6+sham, Winnie+sham, and Winnie+MSC-treated 

mice 3 and 60 days post treatment (A-F). Merged images of ChAT-IR (green) 

and neurons PGP9.5-IR (red) indicate the subpopulation of ChAT-IR neurons 

within the total population of myenteric neurons (AI-FI). d = days. Scale bars = 

100μm. Quantitative analyses of the average number of ChAT-IR neurons 

normalized to 0.1mm2 ganglionic area (G). Ganglionic density of ChAT-IR 

neurons in tissues from Winnie mice as a percentage of control (100%) (H). The 

proportion of ChAT-IR neurons to PGP9.5-IR neurons (I). *P<0.05, **P<0.01 

when compared to C57BL/6+sham-treated mice. 
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6.5 Discussion 

This is the first investigation of the short-term and long-term effects of MSC 

treatment on chronic intestinal inflammation in the Winnie mouse model of 

spontaneously occurring colitis. In this study, we found that a single dose of 1×106 

human BM-MSCs administered by enema had no effects on symptoms of gut 

inflammation, levels of fecal Lcn-2, leukocyte infiltration throughout the colon wall 

or enteric neuropathy associated with chronic intestinal inflammation in the distal 

colon of Winnie mice at either 3 or 60 days post treatment.  

Chronic intestinal inflammation in Winnie mice is associated with significant 

changes to the ENS, including impairment of cholinergic, noradrenergic and 

sensory innervation, myenteric neuronal loss, intestinal transit, colonic motility, 

smooth muscle cell responses and neuromuscular transmission (Robinson et al. 

2017a; Rahman et al. 2016; 2015). Changes in histopathology, immunology and 

intestinal permeability, as well as alterations of the microbiota and metabolome 

in the Winnie mouse colon have also been reported (Robinson et al. 2016; Eri et 

al. 2011; Heazlewood et al. 2008). Collectively, these findings provide evidence 

that changes to the structure and function of the GI tract in Winnie mice are 

consistent with those seen in IBD patients, and that this experimental model is 

highly representative of the human disease. Therefore, the use of the Winnie 

mouse model within this study was highly appropriate to test the effects of MSC 

treatment on enteric neuropathy associated with chronic inflammation.  

In preceding studies, we have shown that BM-MSCs attenuated gross 

morphological damage, nerve fiber injury and immune cell infiltration, as well as 

prevented enteric neuropathy associated with TNBS-colitis, an animal model of 

acute intestinal inflammation (Chapter 2 and Chapter 3). However, in this study, 

MSC administration had no effect on chronic intestinal inflammation and 

associated enteric neuropathy in the Winnie mouse model of spontaneously 

occurring colitis. Advantageous effects of MSC-based therapies have been 

reported in chronic disease. Nonetheless, consistent with our findings, many 

studies have demonstrated beneficial effects of MSC therapy in acute disease 
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without such positive effects in the chronic stage of the same disorder. MSCs 

successfully ameliorated the severity of experimental autoimmune 

encephalomyelitis (EAE) if administered early, but had no effect after disease 

reached a chronic phase (Zappia et al. 2005). In experimental models of acute 

kidney injury and acute liver failure, MSCs have been shown to promote 

functional improvements, but their effect in chronic fibrotic kidney disease and 

chronic liver injury models has been less effective (O'Connor et al. 2016; Kim and 

Cho 2013; Banas et al. 2008; Carvalho et al. 2008; Kuo et al. 2008). Other studies 

suggest that MSCs are less effective in chronic graft-versus-host disease (GvHD) 

than acute GvHD (Kuzmina et al. 2012; Lucchini et al. 2010; Weng et al. 2010; 

Muller et al. 2008). In addition, BM-MSC transplantation does not have any 

significant effect on hyperalgesia unless it is given during the first 4d after injury 

(Hosseini et al. 2015). Together, these results are consistent with an MSC-

induced therapeutic effect occurring only during the early inflammatory phase of 

disease (Bernardo and Fibbe 2013; Zappia et al. 2005). Several reasons may 

account for inefficacy of MSC treatment in chronic diseases, including the source 

of cells, conditions of expansion, route of delivery, dosage and characteristics of 

the host (Sargent and Miller 2016). 

It is unlikely that the ineffectiveness of MSC treatment in this study was due to 

the cell source. Human MSCs are the most utilized stem cell type in clinical trials 

due to their safety, regenerative capacity, and ease of isolation (Trounson and 

McDonald 2015). In 2006, the ISCT defined the minimal criteria to define human 

MSCs (Dominici et al. 2006). In this study, human MSCs were validated 

according to these guidelines. MSCs were originally discovered in the BM and 

despite only representing a minute fraction (0.001-0.01%) of the total population 

of BM nucleated cells (Jones and Schafer 2015b; Pittenger et al. 1999), their 

adherent nature enables them to be isolated and rapidly expanded in vitro (Choi 

et al. 2010; Garcia-Bosch et al. 2010; Barry and Murphy 2004). Human BM-MSCs 

have been investigated for therapeutic use more extensively than any other MSC 

subtype and are taken as a standard for the comparison of MSCs from other 

sources (Jones and Schafer 2015b; Ullah et al. 2015; Hass et al. 2011; Jones 

and McGonagle 2008; Muguruma et al. 2006). Furthermore, we have previously 
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demonstrated beneficial effects of human BM-MSCs from the same donors in the 

prevention and attenuation of acute TNBS-induced colitis (Chapter 2 and Chapter 

3).  

Seeding density, number of passages, basal medium, and growth supplements 

are all cell culture variables which may have an important impact on MSC function 

(De Becker and Riet 2016; Jung et al. 2012). In this study, MSCs were seeded at 

a low density of 60 cells/cm2. There is mounting evidence in the literature stating 

that seeding MSCs at low densities (0.5-1000 cells/cm2) results in the most rapid 

proliferation and the highest percentage of multipotent cells (Sotiropoulou et al. 

2006; Sekiya et al. 2002; Colter et al. 2001; 2000). BM-MSCs were cultured to 

the fourth passage in α-MEM supplemented with FBS in this study. In early 

passages (<5), optimal amounts of anti-inflammatory cytokines, 

immunomodulators, neurotrophic factors and growth factors are released by 

MSCs, progressively decreasing with additional passaging (Choi et al. 2010). 

Previous studies have shown that α-MEM is the premium culture medium for 

isolation, proliferation and expansion of MSCs (Chen et al. 2009; Barlow et al. 

2008; Sotiropoulou et al. 2006). Growth factors, adhesion factors, and vital 

nutrients essential for MSC culture are provided by media supplements, such as 

FBS and platelet lysate (Diez et al. 2015). Human MSCs are frequently cultured 

in media supplemented with FBS and subsequently, FBS-based media remains 

the gold standard for MSC isolation and expansion (Sotiropoulou et al. 2006; 

Caterson et al. 2002). In this study, we used MSC qualified FBS which is validated 

to successfully support the differentiation and culture of human MSCs according 

to ISCT guidelines. Overall, the conditions of MSC expansion employed within 

this study are equivalent to the culture conditions we have previously described 

(Robinson et al. 2017b; 2015; 2014; Stavely et al. 2015b). Hence, it is not 

plausible that the conditions of MSC expansion explain the inefficacy of MSC 

treatments within this study. 

We chose to administer MSCs by enema in this study, since we have previously 

demonstrated beneficial effects of MSCs delivered by this route (Robinson et al. 

2017b; 2015; 2014; Stavely et al. 2015a; 2015b). The most common route of 
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MSC administration in animal models and clinical studies is systemic intravenous 

(IV) injection (Nacif et al. 2015; Manieri and Stappenbeck 2011; Kurtz 2008), 

however MSCs administered via this route can become trapped in the lung due 

to their large cell size (Assis et al. 2010; Crop et al. 2010; Fischer et al. 2009; 

Schrepfer et al. 2007). Hence, although IV administered MSCs can home to the 

inflamed intestine, only a minute quantity of the transplanted MSCs are detected 

despite large numbers of cells injected (Moussa et al. 2017; Semont et al. 2010). 

Previous studies have reported a transient engraftment of IV administered MSCs 

into the colon peaking at 24h to 2 days post injection and undetectable after 7 

days (Parekkadan et al. 2011; Gonzalez-Rey et al. 2009). Long-term engraftment 

of IV infused MSCs may be low due to an inability of MSCs to survive and engraft 

(von Bahr et al. 2012). It is considered that local injection may be more beneficial; 

the necessity for cell homing to the injured site is eliminated and more MSCs are 

available to participate in healing and repair (Manieri and Stappenbeck 2011).  

In this study, MSCs engrafted into the colon wall, as identified by anti-HLA,A,B,C 

antibody, at 3 days post administration. However, MSCs were undetectable in the 

colon sections from MSC-treated Winnie mice at 60 days after treatment. In 

consistency with our results, locally administered MSCs were engrafted in the 

lamina propria of rats with colorectal tumors 3 days after administration and lasted 

at least 35 days (Katsuno et al. 2013). Other studies have reported MSCs 

administered locally in tissues remain present up to several weeks (Abouelkheir 

et al. 2016; Boulland et al. 2012; Hu et al. 2012; Nam et al. 2012), but are 

undetected after several months (Abouelkheir et al. 2016). These findings 

suggest that it is improbable that the route of delivery is the reason MSCs had no 

effect in this study. 

A single dose of 1x106 MSCs was ineffective in attenuating chronic intestinal 

inflammation in Winnie mice in this study. Consistent with our results, a single 

dose of MSCs did not improve functional recovery after moderate traumatic brain 

injury (Harting et al. 2009), impact on chronic progressive EAE (Payne et al. 

2013a; Harris et al. 2012), attenuate diabetic cardiomyopathy (Calligaris and 

Conget 2013), restore glucose homeostasis in type 2 diabetes (Hao et al. 2013), 



  

364 
 

affect the incidence and severity of GvHD (Sudres et al. 2006), or improve the 

condition of osteoarthritis (Ozeki et al. 2016). On the other hand, some other 

studies report therapeutic effects of MSC treatment with a single dose of MSCs 

(Ebrahimi et al. 2013; Zhu et al. 2013; Eirin et al. 2012; Ezquer et al. 2008). 

Differences observed between these studies may relate to the number of MSCs 

administered in a single dose, given that varying doses of MSCs can exert diverse 

effects on healing or cytokine expression (Saether et al. 2014). In clinical trials 

and experimental models of disease, there are substantial disparities in the 

dosage of applied MSCs (Sharma et al. 2014; Li et al. 2012) indicating that the 

therapeutic effects of MSCs are dose-dependent (Joo et al. 2010; Kim et al. 

2010a; Gonzalez-Rey et al. 2009; Li et al. 2008; Zappia et al. 2005). The 

microenvironment significantly influences the fate of grafted MSCs and 

subsequently, the outcome of cellular therapies (Liu et al. 2016a; Parekkadan 

and Milwid 2010). Within a few days post administration, transplanted MSCs face 

cell death due to anoikis and harsh environmental conditions (Robey et al. 2008). 

Chronic inflammation and associated oxidative stress have been shown to 

increase anoikis, as well as hinder the recruitment and survival of transplanted 

MSCs (Chang et al. 2013; Song et al. 2010; Khansari et al. 2009). Therefore, in 

an established chronic inflammatory environment, it may be challenging for 

MSCs to exert immunomodulatory functions (Nam et al. 2015; Kim and Cho 

2013). The inefficacy of a single dose of 1x106 MSCs in the current study may be 

due to an insufficient quantity of transplanted MSCs to overcome the perils of the 

microenvironment and attenuate the disease state. 

While a single dose of MSCs has proven to be ineffective in this study, a multiple 

dose regimen may be efficacious against chronic inflammation in the Winnie 

mouse model of colitis. Previous studies have reported that multiple injections of 

MSCs improved neurological function in chronic EAE (Harris et al. 2012), 

effectively restored glucose homeostasis in diabetic mice (Bhansali et al. 2015; 

El-Tantawy and Haleem 2014; Hao et al. 2013; Ezquer et al. 2011), controlled 

lethal GvHD (Sudres et al. 2006), inhibited progression and attenuated synovitis 

in osteoarthritis (Ozeki et al. 2016), and effectively relieved liver cirrhosis (Hong 

et al. 2014). The possible underlying mechanism is that multiple infusions of 
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MSCs are necessary to maintain both the number and the efficacy of MSCs to 

sustain a long-term biological response and improve pathological conditions 

(Hong et al. 2014; Parekkadan and Milwid 2010).  

6.6 Conclusion 

In conclusion, we have demonstrated that a single dose of 1x106 MSCs 

administered by enema has no effect on chronic intestinal inflammation or 

associated enteric neuropathy in the Winnie mouse model of spontaneously 

occurring colitis. The inefficiency of administered MSCs in this study may be due 

to an insufficient number of transplanted cells able to combat the 

microenvironment of the chronically inflamed Winnie mouse colon. Therefore, 

further studies investigating the effects of varying doses and/or multiple 

applications of MSCs on enteric neuropathy associated with chronic inflammation 

in Winnie mice are warranted. 
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CHAPTER SEVEN: MULTIPLE HIGH DOSE MESENCHYMAL 

STEM CELL TREATMENTS AVERT INFLAMMATION AND 

ENTERIC NERVE FIBER DAMAGE IN THE WINNIE MOUSE 

MODEL OF SPONTANEOUSLY OCCURRING CHRONIC 

COLITIS 
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7.1 Summary 

Background: We have demonstrated the neuroprotective and anti-inflammatory 

effects of mesenchymal stem cell (MSC)-based therapy in acute models of colitis. 

Conversely, limited studies have investigated the efficacy of MSC treatment in 

experimental models of chronic colitis. Our studies have shown that a single dose 

of MSCs was ineffective in attenuating inflammation and enteric neuropathy in 

the Winnie mouse model of spontaneously occurring colitis. Multiple 

administrations of MSCs have been demonstrated to be more efficacious than 

single dose administration in various experimental models of disease. 

Furthermore, many studies, including our study in an acute model of colitis, have 

shown MSC-induced therapeutic effects to be dose-dependent. Therefore, in this 

study we investigated whether multiple administrations of high and low dose 

MSCs can attenuate inflammation and enteric neuropathy in Winnie mice. 

Methods: Winnie mice with chronic colonic inflammation received multiple 

administrations of high dose (HD) MSC (4×106 cells ×2, 2×106 cells ×2), low dose 

(LD) MSC (1×106 cells ×4) or sham (100µL phosphate buffered saline ×4) 

treatments by enema. C57BL/6 mice received multiple (×4) sham treatments. 

Colon tissues were collected at 3 and 60 days post treatment for histological and 

immunohistochemical analyses. Results: Multiple HD MSC treatments 

attenuated clinical signs of colitis, reduced fecal lipocalin-2 levels, promoted 

healing of the colonic architecture, decreased leukocyte infiltration throughout the 

colon wall, and facilitated nerve fiber regeneration in the Winnie mouse colon. 

Multiple LD MSC treatments had no effect. Conclusion: Multiple HD MSC 

treatments administered by enema ameliorated inflammation and associated 

enteric nerve fiber damage in Winnie mice. Since multiple LD MSC treatments 

had no effect, it can be concluded that efficacy of MSCs in Winnie mice is dose-

dependent. Studies investigating whether multiple HD MSC treatments are 

effective in restoring motility, smooth muscle cell response and 

neurotransmission functions in the Winnie mouse colon are warranted.  
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7.2 Introduction 

Most studies demonstrating therapeutic effects of MSC treatments in 

experimental colitis incorporate acute models of intestinal inflammation (Nikolic 

et al. 2018; Robinson et al. 2017b; 2015; 2014; Chao et al. 2016; Stavely et al. 

2015a; 2015b; Onishi et al. 2015; Chen et al. 2013b; Liang et al. 2011; Hayashi 

et al. 2008; Tanaka et al. 2008). Conversely, studies investigating MSCs in 

chronic colitis are limited and report variable results. A single dose of MSCs 

suppressed inflammation and disease progression in the IL-10-/- mouse model of 

chronic colitis (Jung et al. 2015), but had no effect in attenuating colonic 

inflammation and associated enteric neuropathy in the Winnie mouse colon 

(Chapter 6). Another study reported that although a single dose of MSCs was 

ineffective, dose-dependent therapeutic effects of MSCs were evident after 

multiple applications in DSS-induced chronic colitis (Yu et al. 2017). Therefore, 

whether MSCs induce therapeutic effects in chronic models of colitis may depend 

on the concentration and number of MSC doses, as well as type of experimental 

model investigated.  

There is great controversy in the literature regarding optimal dosing in MSC cell-

based therapies (Florea et al. 2017; Golpanian et al. 2016; Nitkin and Bonfield 

2016). Some studies, including our study in an acute model of colitis (Chapter 3), 

report the therapeutic efficacy of MSCs to be dose-dependent (Kim et al. 2015; 

Richardson et al. 2013; Joo et al. 2010; Schuleri et al. 2009), whereas other 

investigations describe MSCs to exert effects in a non-dose-dependent manner 

(Lee et al. 2017; Saether et al. 2014; Hashemi et al. 2008). Furthermore, there 

are inconsistencies in the definitions of “low” versus “high dose” between studies. 

Defining an optimal MSC dose has numerous advantages for both pre-clinical 

and clinical studies including a lower economic burden, smaller quantities of 

MSCs required for expansion, and a reduced likelihood of MSC mutation (Lee et 

al. 2017; Robinson et al. 2017b). 

The rationale for using multiple MSC doses for greater therapeutic effect has 

been supported in the literature (Ayache and Chalah 2016). Multiple 
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administrations of MSCs have been demonstrated to be more effective than a 

single administration of MSCs in improving left ventricular cardiac function in 

experimental models of myocardial infarction (Guo et al. 2017; Reich et al. 2016; 

Tokita et al. 2016), recovering neurological function in experimental autoimmune 

encephalomyelitis (Harris et al. 2012), enhancing motor performance and 

preventing motor neuron loss in experimental amyotrophic lateral sclerosis 

(Zhang et al. 2009a), restoring glucose homeostasis in diabetic mice (Li et al. 

2016b; Aali et al. 2014; Hao et al. 2013), and improving fertility after endometrial 

injury (Zhang et al. 2018). Why multiple MSC dosing, but not a single dose, 

produces therapeutic effects in certain disease models is unclear. However, it is 

hypothesized that multiple doses of MSCs may yield cumulative beneficial effects 

and be crucial for the sustained production of immunomodulatory and trophic 

factors necessary to exceed a therapeutic threshold (Tokita et al. 2016; Harris et 

al. 2012; Zhang et al. 2009a). It has also been suggested that the initial MSC 

application prepares an appropriate environment in which survival, docking and 

homing of incoming MSCs is facilitated (Aali et al. 2014). Thus, repeated doses 

of MSCs may provide therapeutic superiority in amelioration of disease. 

Since Winnie mice have been demonstrated to be highly representative of human 

inflammatory bowel disease (IBD) (Robinson et al. 2017a; 2016; Rahman et al. 

2016; Eri et al. 2011; Heazlewood et al. 2008), they are appropriate to test the 

therapeutic efficacy of cellular therapies. It has been concluded previously that a 

single dose of 1x106 MSCs is ineffective in attenuating colitis in Winnie mice. No 

studies have examined the effect of multiple MSC applications in Winnie mice or 

whether the efficacy of MSCs in this experimental model are dose-dependent. 

Therefore, the aim of this study was to investigate whether multiple LD and HD 

MSC treatments administered by enema are effective in attenuating inflammation 

and enteric neuropathy in the Winnie mouse colon.    
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7.3 Materials and methods 

7.3.1 Animals 

Winnie (12wk old; 19-29g; n=30) and C57BL/6 (12wk old; 25-30g; n=10) were 

obtained from Monash Animal Services (MAS, Melbourne, Australia). All animals 

were housed in a temperature-controlled environment with 12h day/night cycles 

and had ad libitum access to food and water. All procedures performed within this 

study were approved by the Victoria University Animal Experimentation Ethics 

Committee and were conducted according to the guidelines of the Australian 

National Health and Medical Research Council. 

7.3.2 MSC culture, passaging and characterization 

Cell culture and passaging were carried out as described in Chapter 2, section 

2.3.2. Briefly, pre-established cell lines of human BM-MSCs (Tulane University, 

New Orleans, LA, USA) were plated at an initial density of 60 cells/cm2 and 

incubated in expansion medium (α-minimum essential medium (MEM) 

supplemented with 16.5% MSC-qualified fetal bovine serum (FBS), 100 U/mL 

penicillin/streptomycin, and 100X GlutaMAX) (Gibco®, Life Technologies, 

Mulgrave, VIC, Australia) at 37°C. Expansion medium was replaced every 48-

72h for 10-14 days until the cells were 70-85% confluent (maximum). MSCs were 

cultured to the fourth passage for all experiments, after which they were 

trypsinized and collected for in vivo treatment of Winnie mice. MSCs were 

characterized for their expression of surface antigens, differentiation potential, 

and colony-forming ability as described in Chapter 2, section 2.3.3. All MSCs 

utilized in this study met the International Society for Cellular Therapy’s (ISCT) 

criteria for defining in vitro human MSC cultures (Dominici et al. 2006). 

7.3.3 MSC treatments 

MSC or sham treatments were administered by enema into the colon via a 

lubricated silicone catheter twice weekly for two consecutive weeks (Table 7.1). 

MSCs were suspended in 100μL of sterile phosphate buffered solution (PBS) for 
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application. All mice were anaesthetized with isoflurane (induced at 3%, 

maintained on 1-3% isoflurane in O2) during the treatment procedures. At 3 or 60 

days after the conclusion of the treatment regime, mice were culled via cervical 

dislocation and colon tissues were collected for histology and 

immunohistochemistry experiments. 

Table 7.1 Treatment schedule for Winnie and C57BL/6 mice 

Group 

Week 1 Week 2 

Treatment 

#1 

Treatment 

#2 

Treatment 

#3 

Treatment 

#4 

C57BL/6+sham 100μL PBS 100μL PBS 100μL PBS 100μL PBS 

Winnie+sham 100μL PBS 100μL PBS 100μL PBS 100μL PBS 

Winnie+LD MSC 1×106 MSCs 1×106 MSCs 1×106 MSCs 1×106 MSCs 

Winnie+HD MSC 4×106 MSCs 4×106 MSCs 2×106 MSCs 2×106 MSCs 

 

7.3.4 Analysis of fecal water content and colon length 

Fecal water content and colon length was calculated as described in Chapter 4, 

section 4.3.2. Briefly, stools from all C57BL/6+sham, Winnie+sham, and 

Winnie+MSC-treated mice were immediately weighed after collection to ascertain 

the wet weight. Stools were re-weighed 3 days later to establish the dry weight 

and the difference between wet and dry weight was calculated. Colon length was 

determined by measuring the colon from cecum to anus immediately after 

dissection. 

7.3.5 Assessment of fecal lipocalin-2 levels 

Fecal lipocalin (Lcn)-2 levels were determined as described in Chapter 4, section 

4.3.3 (Chassaing et al. 2012). Briefly, fecal samples were collected from Winnie 

and C57BL/6 mice immediately prior to treatment and twice weekly over 60 days 

following treatment. Samples were then reconstituted and vortexed to form a 

homogenous fecal suspension. Lcn-2 levels were measured using Duoset murine 
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Lcn-2 ELISA kit (R&D Systems, Minneapolis, MN, USA) as per manufacturer’s 

instructions.  

7.3.6 Immunohistochemistry and histology 

Immunohistochemistry and histology were performed as described in Chapter 4, 

section 4.3.4.  

7.3.6.1 Tissue preparation 

Segments of the distal colon were processed for wholemount longitudinal 

muscle-myenteric plexus (LMMP) preparations and cross sections. After 

dissection from the animal, colon tissues were cut open along the mesenteric 

border, pinned flat with the mucosal side up and fixed overnight with Zamboni’s 

fixative (2% formaldehyde containing 0.2% picric acid; LMMP and cryostat cross 

sections) or 10% buffered formalin (histology cross sections) at 4°C. For LMMP 

preparations, the myenteric plexus was exposed by removing the mucosa, 

submucosa and circular muscle layers via fine dissection. For cryostat cross 

sections, tissues were frozen in liquid nitrogen-cooled isopentane and optimal 

cutting temperature (OCT; Tissue-Tek, Torrance, CA, USA) compound, then 

stored at -80°C until they were cryo-sectioned (20μm) onto glass slides for 

immunohistochemistry. Tissues for histology cross sections were stored in 70% 

ethanol until embedding. 

7.3.6.2 Immunohistochemistry 

Immunohistochemistry was performed on LMMP and cross sections of the distal 

colon. Briefly, colon tissues were incubated with 10% normal donkey serum 

(NDS; Merck Millipore, Bayswater, VIC, Australia) for 1h, primary antibodies 

(Table 7.2) for 24h, and secondary antibodies (Table 7.3) for 2h, all at room 

temperature prior to mounting with fluorescent mounting medium (DAKO, North 

Sydney, NSW, Australia). 
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Table 7.2 Primary antibodies used in this study 

Antibody 
Host 

species 
Dilution Supplier 

Application in this 

study 

Anti-β-Tubulin class III Rabbit 1:1000 Abcam, Melbourne, VIC, Australia Cross sections 

Anti-calcitonin gene-related peptide 

(CGRP) 
Rabbit 1:3000 

Sigma-Aldrich, Castle Hill, NSW, 

Australia 
LMMP preparations 

Anti-CD45 Rat 1:500 BioLegend, San Diego, CA, USA Cross sections 

Anti-choline acetyltransferase (ChAT) Goat 1:500 Merck Millipore LMMP preparations 

Anti-human leukocyte antigen (HLA)-

A,B,C (conjugated to fluorescein 

isothiocyanate (FITC)) 

Human 1:50 BioLegend Cross sections 

Anti-neuronal nitric oxide synthase 

(nNOS) 
Goat 1:500 Novus Biologicals, Littleton, CO, USA LMMP preparations 

Anti-protein gene product (PGP)-9.5 Rabbit 1:500 Abcam LMMP preparations 

Anti-tyrosine hydroxylase (TH) Sheep 1:1000 Merck Millipore LMMP preparations 

Anti-vesicular acetylcholine transporter 

(VAChT) 
Goat 1:500 Merck Millipore LMMP preparations 

 

 



  

374 
 

 

Table 7.3 Secondary antibodies used in this study 

Antibody Host species Dilution Supplier 
Application in this 

study 

Alexa Fluor 488 
Donkey anti-

rabbit 
1:200 

Jackson Immunoresearch 

Laboratories, PA, USA 
LMMP preparations 

Alexa Fluor 488 
Donkey anti-

rat 
1:200 

Jackson Immunoresearch 

Laboratories 
Cross sections 

Alexa Fluor 488 
Donkey anti-

sheep 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 

Alexa Fluor 594 
Donkey anti-

rabbit 
1:200 

Jackson Immunoresearch 

Laboratories 

Cross sections and 

LMMP preparations 

Alexa Fluor 647 
Donkey anti-

goat 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 

Alexa Fluor 647 
Donkey anti-

rabbit 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 

FITC 488 
Donkey anti-

goat 
1:200 

Jackson Immunoresearch 

Laboratories 
LMMP preparations 

 



  

375 
 

7.3.6.3 Histology 

For histology cross sections, tissues were paraffin embedded, sectioned by 

microtome (5μm), deparaffinized, cleared, and rehydrated in graded ethanol 

concentrations for hematoxylin and eosin (H&E) and Alcian blue staining. 

7.3.7 Imaging  

Immunolabeled LMMP preparations and cross sections of the distal colon were 

visualized and imaged with a Nikon Eclipse Ti multichannel confocal laser 

scanning system (Nikon, Tokyo, Japan) as described in Chapter 6, section 6.3.7. 

An Olympus BX53 microscope (Olympus, Notting Hill, VIC, Australia) was used 

to visualize H&E-stained colon sections. Images were captured with CellSense™ 

software. 

7.3.8 Quantitative analysis of immunohistochemical and histological 

data 

Image analysis was conducted as described in Chapter 4, section 4.3.6. Briefly, 

all images were analyzed blindly using Image J software (National Institute of 

Health, Bethesda, MD, USA). In cross sections of the distal colon, β-Tubulin (III)-

immunoreactive (IR) fiber and CD45-IR cell density was measured per area 

(average of eight areas of 500μm2 per animal). Sensory (CGRP-IR), 

noradrenergic (TH-IR), and cholinergic (VAChT-IR) nerve fibers in the myenteric 

plexus were measured from eight randomly captured images per LMMP 

preparation (total area 2mm2), as well as per ganglion (all ganglia within 

measured area). The area of immunoreactivity was expressed as a percentage 

of the total area examined. The number and density of PGP9.5-IR, nNOS-IR, and 

ChAT-IR myenteric neurons per ganglionic area was measured in wholemount 

LMMP preparations (all ganglia within a 2mm2 total area). Neuronal numbers 

were normalized to a 0.1mm2 area of ganglia for direct comparison between 

groups.  Histological scores encompassed aberrant crypt architecture (score 

range 0-3), increased crypt length (0-3), goblet cell depletion (0-3), crypt 
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abscesses (0-3), leukocyte infiltration (0-3), and epithelial damage and ulceration 

(0-3) (average of eight areas of 500μm2 per animal).  

7.3.9 Statistical analysis 

Prism v7.0 (Graphpad Software Inc., La Jolla, CA, USA) was used to conduct 

statistical analyses. Data were considered statistically significant when P<0.05. 

Data were presented as mean±standard error of the mean (SEM), if not specified 

otherwise. 
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7.4 Results 

7.4.1 MSCs engraft at the site of colonic inflammation at 3 days post 

treatment 

MSCs were identified in sections of the distal colon from Winnie+MSC-treated 

mice with anti-HLA-A,B,C antibody which detects MHC-I antigens present on all 

human nucleated cells (n=5/group; Fig. 7.1). At 3 days post treatment, 

engraftment of MSCs at the site of colonic tissue damage and inflammation was 

evident by the presence of HLA-A,B,C-IR cells in sections from all MSC-treated 

Winnie mice (Fig. 7.1A-B). MSC engraftment within the colon wall was observed 

to be more extensive in sections from HD MSC-treated Winnie mice than in 

sections from LD MSC-treated Winnie mice at this time point. HLA-A,B,C-IR cells 

were absent in sections from both LD and HD MSC-treated Winnie mice at 60 

days post treatment, indicating that no MSCs engrafted within the colonic layers 

of Winnie mice at this time point (Fig. 7.1AI-BI). 
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Figure 7.1. Engraftment of MSCs within the colon. Engraftment of human 

MSCs at the site of colonic inflammation in Winnie mice was ascertained using 

anti-HLA-A,B,C antibody specific to human MHC class I. HLA-A,B,C-IR cells were 

localized in colon sections from LD and HD MSC-treated Winnie mice at 3 days 

(A-B; arrows), but not 60 days (AI-BI) post treatment. d = days. Scale bars = 

50μm. 
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7.4.2 Multiple HD MSC treatments alleviate colonic inflammation in 

Winnie mice 

C57BL/6 mice did not show any signs of intestinal inflammation or any other 

symptoms before or at 3 and 60 days post sham treatment (n=5/group; Table 

7.4). Accordingly, the formation of pellets with firm consistency was repeatedly 

observed in fecal samples collected from control mice during this study (Fig. 7.2A-

AI, E-EI). Before treatment, all Winnie mice used in this study presented with 

symptoms of intestinal inflammation, including perianal bleeding, soiled fur, 

diarrhea and soft fecal consistency, not forming pellets, (n=5/group; Table 7.4; 

Fig. 7.2B-D, F-H). When compared to C57BL/6 mice, Winnie mice had a higher 

fecal water content and lower body weight prior to treatment (P<0.001 for all; 

Table 7.4; Fig. 7.3A-B). Winnie mice in the sham treatment groups continued to 

display signs of intestinal inflammation at both 3 and 60 days post treatment with 

higher fecal water content, reduced body weight, and lack of pellet formation 

when compared to C57BL/6+sham-treated mice (P<0.001 for all; Table 7.4; 

7.2BI, FI; Fig. 7.3A-B). Repeated application of LD MSCs did not affect stool 

consistency or alleviate signs of intestinal inflammation in Winnie mice at either 

time point (Fig. 7.2CI, GI). Subsequently, fecal water content was higher and body 

weight was lower in LD MSC-treated Winnie mice when compared to 

C57BL/6+sham-treated mice post treatment (P<0.001 for all; Table 7.4; Fig. 

7.3A-B). MSCs administered at a HD alleviated diarrhea, perianal bleeding and 

soiled fur in Winnie mice at 3 days post treatment. Furthermore, fecal samples 

collected from HD MSC-treated mice demonstrated pellet formation with firm 

consistency (Fig. 7.2DI). At 3 days post treatment, the body weight and fecal 

water content of HD MSC-treated Winnie mice was comparable to 

C57BL/6+sham-treated mice and significantly different to sham-treated (fecal 

water content: P<0.001; body weight: P<0.01) and LD MSC-treated (fecal water 

content: P<0.001; body weight: P<0.05) Winnie mice (Table 7.4; Fig. 7.3A-B). 

The effects of HD MSC treatment were maintained for 60 days (fecal water 

content - Winnie+sham: P<0.001; Winnie+LD MSC: P<0.01; body weight - 

Winnie+sham: P<0.05; Winnie+LD MSC: P<0.05; Table 7.4; Fig. 7.2HI; Fig. 7.3 

A-B). Colons from sham-treated and LD MSC-treated Winnie mice were longer 
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than the colons from C57BL/6+sham-treated mice at 3 and 60 days post 

treatment (n=5/group; P<0.001 for all; Fig. 7.3C). However, at both time points, 

colon length of HD MSC-treated Winnie mice was comparable to C57BL/6+sham-

treated mice and less than sham-treated (3 days: P<0.05; 60 days: P<0.001) and 

LD MSC-treated (3 days: P<0.05; 60 days: P<0.001) Winnie mice (n=5/group; 

Fig. 7.3C).  

Fecal Lcn-2 was quantified by ELISA to verify intestinal inflammation in Winnie 

mice pre-treatment, as well as to assess the effects of MSC treatment in 

attenuating colonic inflammation 3 and 60 days post treatment (Fig. 7.4). Fecal 

samples from C57BL/6+sham-treated mice revealed minimal levels of Lcn-2 

before treatment (0.8±0.1pg/mL) continuing at 3 (0.8±0.1pg/mL) and 60 days 

(0.8±0.02pg/mL) post treatment, confirming a lack of colonic inflammation. (n=5; 

Fig. 7.4A). Before treatment, levels of Lcn-2 were higher in samples from Winnie 

mice in all groups (Winnie+sham: 4.1±0.4pg/mL; Winnie+LD MSC: 

4.3±0.3pg/mL; Winnie+HD MSC: 4.7±0.1pg/mL) when compared to C57BL/6 

mice, indicating the presence of colonic inflammation (n=5/group; P<0.001 for all; 

Fig. 7.4A). In fecal samples from Winnie+sham-treated (3 days: 4.3±0.3pg/mL; 

60 days: 4.2±0.2pg/mL) and Winnie+LD MSC-treated (3 days: 4.1±0.1pg/mL; 60 

days: 4.4±0.1pg/mL) mice, levels of Lcn-2 were significantly higher than in 

samples from C57BL/6+sham-treated mice at 3 and 60 days post treatment 

(P<0.001 for all; Fig. 7.4A). At 3 days post treatment, Lcn-2 levels were reduced 

in samples from Winnie+HD MSC-treated mice, comparable to C57BL/6+sham-

treated mice and significantly less than in samples from Winnie+sham and 

Winnie+LD MSC-treated mice at this time point (1.2±0.1pg/mL; P<0.001 for both; 

Fig. 7.4A). At 60 days post treatment, the quantity of fecal Lcn-2 in samples from 

HD MSC-treated Winnie mice was consistently lower than in samples 

Winnie+sham and Winnie+LD MSC-treated mice (1.6±0.1pg/mL; P<0.001 for 

both; Fig. 7.4A). Although administration of HD MSCs had long lasting effects in 

attenuating colonic inflammation, Lcn-2 levels in fecal samples from HD MSC-

treated Winnie mice were higher than in samples from C57BL/6+sham-treated 

mice at 60 days post treatment (P<0.05). In addition, fecal Lcn-2 values were 

measured twice weekly over the 60 day experimental period to assess any 



  

382 
 

variation in levels of colonic inflammation ([see Appendix C, Table S3]; Fig. 7.4B). 

At all time points measured, Lcn-2 values in samples from Winnie+sham and 

Winnie+LD MSC-treated mice were consistently higher than in samples from 

C57BL/6+sham-treated and Winnie+HD MSC-treated mice (P<0.001 for all; Fig. 

7.4B). A gradual increase in fecal Lcn-2 levels is depicted in HD MSC-treated 

Winnie mice from 21d post treatment, however for the majority of the 

experimental period, Lcn-2 values were comparable to control mice (Fig. 7.4B).   

The effects of multiple LD and HD MSC treatments on inflammation-induced 

damage to the colonic architecture was assessed in H&E and Alcian blue-stained 

sections of the distal colon at 3 and 60 days post treatment (Fig. 7.5). At both 

time points, sections from C57BL/6+sham-treated mice revealed orderly 

arrangement of the colonic layers, crypts and glands, plentiful mucin secreting 

cells, and continuous epithelial lining (n=5/group; Fig. 7.5A-AI, E-EI). 

Subsequently, histological scores for colon sections from control mice were 

minimal (Table 7.4). On the other hand, sections from Winnie+sham-treated mice 

showed elongation of crypts with increased immune cell infiltrate, damage to the 

mucosa and epithelial lining, and goblet cell loss at 3 and 60 days post treatment 

(n=5/group; Fig. 7.5B-BI, F-FI). Histological scores for colon sections from sham-

treated Winnie mice were significantly higher than C57BL/6+sham-treated mice 

at both time points (P<0.001 for all; Table 7.4). Inflammation induced damage to 

the gross morphology of the colon was not alleviated by multiple LD MSC 

treatments reflected by histological scores comparable to sections from 

Winnie+sham-treated mice and significantly higher than sections from control 

mice (P<0.001 for all; Table 7.4; Fig. 7.5C-CI, G-GI). At 3 days post treatment, 

sections from HD MSC-treated mice revealed healing of the mucosa, epithelial 

lining and overall colonic architecture, as well as reduced immune infiltrate and 

restoration of mucin secreting goblet cells (Fig. 7.5D-DI). Furthermore, the 

attenuation of gross morphological damage to the colon was maintained for 60 

days in sections from HD MSC-treated Winnie mice (Fig. 7.5H-HI). The 

histological scores of colon sections from Winnie+HD MSC-treated mice were 

comparable to sections from C57BL/6+sham-treated mice and less than sections 
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from Winnie+sham-treated and Winnie+LD MSC-treated mice at both 3 and 60 

days post treatment (P<0.001 for all; Table 7.4).  

Anti-CD45 antibody, a pan leukocyte marker, was used to measure the degree 

of inflammation throughout the colon wall in cross sections from C57BL/6 and 

Winnie mice at 3 and 60 days post treatment (n=5/group; Fig. 7.6A-DI). Few 

leukocytes were observed in sections from C57BL/6+sham-treated mice at both 

time points (Fig. 7.6A-AI). These observations were verified by analysis of CD45-

IR cell density, confirming a lack of inflammation in the colons from 

C57BL/6+sham-treated mice (Table 7.4; Fig. 7.6E-G). Conversely, copious 

amounts of leukocytes were evident in sections from Winnie+sham-treated mice 

at 3 and 60 days post treatment, indicating active inflammation within the colon 

(Fig. 7.6B-BI). Quantification confirmed significantly higher densities of CD45-IR 

cells throughout the colon wall, as well as when isolated to the mucosal and 

muscle layers, in tissues from sham-treated Winnie mice when compared to 

sections from C57BL/6+sham-treated mice (P<0.001 for all; Table 7.4; Fig. 7.6E-

G). Multiple LD MSC treatments did not affect the number of leukocytes within 

the colonic layers at either 3 or 60 days post treatment (Fig. 7.6C-CI). 

Quantification revealed the density of CD45-IR cells in sections from Winnie+LD 

MSC-treated mice to be comparable to sections from Winnie+sham-treated mice 

and higher than in sections from C57BL/6+sham-treated mice (P<0.001 for all; 

Table 7.4; Fig. 7.6E-G). Diminished levels of leukocytes were observed in 

sections from HD MSC-treated Winnie mice (Fig. 7.6D-DI). Analysis of CD45-IR 

cell density in colon sections from Winnie+HD MSC-treated mice revealed 

comparable results to sections from C57BL/6+sham-treated mice post treatment. 

Although the density of CD45-IR cells had risen slightly in sections from 

Winnie+HD MSC-treated mice at 60 days when compared to values calculated 

at 3 days, there was no statistical difference between time points. Furthermore, 

quantification confirmed less leukocyte infiltration in the colon sections from 

Winnie+HD MSC-treated mice when compared to Winnie+sham-treated (3 days 

- P<0.001 for all; 60 days - area: P<0.001; mucosa: P<0.001; muscle: P<0.05) 

and Winnie+LD MSC-treated mice (3 days - area: P<0.001; mucosa: P<0.001; 
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muscle: P<0.05; 60 days - area: P<0.01; mucosa: P<0.001; muscle: P<0.05; 

Table 7.4; Fig. 7.6E-G). 
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Table 7.4 Evaluation of intestinal inflammation 

 C57BL/6+sham Winnie+sham Winnie+LD MSC Winnie+HD MSC 

Parameter BT 3d 60d BT 3d 60d BT 3d 60d BT 3d 60d 

Symptoms  

Diarrhea  A A A P P P P P P P A A 

Body weight (g)  
27.6±

0.3 

28.2±

1.1 

28.9±

0.6 

22.8±

0.6  

*** 

23.3±

0.6 

***^^ 

24.2±

0.4 

***^ 

23.7±

0.7  

*** 

23.9±

0.6 

***^ 

24.5±

0.4 

***^ 

23.9±

0.4  

*** 

26.5±

0.8     
#  

26.9±

0.3    
##   

Fecal water 

content (g)  

0.15±

0.01 

0.15±

0.01 

0.14±

0.01 

0.24±

0.01 

*** 

0.25±

0.01 

***^^^ 

0.25±

0.01 

***^^^ 

0.23±

0.01 

*** 

0.24±

0.01 

***^^^ 

0.24±

0.02 

***^^ 

0.24±

0.01 

*** 

0.16±

0.01 
### 

0.18±

0.01  
## 

Colon length 

(cm) 
- 

6.4± 

0.2 

6.4± 

0.1 
- 

7.9± 

0.1 

***^ 

8.1± 

0.2 

***^ 

- 

7.9± 

0.2 

***^^^ 

8.0± 

0.3 

***^^^ 

- 
7.0± 

0.2 

6.8± 

0.2 

Leukocyte infiltration  

Density of 

CD45-IR cells in 

colon cross 

sections (%) 

- 
5.3± 

0.2 

5.6± 

0.4 
- 

9.4± 

0.4  

***^^^ 

9.5± 

0.5 

***^^^ 

- 

8.8± 

0.5 

***^^^ 

9.0± 

0.4 

***^^^ 

- 
5.9± 

0.1 

7.0± 

0.2 

Density of 

CD45-IR cells in 

the mucosa (%) 

- 
7.1± 

0.3 

6.7± 

0.4 
- 

10.7±

0.5 

***^^^ 

10.9±

0.4 

***^^^ 

- 

10.6±

0.3 

***^^^ 

11.1±

0.5 

***^^^ 

- 
7.0± 

0.3 

8.1± 

0.3 
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Table 7.4 Evaluation of intestinal inflammation (continued) 

 C57BL/6+sham Winnie+sham Winnie+LD MSC Winnie+HD MSC 

Parameter BT 3d 60d BT 3d 60d BT 3d 60d BT 3d 60d 

Density of 

CD45-IR cells in 

the muscle (%) 

- 
2.3± 

0.1 

2.6± 

0.1 
- 

4.9± 

0.4 

***^^^ 

4.8± 

0.1 

***^ 

- 

4.0± 

0.3 

***^ 

4.8± 

0.5 

***^ 

- 
2.9± 

0.1 

3.5± 

0.3 

Histological scoring 

Aberrant crypt 

architecture     

(0-3) 

- 
0.6± 

0.2 

0.2± 

0.2 
- 

2.4± 

0.2 

***^^^ 

2.4± 

0.4 

***^^^ 

- 

2.4± 

0.2 

***^^^ 

2.2± 

0.5 

***^^^ 

- 
0.6± 

0.2 

0.4± 

0.2 

Increased crypt 

length (0-3) 
- 

0.4± 

0.2 

0.2± 

0.2 
- 

2.6± 

0.2 

***^^^ 

2.8± 

0.2 

***^^^ 

- 

2.8± 

0.2 

***^^^ 

2.6± 

0.4 

***^^^ 

- 
0.6± 

0.2 

1.0± 

0.3 

Goblet cell 

depletion (0-3) 
- 

0.6± 

0.2 

0.6± 

0.2 
- 

2.2± 

0.2 

**^^ 

2.2± 

0.4 

**^^ 

- 

2.2± 

0.4 

**^^ 

2.0± 

0.3  

**^ 

- 
0.6± 

0.2 

0.8± 

0.2 

General 

leukocyte 

infiltration (0-3) 

- 
0.6± 

0.2 

0.8± 

0.2 
- 

2.4± 

0.2 

***^^ 

2.4± 

0.4 

***^^^ 

- 

2.6± 

0.2 

***^^^ 

2.6± 

0.2 

***^^^ 

- 
1.2± 

0.2 

1.0± 

0.0 

Crypt abscesses 

(0-3) 
- 

0.6± 

0.2 

0.6± 

0.2 
- 

2.4± 

0.2 

***^^ 

2.8± 

0.2 

***^^^ 

- 

2.4± 

0.2 

***^^^ 

2.4± 

0.2 

***^^^ 

- 
0.4± 

0.2 

0.4± 

0.2 
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Table 7.4 Evaluation of intestinal inflammation (continued) 

 C57BL/6+sham Winnie+sham Winnie+LD MSC Winnie+HD MSC 

Parameter BT 3d 60d BT 3d 60d BT 3d 60d BT 3d 60d 

Epithelial 

damage and 

ulceration (0-3) 

- 
0.8± 

0.2 

0.8± 

0.2 
- 

2.4± 

0.2 

**^^ 

2.6± 

0.4 

***^^^ 

- 

2.4± 

0.4 

**^^ 

2.4± 

0.4 

**^^^ 

- 
0.8± 

0.2 

0.6± 

0.2 

Overall 

histological 

score (out of 18)  

- 
3.6± 

0.7 

3.2± 

0.6 
- 

14.4±

0.8 

***^^^ 

15.2±

1.1 

***^^^ 

- 

14.8±

1.2 

***^^^ 

14.2±

1.4 

^^^*** 

- 
4.2± 

0.7 

4.2± 

0.4 

BT = before treatment, d = days, A = absent, P = prominent. *P<0.05, **P<0.01, ***P<0.001 when compared to C57BL/6+sham-

treated mice. ^P<0.05, ^^P<0.01, ^^^P<0.001 when compared to Winnie+HD MSC-treated mice. #P<0.05, ##P<0.01, ###P<0.001 

when compared to Winnie+HD MSC-treated mice BT. 
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Figure 7.2. Effects of multiple LD and HD MSC treatments on pellet 

formation. Fecal samples were collected from C57BL/6+sham, Winnie+sham, 

Winnie+LD MSC, and Winnie+HD MSC-treated mice before treatment (A-H), as 

well as 3 (AI-DI) and 60 days (EI-HI) post treatment. d = days.  
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Figure 7.3. Effects of multiple LD and HD MSC treatments on fecal water 

content, body weight and colon length. Water content (wet weight minus dry 

weight) of stools (A), body weight (B), and colon length (C) of C57BL/6+sham, 

Winnie+sham, Winnie+LD MSC, and Winnie+HD MSC-treated mice before 

treatment, as well as 3 and 60 days post treatment. d = days. ***P<0.001 when 

compared to C57BL/6+sham-treated mice. ̂ P<0.05, ̂ ^P<0.01, ̂ ^^P<0.001 when 

compared to Winnie+HD MSC-treated mice. #P<0.05, ##P<0.01, ###P<0.001 when 

compared to Winnie+HD MSC-treated mice BT. 
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Figure 7.4. Effects of multiple LD and HD MSC treatments on fecal lipocalin 

(Lcn)-2. Average Lcn-2 levels quantified in fecal samples from C57BL/6+sham, 

Winnie+sham, Winnie+LD MSC and Winnie+HD MSC-treated mice before 

treatment (BT), as well as 3 and 60 days post treatment (A). Fecal samples were 

collected twice weekly for 60 days to assess any changes in the level of intestinal 

inflammation during the experimental period (B). d = days. *P<0.05, **P<0.01, 

***P<0.001 when compared to C57BL/6+sham-treated mice. ^^^P<0.001 when 

compared to Winnie+HD MSC-treated mice. 
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Figure 7.5. Effects of multiple LD and HD MSC treatments on inflammation-

induced changes to the colonic architecture. Cross sections of the distal colon 

from C57BL/6+sham, Winnie+sham, Winnie+LD MSC and Winnie+HD MSC-

treated mice were stained with hematoxylin and eosin (H&E) (A-DI) and Alcian 

blue (E-HI) to assess the effects of MSC treatments on changes to the colonic 

architecture and mucin expressing cells induced by chronic inflammation. d = 

days. Scale bars = 50μm (A-DI), 20μm (E-HI). 
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Figure 7.6. Effects of multiple LD and HD MSC treatments on leukocyte 

infiltration in the chronically inflamed distal colon. Leukocyte infiltration in 

distal colon sections from C57BL/6+sham, Winnie+sham, Winnie+LD MSC, and 

Winnie+HD MSC-treated mice was assessed with anti-CD45 antibody, a pan 

leukocyte marker, at 3 (A-D) and 60 days (AI-DI) post treatment. d = days. Scale 

bars = 100μm. Quantitative analyses of CD45-IR cells throughout the colon wall 

(E), in the mucosa (F) and within the muscular layers (G). ***P<0.001 when 

compared to C57BL/6+sham-treated mice. ̂ P<0.05, ̂ ^P<0.01, ̂ ^^P<0.001 when 

compared to Winnie+HD MSC-treated mice. 
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7.4.3 Multiple HD MSC treatments facilitate nerve regeneration in the 

chronically inflamed colon 

Anti-β-Tubulin (III) antibody was used to label nerve fibers within the mucosal and 

muscular layers in the distal colon from C57BL/6 and Winnie mice at 3 and 60 

days post treatment (n=5/group; Fig. 7.7A-DI). In colon sections from 

C57BL/6+sham-treated mice, β-Tubulin (III)-IR fibers were arranged in an orderly 

manner, prominent in the smooth muscle and projecting from the submucosal 

layers through the mucosal glands (3 days - area: 9.0±0.2%; mucosa: 6.3±0.6%; 

muscle: 15.3±0.2%; 60 days - area: 8.9±0.4%; mucosa: 6.4±0.4%; muscle: 

15.0±0.6%; Fig. 7.7A-AI, E-G). In contrast, sections from Winnie+sham-treated 

mice showed disorganization and fragmentation of β-Tubulin (III)-IR fibers at both 

3 and 60 days post treatment (Fig. 7.7B-BI). Quantification confirmed these 

observations revealing less abundant β-Tubulin (III)-IR fiber density in sections 

from Winnie+sham-treated (3 days - area: 6.0±0.4%, P<0.001; mucosa: 

3.8±0.5%, P<0.001; muscle: 12.4±0.7%, P<0.01; 60 days - area: 5.8±0.1%, 

P<0.001; mucosa: 3.6±0.1%, P<0.001; muscle: 11.7±0.5%, P<0.01) when 

compared to C57BL/6+sham-treated mice (Fig. 7.7E-G). Similarly, in sections 

from LD MSC-treated Winnie mice, β-Tubulin (III)-IR nerve fibers were broken 

and irregularly dispersed (Fig. 7.7C-CI). The density of nerve fibers in sections 

from Winnie+LD MSC-treated mice was comparable to sections from 

Winnie+sham-treated mice and significantly less than in sections from 

C57BL/6+sham-treated mice at both 3 (area: 5.8±0.4%, P<0.001; mucosa: 

3.1±0.4%, P<0.001; muscle: 12.5±0.9%, P<0.05) and 60 days (area: 5.8±0.2%, 

P<0.001; mucosa: 3.2±0.3%, P<0.001; muscle: 12.0±0.4%, P<0.01) post 

treatment (Fig. 7.7E-G). Hence, LD MSC treatments did affect any nerve fiber 

regeneration in the Winnie mouse colon. At both 3 and 60 days post treatment, 

β-tubulin (III)-IR nerve fibers were systematically and prominently distributed 

throughout the mucosal and muscular layers in sections from Winnie+HD MSC-

treated mice (Fig. 7.7D-DI). Analysis revealed multiple HD MSC treatments 

facilitated nerve fiber regeneration by 3 (area: 9.4±0.4%; mucosa: 6.5±0.2%; 

muscle: 15.3±0.7%) continuing to 60 days (area: 8.9±0.2%; mucosa: 5.8±0.2%; 

muscle: 14.3±0.5%) post treatment; the density of β-Tubulin (III)-IR nerve fibers 
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in sections from Winnie+HD MSC-treated mice was comparable to sections from 

C57BL/6+sham-treated mice and higher than in sections from Winnie+sham-

treated (3 days - area: P<0.001; mucosa: P<0.001; muscle: P<0.01; 60 days - 

area: P<0.001; mucosa: P<0.01; muscle: P<0.05) and Winnie+LD MSC-treated 

(3 days - area: P<0.001; mucosa: P<0.001; muscle: P<0.05; 60 days - area: 

P<0.001; mucosa: P<0.001; muscle: P<0.05) mice (Fig. 7.7E-G).  

7.4.4 Multiple HD MSC treatments promote cholinergic fiber 

regeneration in the Winnie mouse distal colon 

Cholinergic nerve fibers were identified with anti-VAChT antibody in LMMP 

preparations of the distal colon from C57BL/6+sham, Winnie+sham, Winnie+LD 

MSC, and Winnie+HD MSC-treated mice at 3 and 60 days post treatment (Fig. 

7.8A-DI). VAChT-IR fibers were extensively distributed within the myenteric 

plexus of tissues from C57BL/6+sham-treated mice at 3 (ganglia: 30.9±1.7%; 

area: 8.0±0.6%) and 60 days (ganglia: 30.7±1.5%; area: 8.1±0.5%) post 

treatment. In tissues from Winnie+sham-treated mice, there was a substantial 

decrease in the density of cholinergic fibers when compared to C57BL/6+sham-

treated mice at both time points (3 days - ganglia: 23.5±0.7%; area: 5.7±0.1%; 

60 days - ganglia: 23.9±1.1%; area: 5.4±0.2%; P<0.001 for all; Fig. 7.8E-F). At 3 

and 60 days after multiple LD MSC treatments, the density of VAChT-IR fibers in 

tissues from Winnie+MSC-treated mice were comparable to tissues from 

Winnie+sham-treated mice and less than in LMMP preparations from 

C57BL/6+sham-treated mice (3 days - ganglia: 23.9±0.9%, P<0.001; area: 

6.1±0.1%, P<0.01; 60 days - ganglia: 23.7±0.5%; area: 5.8±0.3%, P<0.001 for 

both; Fig. 7.8E-F). In tissues from Winnie+HD MSC-treated mice, VAChT-IR 

fibers abundantly encompassed neurons and processes of ganglia in LMMP 

preparations at 3 days post treatment. Quantification of cholinergic fibers showed 

VAChT-IR fiber density in tissues from Winnie+HD MSC-treated mice (ganglia: 

28.0±0.7%; area: 7.8±0.4%) was comparable to samples from C57BL/6+sham-

treated mice at 3 days and higher than in samples from Winnie+sham (ganglia: 

P<0.05; area: P<0.01) and Winnie+LD MSC-treated (P<0.05 for both) mice (Fig. 

7.8E-F). The effect of multiple HD MSC treatments on cholinergic fiber 
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regeneration did not last long term. By 60 days post treatment, VAChT-IR fiber 

density in tissues from Winnie+HD MSC-treated mice (ganglia: 24.6±0.8%; area: 

6.4±0.5%) was reduced to levels comparable with tissues from Winnie+sham and 

Winnie+LD MSC-treated mice, considerably less than in samples from 

C57BL/6+sham-treated mice (ganglia: P<0.01; area: P<0.05).  

7.4.5 Multiple HD MSC treatments support noradrenergic fiber 

regeneration in the Winnie mouse distal colon 

LMMP preparations of the distal colon from C57BL/6+sham, Winnie+sham, 

Winnie+LD MSC, and Winnie+HD MSC-treated mice were labeled with anti-TH 

antibody to identify noradrenergic fibers at 3 and 60 days post treatment (Fig. 

7.9A-DI). In tissues from C57BL/6+sham-treated mice, profuse noradrenergic 

fibers were evident within and around the myenteric ganglia at the 3 (ganglia: 

22.4±0.8%; area: 6.1±0.1%) and 60 days (ganglia: 22.6±0.7%; area: 6.0±0.2%) 

time points (Fig. 7.9A-AI, E-F). TH-IR nerve fiber density was reduced at 3 

(ganglia: 15.2±0.3%; area: 3.6±0.2%) continuing to 60 days (ganglia: 15.1±0.7%; 

area: 3.4±0.4%) post treatment in LMMP preparations from Winnie+sham-treated 

mice when compared to tissues from C57BL/6+sham-treated mice (P<0.001 for 

all; Fig. 7.9B-BI, E-F). Multiple LD MSC treatments had no effect on noradrenergic 

fibers in the Winnie mouse distal colon. Subsequently, TH-IR fiber density in 

tissues from Winnie+LD MSC-treated mice at 3 (ganglia: 14.6±0.4%; area: 

3.6±0.1%) and 60 days (ganglia: 14.7±0.3%; area: 3.7±0.2%) was comparable to 

LMMP preparations from Winnie+sham-treated mice and less than in samples 

from C57BL/6+sham-treated mice (P<0.001 for all; Fig. 7.9C-CI, E-F). At 3 days 

post treatment, TH-IR fiber density in tissues from Winnie+HD MSC-treated mice 

(ganglia: 20.4±0.4%; area: 5.5±0.2%) was increased when compared to 

Winnie+sham (P<0.001 for both) and Winnie+LD MSC-treated (P<0.001 for both) 

mice, comparable to samples from C57BL/6+sham-treated mice (Fig. 7.9D-DI, E-

F). By 60 days post treatment, the density of noradrenergic fibers in tissues from 

Winnie+HD MSC-treated mice (ganglia: 17.9±0.7%; area: 5.1±0.2%) remained 

higher than in LMMP preparations from Winnie+sham and Winnie+LD MSC-

treated mice (ganglia: P<0.01 for both; area: P<0.001 for both), however were 
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significantly less than in tissues from C57BL/6+sham-treated mice (ganglia: 

P<0.001; area: P<0.01).  

7.4.6 Multiple HD MSC treatments facilitate sensory nerve fiber 

regeneration in the Winnie mouse distal colon  

Sensory nerve fibers were labeled with anti-CGRP antibody in LMMP 

preparations of the distal colon from C57BL/6+sham, Winnie+sham, Winnie+LD 

MSC, and Winnie+HD MSC-treated mice at 3 and 60 days post treatment (Fig. 

7.10A-DI). In tissues from C57BL/6+sham-treated mice, sensory fibers were 

abundant throughout the myenteric plexus and CGRP-IR fiber density was 

consistent from 3 (ganglia: 28.5±1.2%; area: 6.6±0.2%) to 60 days (ganglia: 

28.6±0.9%; area: 6.8±0.5%) post treatment (Fig. 7.10E-F). When compared to 

samples from control mice, the density of CGRP-IR fibers was reduced in distal 

colon preparations from Winnie+sham-treated mice at both 3 (ganglia: 

20.5±0.4%; area: 4.6±0.2%) and 60 days (ganglia: 20.6±0.8%; area: 4.7±0.1%) 

after treatment (P<0.001 for all; Fig. 7.10E-F). Tissues from Winnie+LD MSC-

treated mice revealed comparable CGRP-IR fiber densities to LMMP 

preparations from Winnie+sham-treated mice; a reduction in sensory fiber density 

when compared to tissues from C57BL/6+sham-treated mice (3 days - ganglia: 

19.6±1.0%; area: 4.7±0.2%; 60 days - ganglia: 21.1±0.7%; area: 4.6±0.2%; 

P<0.001 for all; Fig. 7.10E-F). Multiple treatments of HD MSCs facilitated sensory 

nerve fiber regeneration by 3 (ganglia: 29.3±1.3%; area: 6.1±0.5%) maintaining 

to 60 days (ganglia: 25.0±1.0%; area: 5.7±0.3%) post treatment in preparations 

from Winnie+HD MSC-treated mice to levels comparable with C57BL/6+sham 

tissues. Thus, CGRP-IR fiber density was higher in tissues from Winnie+HD 

MSC-treated mice when compared to samples from Winnie+sham (3 days - 

ganglia: P<0.001; area: P<0.01; 60 days: P<0.05 for both) and Winnie+LD MSC-

treated (3 days - ganglia: P<0.001; area: P<0.05; 60 days: P<0.05 for both) mice 

at both time points (Fig. 7.10E-F).  
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Figure 7.7. Effects of multiple LD and HD MSC treatments on nerve fiber 

density in the chronically inflamed distal colon. Nerve fibers in distal colon 

sections from C57BL/6+sham, Winnie+sham, Winnie+LD MSC, and Winnie+HD 

MSC-treated mice were identified with anti-β-Tubulin (III) antibody at 3 (A-D) and 

60 days (AI-DI) post treatment. d = days. Scale bars = 100μm. Quantitative 

analyses of β-Tubulin (III)-IR fibers within the wall of the colon (E), in the mucosa 

only (F) and within the muscular layers only (G). *P<0.05, **P<0.01, ***P<0.001 

when compared to C57BL/6+sham-treated mice. ̂ P<0.05, ̂ ^P<0.01, ̂ ^^P<0.001 

when compared to Winnie+HD MSC-treated mice. 
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Figure 7.8. Effects of multiple LD and HD MSC treatments on cholinergic 

nerve fibers within the myenteric plexus of the Winnie mouse colon. 

Cholinergic nerve fibers in LMMP preparations of the distal colon from 

C57BL/6+sham, Winnie+sham, Winnie+LD MSC, and Winnie+HD MSC-treated 

mice were distinguished with anti-VAChT antibody at 3 (A-D) and 60 days (AI-DI) 

post treatment. d = days. Scale bars = 100μm. Quantitative analyses of VAChT-

IR fibers per ganglion (E) and per 2mm2 area (F). *P<0.05, **P<0.01, ***P<0.001 

when compared to C57BL/6+sham-treated mice. ^P<0.05, ^^P<0.01 when 

compared to Winnie+HD MSC-treated mice. 
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Figure 7.9. Effects of multiple LD and HD MSC treatments on noradrenergic 

nerve fibers within the myenteric plexus of the Winnie mouse colon. 

Noradrenergic nerve fibers in LMMP preparations of the distal colon from 

C57BL/6+sham, Winnie+sham, Winnie+LD MSC, and Winnie+HD MSC-treated 

mice were distinguished with anti-TH antibody at 3 (A-D) and 60 days (AI-DI) post 

treatment. d = days. Scale bars = 100μm. Quantitative analyses of TH-IR fibers 

per ganglion (E) and per 2mm2 area (F). **P<0.01, ***P<0.001 when compared 

to C57BL/6+sham-treated mice. ^^P<0.01, ^^^P<0.001 when compared to 

Winnie+HD MSC-treated mice. 
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Figure 7.10. Effects of multiple LD and HD MSC treatments on sensory 

nerve fibers within the myenteric plexus of the Winnie mouse colon. 

Sensory nerve fibers were identified with anti-CGRP antibody in LMMP 

preparations of the distal colon from C57BL/6+sham, Winnie+sham, Winnie+LD 

MSC, and Winnie+HD MSC-treated mice at 3 (A-D) and 60 days (AI-DI) post 

treatment. d = days. Scale bars = 100μm. Quantitative analyses of CGRP-IR 

fibers per ganglion (E) and per 2mm2 area (F). ***P<0.001 when compared to 

C57BL/6+sham-treated mice. ^P<0.05, ^^P<0.01, ^^^P<0.001 when compared 

to Winnie+HD MSC-treated mice. 

  



  

413 
 

 



  

414 
 

 



  

415 
 

7.4.7 Multiple MSC treatments have no effect on the average number 

of myenteric neurons in the chronically inflamed distal colon 

Myenteric neurons in LMMP preparations from C57BL/6+sham, Winnie+sham, 

Winnie+LD MSC, and Winnie+HD MSC-treated mice were identified with anti-

PGP9.5 antibody, a pan neuronal marker, at 3 and 60 days post treatment (Fig. 

7.11A-DI). In tissues from C57BL/6+sham-treated mice, the average number of 

PGP9.5-IR neurons per ganglionic area was 22±0.5 and 22±0.4 at 3 and 60 days 

post treatment, respectively (Fig. 7.11E). A reduction in the average number and 

density of neurons per ganglionic area was consistently recorded in LMMP 

preparations from Winnie+sham-treated mice at 3 (18±0.6 cells/ganglionic area; 

82.7±3.4%) and 60 days (18±0.5 cells/ganglionic area; 82.8±3.4%) when 

compared to tissues from C57BL/6+sham-treated mice (P<0.001 for all; Fig. 

7.11E-F). Tissues from Winnie+LD MSC (3 days: 18±0.5 cells/ganglionic area; 

60 days: 18±0.6 cells/ganglionic area; P<0.001 for both) and Winnie+HD MSC-

treated (3 days: 20±0.5 cells/ganglionic area, P<0.05; 60 days: 19±0.4 

cells/ganglionic area, P<0.01) mice showed comparable average numbers of 

neurons per ganglionic area as samples from Winnie+sham-treated mice, 

significantly less than in tissues from C57BL/6+sham-treated mice (Fig. 7.11E). 

The ganglionic density of PGP9.5-IR neurons reflected these numbers, 

confirming that neither LD or HD MSC treatments had effect on the number of 

myenteric neurons in the Winnie mouse distal colon at 3 (LD MSC: 81.7±3.1%, 

P<0.001; HD MSC: 89.4±3.5%, P<0.05) or 60 days (LD MSC: 83.0±3.3%, 

P<0.001; HD MSC: 87.8±1.0%, P<0.05) post treatment.  

7.4.8 Multiple MSC treatments have no effect on the average number 

of nitrergic myenteric neurons in the Winnie mouse distal colon  

Anti-nNOS antibody was used to label nitrergic neurons in wholemount LMMP 

preparations of the distal colon from C57BL/6+sham, Winnie+sham, Winnie+LD 

MSC, and Winnie+HD MSC-treated mice 3 and 60 days following treatment (Fig. 

7.12A-DI). Consistent mean numbers of nNOS-IR neurons per ganglionic area 

were analyzed in tissues from C57BL/6+sham-treated mice at 3 (7±0.3 
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cells/ganglionic area) and 60 days (7±0.2 cells/ganglionic area) post treatment 

(Fig. 7.12E). No differences in average nitrergic neuron numbers were observed 

between tissues from Winnie+sham (3 days: 7±0.3 cells/ganglionic area; 60 days: 

7±0.3 cells/ganglionic area), Winnie+LD MSC (3 days: 7±0.3 cells/ganglionic 

area; 60 days: 7±0.1 cells/ganglionic area), and Winnie+HD MSC-treated (3 

days: 7±0.2 cells/ganglionic area; 60 days: 7±0.2 cells/ganglionic area) mice at 

either time point, comparable to samples from C57BL/6+sham-treated mice (Fig. 

7.12E). Subsequently, there was no differences in the nNOS-IR neuronal density 

in tissues from any Winnie group relative to control tissues (Winnie+sham - 3 

days: 95.9±6.3%; 60 days: 91.9±1.8%; Winnie+LD MSC - 3 days: 94.64.53%; 60 

days: 90.8±3.0%; Winnie+HD MSC - 3 days: 100.8±5.7%; 60 days: 97.3±4.4%; 

Fig. 7.12F). While there were no changes in the average number of nNOS-IR 

neurons in tissues from treated Winnie mice, loss of PGP9.5-IR neurons founded 

an increased proportion of nNOS-IR neurons to PGP9.5-IR neurons 

(Winnie+sham - 3 days: 38.5±2.0%, P<0.001; 60 days: 37.3±0.7%, P<0.05; 

Winnie+LD MSC - 3 days:  38.4±1.0%, P<0.001; 60 days: 36.8±1.2%, P<0.05; 

Winnie+HD MSC - 3 days:  37.4±0.9%, P<0.01; 60 days: 37.0±0.7%, P<0.05) 

when compared to C57BL/6+sham-treated mice (3 days:  33.3±1.2%; 60 days: 

33.6±1.3%) at both time points post treatment (Fig. 7.12G).  

7.4.9 Multiple MSC treatments have no effect on the average number 

of cholinergic myenteric neurons in the Winnie mouse distal colon  

Cholinergic neurons were identified with anti-ChAT antibody in LMMP 

preparations of the distal colon from C57BL/6+sham, Winnie+sham, Winnie+LD 

MSC, and Winnie+HD MSC-treated mice 3 and 60 days post treatment (Fig. 

7.13A-DI). At both time points, the average number of ChAT-IR neurons per 

ganglionic area was lower in tissues from Winnie+sham-treated mice (3 days: 

9±0.3 cells/ganglionic area; 60 days: 9±0.3 cells/ganglionic area) when compared 

to samples from C57BL/6+sham-treated mice (3 days: 12±0.5 cells/ganglionic 

area; 60 days: 12±0.4 cells/ganglionic area; P<0.01 for both; Fig. 7.13E). 

Correspondingly, the ganglionic density of ChAT-IR neurons in preparations from 

Winnie+sham-treated mice was decreased relative to control tissues (3 days: 
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82.2±5.6%; 60 days: 80.3±4.6%; P<0.01 for both; Fig. 7.13F). In tissues from 

Winnie+LD MSC (3 days: 10±0.3 cells/ganglionic area; 82.7±3.7%; 60 days: 

9±0.4 cells/ganglionic area; 80.7±2.8%) and Winnie+HD MSC-treated mice (3 

days: 10±0.4 cells/ganglionic area; 86.3±3.5%; 60 days: 10±0.5 cells/ganglionic 

area; 87.0±2.2%), the average number and density of ChAT-IR neurons per 

ganglionic area at 3 and 60 days post treatment were comparable to LMMP 

preparations from Winnie+sham-treated mice, significantly less than in tissues 

from C57BL/6+sham-treated mice (Winnie+LD MSC: P<0.01 for all; Winnie+HD 

MSC: P<0.05 for all; Fig. 7.13E-F). No differences in the proportion of excitatory 

neurons per ganglionic area were calculated between groups due to the 

simultaneous decrease in ChAT-IR and PGP9.5 neurons in tissues from Winnie 

mice (C57BL/6+sham - 3 days: 52.6±3.4%; 60 days: 52.1±2.8%; Winnie+sham - 

3 days: 51.6±1.6%; 60 days: 50.3±1.8%; Winnie+LD MSC - 3 days: 53.0±2.4%; 

60 days: 50.8±3.1%; Winnie+HD MSC - 3 days: 50.4±1.2%; 60 days: 50.3±1.7%; 

Fig. 7.13G). 
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Figure 7.11. The effects of multiple LD and HD MSC treatments on the 

average number of myenteric neurons in the chronically inflamed colon. 

Anti-PGP9.5 antibody was used to label myenteric neurons in LMMP 

preparations of the distal colon from C57BL/6+sham, Winnie+sham, Winnie+LD 

MSC, and Winnie+HD MSC-treated mice at 3 and 60 days post treatment (A-DI). 

d = days. Scale bars = 100μm. Quantitative analyses of the average number of 

PGP9.5-IR neurons normalized to 0.1mm2 ganglionic area (E). Ganglionic 

density of PGP9.5-IR neurons in tissues from Winnie mice as a percentage of 

control (100%) (F). *P<0.05, **P<0.01, ***P<0.001 when compared to 

C57BL/6+sham-treated mice. 
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Figure 7.12. The effects of multiple LD and HD MSC treatments on the 

average number of nNOS-IR myenteric neurons in the Winnie mouse colon. 

Anti-nNOS antibody was used to label nitrergic myenteric neurons in LMMP 

preparations of the distal colon from C57BL/6+sham, Winnie+sham, Winnie+LD 

MSC, and Winnie+HD MSC-treated mice at 3 and 60 days post treatment (A-DI). 

d = days. Scale bars = 100μm. Quantitative analyses of the average number of 

nNOS-IR neurons normalized to 0.1mm2 ganglionic area (E). Ganglionic density 

of nNOS-IR neurons in tissues from Winnie mice as a percentage of control 

(100%) (F). The proportion of nNOS-IR neurons to PGP9.5-IR neurons (H). 

*P<0.05, **P<0.01, ***P<0.001 when compared to C57BL/6+sham-treated mice. 
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Figure 7.13. The effects of multiple LD and HD MSC treatments on the 

average number of ChAT-IR myenteric neurons in the Winnie mouse colon. 

Anti-ChAT antibody was used to label cholinergic myenteric neurons in LMMP 

preparations of the distal colon from C57BL/6+sham, Winnie+sham, Winnie+LD 

MSC, and Winnie+HD MSC-treated mice at 3 and 60 days post treatment (A-DI). 

d = days. Scale bars = 100μm. Quantitative analyses of the average number of 

ChAT-IR neurons normalized to 0.1mm2 ganglionic area (E). Ganglionic density 

of ChAT-IR neurons in tissues from Winnie mice as a percentage of control 

(100%) (F). The proportion of ChAT-IR neurons to PGP9.5-IR neurons (H). 

*P<0.05, **P<0.01 when compared to C57BL/6+sham-treated mice. 
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7.5 Discussion 

This is the first study to examine the effects of multiple MSC treatments in the 

Winnie mouse model of spontaneously occurring chronic colitis. The efficacy of 

LD and HD MSC treatments were investigated at both a short-term (3 day) and 

long-term (60 day) time point. In this study, we found that multiple HD MSC 

treatments administered by enema attenuated inflammation and facilitated nerve 

fiber regeneration in the distal colon of Winnie mice at 3 days post treatment. The 

beneficial effects of HD MSC treatments in the inflamed colon were mostly 

sustained long-term for up to 60 days. Conversely, we established that multiple 

LD MSC treatments have no effect in alleviating colonic inflammation or 

associated enteric neuropathy in Winnie mice. Hence, the therapeutic effects of 

multiple BM-MSC treatments administered by enema into the Winnie mouse 

colon are dose-dependent. 

In colon sections from both LD and HD MSC-treated Winnie mice, localization of 

enema administered MSCs were evident at 3 days post treatment. A greater 

quantity of engrafted MSCs were observed in the colon sections from HD MSC-

treated than LD MSC-treated mice. In consistency with our findings, localization 

and engraftment of MSCs in injured tissues is reported to be significantly greater 

when administered at higher doses (Li et al. 2016b; Fernandez-Garcia et al. 2015; 

Saether et al. 2014; Muller-Ehmsen et al. 2006). At 60 days post treatment, there 

was no MSC engraftment in the colons from Winnie mice in any group. Similarly, 

transient engraftment of MSCs in the intestine was observed within a few days of 

transplantation (Han et al. 2017; Sala et al. 2015; Semont et al. 2013; Castelo-

Branco et al. 2012; Gonzalez-Rey et al. 2009; Hayashi et al. 2008; Tanaka et al. 

2008). The length of time that administered MSCs engraft in the colon varies 

between studies, however, there is general consensus that cell numbers 

dramatically decline after a few days and are undetectable within a few weeks 

(Moussa et al. 2017; Sala et al. 2015; Semont et al. 2013; Gonzalez-Rey et al. 

2009).  
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Symptoms of perianal bleeding, diarrhea and lack of weight gain confirmed active 

colitis in all Winnie mice before treatment. Alterations to the consistency, 

frequency and water content of stools is associated with active colitis in IBD 

patients and experimental models of colitis, including Winnie mice (Chen et al. 

2017; Rahman et al. 2015; Fierer et al. 2012; Waljee et al. 2009). These changes 

are consistent with weakening of normal colonic sodium and/or chloride uptake 

mechanisms, thereby eliminating the driving force for luminal passive water 

absorption and promoting diarrhea (Spehlmann et al. 2009). Furthermore, 

dysmotility and increased transit times in the Winnie mouse colon deprives fecal 

material of adequate exposure to the mucosa for absorption of water and 

electrolytes, resulting in loose stools (Robinson et al. 2017a). A distinct formation 

of pellets, absence of diarrhea and a reduced fecal water content was 

consistently observed in samples from control mice, indicating that the epithelium 

was not compromised by inflammation. Following treatment, we did not observe 

any changes to average body weight, stool consistency or fecal water content in 

sham-treated and LD MSC-treated Winnie mice. However, pellet formation, 

absence of diarrhea and a reduced fecal water content was observed in samples 

from HD MSC-treated mice long-term. These results suggest that a multiple HD 

MSC treatment regime was efficacious in restoring the integrity of the epithelial 

barrier to enhance water absorption from the lumen.     

In Winnie mice, chronic inflammation induces morphological changes including 

increased colon length and marked thickening of the intestinal wall, as well as 

mucosal damage and heightened leukocyte infiltration in the distal colon 

(Rahman et al. 2015). Sham-treated Winnie mice exhibited all afore mentioned 

changes confirming the severity of inflammation at 3 and 60 days post treatment. 

Colon length and thickness, damage to the architecture of the colon and density 

of leukocytes remained comparable to sham-treated Winnie mice after LD MSC 

treatment. Conversely, multiple HD MSC treatments attenuated the severity of 

inflammation in Winnie mice evidenced by a decrease in colon length and 

thickness, healing of the colonic architecture and reduced leukocyte infiltration 

throughout the colon wall for up to 60 days. In consistency with our results, many 

studies have demonstrated the capacity for BM-MSCs, as well as MSCs derived 
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from adipose, umbilical cord, amnion and gingiva tissue, to reduce the overall 

disease activity of acute experimental colitis: attenuating reduction in body weight 

and diarrhea, ameliorating colonic transmural inflammation, improving 

histological scores and suppressing infiltration of inflammatory cells (Robinson et 

al. 2017b; 2015; 2014; Song et al. 2017; Chao et al. 2016; Lee et al. 2016; Jung 

et al. 2015; Onishi et al. 2015; Perez-Merino et al. 2015; Sala et al. 2015; Stavely 

et al. 2015a; 2015b; Chen et al. 2013b; Fawzy et al. 2013; Liang et al. 2011; 

Gonzalez et al. 2009; Zhang et al. 2009b; Hayashi et al. 2008; Yu et al. 2017; 

Goncalves et al. 2014; Nikolic et al. 2018; Tanaka et al. 2008). In contrast to our 

study, most studies reporting attenuation of colitis implement only a single 

administration of MSCs (Robinson et al. 2017b; 2015; 2014; Song et al. 2017; 

Chao et al. 2016; Jung et al. 2015; Onishi et al. 2015; Perez-Merino et al. 2015; 

Sala et al. 2015; Stavely et al. 2015a; 2015b; Chen et al. 2013b; Fawzy et al. 

2013; He et al. 2012; Gonzalez et al. 2009; Zhang et al. 2009b; Hayashi et al. 

2008).  Few studies have investigated a multiple MSC treatment regime in 

experimental colitis and generally describe reductions in disease activity and 

histological scores (Nikolic et al. 2018; Lee et al. 2016; Tang et al. 2015; Liang et 

al. 2011; Tanaka et al. 2008). Of these studies, there is great variation in the 

number of MSC treatments administered (2 (Yu et al. 2017; Tang et al. 2015; 

Goncalves et al. 2014; Liang et al. 2011), 3 (Lee et al. 2016; Tanaka et al. 2008), 

4 (Yu et al. 2017), 7 (Nikolic et al. 2018)). The frequency of MSC treatments also 

fluctuates between studies (daily for 2d (Liang et al. 2011), daily for 7 days 

(Nikolic et al. 2018), 1×wk (Yu et al. 2017), 2×wk (Yu et al. 2017; Goncalves et 

al. 2014), 3×wk (Lee et al. 2016; Tanaka et al. 2008), 1×2wk (Tang et al. 2015)). 

Furthermore, there is much diversity regarding the dose of MSCs reported to 

exhibit therapeutic effect (2×105 MSCs (Tang et al. 2015), 1×106 MSCs (Yu et al. 

2017; Goncalves et al. 2014; Liang et al. 2011), 2×106 MSCs (Nikolic et al. 2018), 

5×106 MSCs (Tanaka et al. 2008), 1×107 MSCs (Lee et al. 2016)).  

While multiple administrations of LD MSCs were ineffective in alleviating 

inflammation in Winnie mice in this study, single or repeated MSC applications 

using comparable doses have been shown to be efficacious in other studies. This 

may be attributable to variations in the inflammatory milieu in vivo; MSCs are 
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extremely contingent on environmental inflammatory conditions (Kim and Cho 

2013). Studies examining the effects of MSC treatment on experimental colitis 

most commonly employ acute models of intestinal inflammation, such as TNBS 

and DSS-induced colitis (Nikolic et al. 2018; Robinson et al. 2017b; 2015; 2014; 

Song et al. 2017; Chao et al. 2016; Liu et al. 2015b; Onishi et al. 2015; Sala et 

al. 2015; Stavely et al. 2015a; 2015b; Goncalves et al. 2014; Chen et al. 2013b; 

He et al. 2012; Liang et al. 2011; Gonzalez et al. 2009; Zhang et al. 2009b; 

Hayashi et al. 2008; Tanaka et al. 2008). Limited studies have investigated MSCs 

in chronic colitis. Only one study investigating the effect of tonsil derived MSCs 

on chronic DSS colitis followed a similar number, frequency and dose regime as 

the LD part of our investigation (Yu et al. 2017). In consistency with our results, 

these authors found that multiple administrations of 1x106 MSCs did not have 

effect on disease activity (Yu et al. 2017). It may be postulated that the increased 

MSC numbers present in the colons from mice with repeated HD MSC treatments 

heighten the expression of anti-inflammatory and immunosuppressive factors 

secreted by MSCs to a level sufficient to overcome the impediments of the 

chronic inflammatory environment.  

Intestinal innervation is impaired in the distal colon of Winnie mice (Rahman et 

al. 2015). In consistency with these results, reductions in the density of sensory, 

noradrenergic, and cholinergic fibers were observed in LMMP preparations of the 

distal colon from Winnie+sham-treated mice when compared to tissues from 

C57BL/6+sham-treated mice in this study. While LD MSC treatments had no 

effect, multiple administrations of HD MSCs facilitated regeneration of β-Tubulin 

(III)-IR, CGRP-IR, TH-IR, and VAChT-IR nerve fibers in the myenteric plexus of 

the Winnie mouse colon at 3 days post treatment. The increase in β-Tubulin (III)-

IR and CGRP-IR fiber density was maintained for 60 days. In consistency with 

our findings, regeneration of β-tubulin (III)-IR fibers has been reported at 3 days 

after MSC administration in rat spinal transection (Qiu et al. 2015) and infusion of 

MSC conditioned medium in an animal model of cerebral ischemia (Tsai et al. 

2014), and maintained up to 36 weeks in canine spinal cord transection (Han et 

al. 2018). In addition, CGRP-IR nerve fibers were increased in the injured spinal 

cord at 4, 8 and 36 weeks post MSC transplantation (Han et al. 2018; Novikova 
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et al. 2018; Onuma-Ukegawa et al. 2015; Ding et al. 2009). In this study, we found 

that although HD MSCs facilitated regeneration of VAChT-IR and TH-IR fibers at 

3 days, the increase in cholinergic and noradrenergic fiber density was not 

maintained at the 60 day time point when compared to control tissues. Similar to 

our results, regeneration of cholinergic fibers was observed 7 days after MSC 

transplantation, but not at 60 days in a rat model of lumbar ventral root avulsion 

(Torres-Espin et al. 2013a). Other studies have demonstrated MSC-induced 

regeneration of TH-IR nerve fibers to be maintained for 11 days and 42 days in 

experimental models of peripheral nerve injury (Lopatina et al. 2011; Kamada et 

al. 2005), as well as up to 50 days in experimental Parkinson's disease (Sadan 

et al. 2009). These studies suggest that multiple treatments of HD MSCs are 

capable of supporting VAChT-IR and TH-IR fiber regeneration for longer than 3 

days in Winnie mice, however further investigation is necessitated to reveal the 

exact time point for which cholinergic and noradrenergic fiber regrowth is 

sustained.  

In response to local cues such as hypoxia, apoptosis, or inflammation, 

transplanted MSCs exert tropic support by secreting a variety of factors, such as 

growth factors, trophic factors, cytokines and chemokines, that directly or 

indirectly stimulate tissue repair and regeneration (Fu et al. 2017; Hofer and Tuan 

2016). The aptitude of MSCs to augment nerve fiber regeneration is attributable 

to their capacity to increase the expression of growth factors and neurotrophic 

factors, such as vascular endothelial growth factor, basic fibroblast growth factor, 

hepatocyte growth factor, brain-derived neurotrophic factor (BDNF), nerve growth 

factor (NGF), glial cell-derived neurotrophic factor (GDNF), ciliary-derived 

neurotrophic factor, and neurotrophin (NT)  (Mohammadi et al. 2013; Marconi et 

al. 2012; Lopatina et al. 2011; Sebben et al. 2011; Ribeiro-Resende et al. 2009; 

Rodrigues Hell et al. 2009; Wei et al. 2009; Rehman et al. 2004). These factors 

have been shown to promote cholinergic, sympathetic, and sensory nerve fibers 

in experimental regeneration models (Yu et al. 2014; Kuihua et al. 2014; Tang et 

al. 2013; de Boer et al. 2012; Scholz et al. 2010; Glueckert et al. 2008; Katsui et 

al. 2008; Kemp et al. 2008; Dezawa et al. 2004; Boyd and Gordon 2003; 2002; 

Jakeman et al. 1998). Previously, we have shown that BM-MSCs from the same 
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cell line utilized in this study secrete BDNF, NT, NGF, and GDNF (Chapter 2). 

These findings suggest that the short-term regenerative effects demonstrated by 

repeated administrations of HD MSCs in this study were enhanced by 

neurotrophic factors secreted by MSCs in vivo. However, few MSCs survive for 

more than one week after transplantation (Parekkadan and Milwid 2010) 

suggesting that the long-term effects of MSCs on β-Tubulin (III)-IR and CGRP-IR 

are most likely mediated by paracrine mechanisms (Maguire 2013). However, 

these paracrine mechanisms did not sustain TH-IR and VAChT-IR fiber density 

long-term which requires further investigation. Conceivably, nerve fiber 

regeneration was not evident in the Winnie mouse colon following repeated LD 

MSC treatments due to an inadequate number of cells to express sufficient 

amounts of neurotrophic factors.  

The loss of myenteric neurons observed in colons from sham-treated Winnie mice 

in this study was not attenuated by multiple administrations of LD or HD MSCs. 

It has been demonstrated that MSCs provide a neuroprotective effect against 

inflammation-induced neuronal loss in acute TNBS colitis (Robinson et al. 2017b; 

2015; 2014; Stavely et al. 2015a; 2015b). However, in these studies MSCs are 

administered close to the onset of colonic inflammation, therefore neuronal loss 

is prevented rather than restored through the formation of new neurons. 

Conversely, in the Winnie mouse colon, neuronal loss is established prior to MSC 

administration. While MSCs have the potential for neuronal differentiation in vitro 

(Bae et al. 2011a; Jang et al. 2010), it remains controversial whether MSCs can 

differentiate to neurons with functional characteristics in vivo. Furthermore, in 

consistency with our results, the majority of homing and engraftment studies have 

demonstrated minimal or absent long-term engraftment of MSCs, thereby 

eliminating the prospect of neuronal differentiation (Parekkadan and Milwid 

2010). Our results show that slightly more PGP9.5-IR neurons per ganglionic 

area were counted in colons from HD MSC-treated Winnie mice than in tissues 

from sham-treated Winnie mice. This observation may be due to direct or indirect 

secretion of neurotrophic factors by MSCs protecting the remaining neurons, 

enabling them to survive and regenerate fibers (Mesentier-Louro et al. 2014).   
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7.6 Conclusion 

Here we have demonstrated for the first time that multiple administrations of HD 

MSCs attenuated inflammation and facilitated regeneration of nerve fibers in the 

Winnie mouse model of chronic colitis. Most of the beneficial effects were 

maintained long-term for up to 60 days post treatment. Based on the therapeutic 

effects observed with repeated administration of HD, but not LD, MSCs in this 

study, it can be concluded that the efficacy of MSC treatment on colonic 

inflammation is dose-dependent in Winnie mice. Further investigations are 

warranted to examine whether HD MSC treatments are effective in restoring 

dysmotility and impaired smooth muscle cell responses previously demonstrated 

in the Winnie mouse colon.   

  



  

434 
 

  

CHAPTER EIGHT: GENERAL DISCUSSION, FUTURE 

DIRECTIONS AND CONCLUSIONS 
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8.1 General discussion 

Although not associated with mortality, severe symptoms and complications, 

along with the relapsing nature of inflammatory bowel disease (IBD), cause 

significant impairment to patient’s quality of life (Fakhoury et al. 2014; Kalafateli 

et al. 2013; Umanskiy and Fichera 2010). Many studies involving experimental 

models of colitis and tissues from IBD patients demonstrate the detrimental 

effects of intestinal inflammation on the enteric nervous system (ENS) (Nurgali et 

al. 2011; 2009; 2007; Villanacci et al. 2008; De Giorgio et al. 2002; Sanovic et al. 

1999). Damage to the structure and function of the ENS is considered to play a 

major role in the generation of symptoms associated with IBD.  

The mechanisms underlying the pathogenesis of IBD are unknown, thus current 

treatments are focused only on the prevention of symptoms once they arise 

(Sandborn et al. 2014). Existing therapies can provide short-term symptom relief 

in some patients however they can be associated with adverse effects, loss of 

patient response, or no response at all (Nitzan et al. 2016; Williams et al. 2011; 

D'Haens 2007; Irving et al. 2007; Van Dieren et al. 2007). Furthermore, no current 

IBD treatments focus on the attenuation of enteric neuropathy that is clearly 

associated with intestinal inflammation. The basis of this thesis was to examine 

a novel treatment for IBD which targets enteric neurons.  

Mesenchymal stem cells (MSCs) have been shown to participate in tissue repair 

and regeneration in various inflammatory, autoimmune, and neurodegenerative 

disorders (Galindo et al. 2011; da Silva Meirelles et al. 2009; Kassis et al. 2008; 

Zheng et al. 2008). The capacity of MSCs to migrate to the site of tissue damage 

and exert anti-inflammatory, immunomodulating and neuroprotective effects via 

paracrine actions makes them an ideal candidate for the treatment of IBD (Wang 

et al. 2012a; Spaeth et al. 2008; Liu et al. 2007; Ortiz et al. 2003). Previous 

studies have demonstrated that systemic and locally administered MSCs derived 

from various sources ameliorate colitis, promoting intestinal repair, decreasing 

inflammation and modulating the immune response (Liu et al. 2014; Castelo-

Branco et al. 2012; Liang et al. 2011; Gonzalez-Rey et al. 2009; Ando et al. 2008; 
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Hayashi et al. 2008; Tanaka et al. 2008). However, no studies investigated the 

effects of MSC therapy on damage to the ENS associated with intestinal 

inflammation. Hence, the studies within this thesis are the first to investigate the 

therapeutic effects of MSC treatment on enteric neuropathy associated with IBD.  

This thesis can be divided into three main sections: 1) an investigation into 

whether MSC and CM treatments can avert enteric neuropathy in an acute model 

of colitis, 2) establishment of a chronic model of colitis that is highly representative 

of human IBD, and 3) an examination of MSC treatment in this chronic model of 

colitis.  

8.1.1 MSC therapy for the treatment of enteric neuropathy associated 

with acute TNBS-induced colitis in guinea-pigs 

In Chapter 2, we investigated whether enema applied human bone marrow (BM)-

MSCs and conditioned medium (CM) are efficacious in averting enteric 

neuropathy in the guinea-pig model of 2,4,6-trinitrobenzene sulfonic acid (TNBS)-

induced colitis. Colon tissues were collected at 6h, 24h, 3 days, and 7 days post 

induction of colitis for histology, immunohistochemistry and motility experiments. 

The results of this chapter demonstrated that both MSCs and CM attenuate 

inflammation and prevent enteric neuropathy and colonic dysmotility associated 

with intestinal inflammation. Furthermore, we established that MSC-based 

therapies start exerting their neuroprotective effects by 24h post treatment and 

maintain these effects for at least 7 days. The neuroprotective effects of MSCs 

and CM were independent of the anti-inflammatory effects since the inflammatory 

reaction in the myenteric plexus did not subside until 3 days. 

The application of MSCs by enema is reported for the first time in Chapter 2. 

Systemic administration of MSCs can be associated with large numbers of cells 

becoming trapped in the lungs and other filtering organs, however local 

application positions the MSCs at, or near, the injury site to ensure the maximum 

number of cells are available to participate in the repair of damaged tissues 

(Manieri and Stappenbeck 2011). Additionally, application by enema offers a 
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feasible option for MSC administration in IBD patients because it is safe, 

convenient and minimally invasive.  

The myenteric neuronal loss and nerve fiber damage in the TNBS-inflamed colon 

described in Chapter 2 was consistent with previous studies in the guinea-pig 

intestine (Nurgali et al. 2011; 2007; Linden et al. 2005; 2003). We also observed 

changes to the neurochemical coding of myenteric neurons to be associated with 

TNBS colitis, comparable to other studies (Winston et al. 2013; Boyer et al. 2007; 

Linden et al. 2005; Neunlist et al. 2003; Belai et al. 1997). Alterations to the 

neurochemical coding and loss of myenteric neurons induced by TNBS 

correlated with colonic dysmotility, indicating disruptions in the intrinsic motor 

circuits. In colons from MSC and CM-treated guinea-pigs, neuronal loss was 

prevented, and regeneration of nerve fibers was evident by 24h maintained for 7 

days post treatment. Correspondingly, colonic motor patterns were comparable 

to sham-treated animals at 7 days. It was considered that the neuroprotective 

effects of MSC-based therapy on enteric neurons observed in Chapter 2 were 

due to soluble factors released by MSCs in vivo, rather than the differentiation of 

MSCs into neural phenotypes. There are two reasons for these conclusions: 1) 

neuroprotective effects were also observed with CM treatment, and 2) limited 

cellular telomerase activity and a maximum 7 day time point hindered the 

prospect of any in vivo MSC differentiation specific cell lineages (Chen et al. 

2012a; Everaert et al. 2012; Mirsaidi et al. 2012). Examination of the CM revealed 

that MSCs secrete numerous neuroprotective factors under normal culturing 

conditions, some of which have been demonstrated as neurotrophic and 

neuroprotective for enteric neurons including nerve growth factor (NGF), 

neurotrophin (NT)-3, brain-derived neurotrophic factor (BDNF), and glial cell line-

derived neurotrophic factor (GDNF) (Sharkey and Savidge 2014; Steinkamp et 

al. 2012; Bassotti et al. 2006; von Boyen et al. 2006; 2002).  

Extensive leukocyte infiltration through the colonic wall to the level of myenteric 

ganglia indicated the acute inflammatory process in TNBS-administered guinea-

pigs; the severity of inflammatory infiltrate is positively correlated with the severity 

of IBD (Ng et al. 2009; Ferrante et al. 2006). MSC-based treatments reduced 
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leukocyte infiltrate consistent with observations in other disease models (Wei et 

al. 2013; Galindo et al. 2011; Tanaka et al. 2008). The anti-inflammatory effects 

were maintained for up to 7 days. Although the exact mechanisms underlying 

immunomodulation by MSCs have not been fully elucidated, it is generally 

considered that their anti-inflammatory effects occur indirectly through the 

production of soluble factors or via direct interaction with target cells (Burdon et 

al. 2011; Chen et al. 2008). In unpublished data from our group, evaluation of the 

CM reveled many factors with anti-inflammatory properties, however the role that 

these factors play in the TNBS-inflamed colon requires further investigation.  

In Chapter 3, we investigated whether the efficacy of MSCs in acute colitis, as 

described in Chapter 2, were dose-dependent. We investigated the effects of 

three differing doses of MSCs: 1×105, 1×106, and 3×106 MSCs, at 3 days post 

induction of colitis. This study established that the neuroprotective and anti-

inflammatory effects of BM-MSCs in TNBS inflammation are dose-dependent; 

1×105 MSCs accelerated healing of the colonic architecture but had no effect on 

enteric neuronal loss and nerve fiber degeneration, 1×106 MSCs exhibited 

comparable effects to those reported in Chapter 2, 3×106 MSCs provided effects 

consistent with 1×106 MSCs without further benefit. Hence, it was concluded that 

the optimal dose of MSCs for the treatment of enteric neuropathy associated with 

TNBS is 1×106 MSCs. There is inconsistency regarding the most effective dose 

of MSCs in both clinical studies and experimental models of IBD (Molendijk et al. 

2015; de la Portilla et al. 2013; Fawzy et al. 2013; Garcia-Olmo et al. 2009; 2005; 

Gonzalez et al. 2009; Ando et al. 2008; Tanaka et al. 2008). However, there is 

general agreement that an optimal dose of MSCs is required to observe the 

greatest therapeutic effect. Given that this thesis provides novel evidence for the 

neuroprotective effects of MSCs in acute TNBS-induced colitis, the establishment 

of an optimal MSC dose is significant for future investigations into the 

mechanisms of MSC-based enteric neuroprotection.    

Overall, the findings of Chapter 2 and Chapter 3 determine that MSC-based 

therapies are highly efficacious for the treatment of acute colitis, providing rapid 
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and long lasting anti-inflammatory and neuroprotective effects in a dose-

dependent manner.   

8.1.2 Characterization of the Winnie mouse model of spontaneously 

occurring chronic colitis 

Since we established that treatment with MSCs averts enteric neuropathy 

associated with acute colitis, the next step was to investigate the efficacy of MSC 

therapy in a suitable chronic model of colitis Currently, there are more than 60 

established experimental models of colitis. However, most of these models 

represent the acute inflammatory flares associated with IBD (Mizoguchi 2012). 

Chronic models of colitis representative of IBD are limited, which is somewhat 

surprising since IBD is defined as a chronic inflammatory disease. Dextran sulfate 

sodium (DSS)-induced colitis is the most commonly used model of chronic colitis, 

however this model is not an accurate mimic of human IBD and symptoms 

reverse as soon as DSS is removed (Kiesler et al. 2015; De Fazio et al. 2014). 

Chronic models that truly exhibit the spontaneous relapsing inflammation that is 

characteristic of IBD are even scarcer. Spontaneous colitis develops in interleukin 

(IL)-10-/- mice, however their pathogenic relevance is questionable as the deletion 

of IL-10 gene products, as well as the presence of pathogenic bacteria essential 

to induce symptoms, suggests they do not fully represent the underlying 

mechanisms of the disease (Cominelli et al. 2017). Another model of 

spontaneously occurring colitis is the Winnie mouse in which chronic intestinal 

inflammation results from a primary intestinal epithelial defect conferred by a 

missense mutation, rather than a deletion, in the Muc2 mucin gene (Eri et al. 

2011; Heazlewood et al. 2008). In Winnie mice, the mutation of Muc2 is 

comparable to human IBD, where the production and secretion Muc2 is reduced 

in active ulcerative colitis (UC) (Heazlewood et al. 2008; Van Klinken et al. 1999) 

and the expression of Muc2 is decreased in Crohn’s disease (CD) (Buisine et al. 

2001). Previous studies have characterized the histopathological and 

immunological changes in the Winnie mouse colon (Eri et al. 2011; McGuckin et 

al. 2011; Heazlewood et al. 2008; Lourenssen et al. 2005), however analyses of 
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distal colon innervation, intestinal transit, colonic function, and microbiota have 

not been conducted. 

In Chapter 4, we reported for the first time that innervation of the Winnie mouse 

colon is significantly impaired by chronic inflammation. The density of the all 

nerve fibers innervating the Winnie mouse colon were reduced independent of 

fiber function. Reductions in the density of sensory, noradrenergic, and 

cholinergic nerve fibers are observed in IBD patients (Straub et al. 2008; Jonsson 

et al. 2007; Belai et al. 1997; Eysselein et al. 1992; Koch et al. 1987). Loss of 

these fiber types in the Winnie mouse colon may exacerbate inflammation since 

they are known to exert anti-inflammatory actions; sensory nerve fibers stimulate 

the production of mucus for protection of the mucosa and sympathetic and 

cholinergic neurotransmitters inhibit secretion of pro-inflammatory cytokines 

(Straub et al. 2008; Holzer 2007; Ulloa 2005; Borovikova et al. 2000). Loss of 

enteric neurons, with corresponding decreases in number of choline 

acetyltransferase-IR subpopulations, were evident in the Winnie mouse colon 

which is consistent with previous findings in UC patients (Bernardini et al. 2012). 

There were no changes in the number of neuronal nitric oxide synthase (nNOS)-

IR neurons, however an increase in the proportion of nNOS-IR neurons in the 

distal colon of Winnie mice was observed due to the decrease in the total number 

of neurons.  

Similar to the findings in Chapter 2, loss of myenteric neurons and imbalances in 

the number and/or proportion of inhibitory and excitatory myenteric neurons 

affected disruptions in colonic motility in Winnie mice. Decreases in the number 

of colonic migrating motor complexes (CMMCs) corresponded to an increase in 

fragmented contractions indicating disruption to neural inhibition and circuitry 

regulating CMMC generation. Increases in the velocity of contractions paralleled 

a faster colonic transit which may explain chronic diarrhea observed in Winnie 

mice. Chronic diarrhea is a predominant symptom of IBD and its association with 

active inflammation in these patients is well established (Deiteren et al. 2010; 

Manabe et al. 2010; Camilleri et al. 2008; Sadik et al. 2008; Hebden et al. 2000).  
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In Chapter 4, we also addressed the mechanisms that could potentially underlie 

the observed changes in colonic motility and transit associated with chronic 

intestinal inflammation. We established that inhibited neuromuscular 

transmission, including decreases in purinergic fast inhibitory junction potentials 

and cholinergic excitatory junction potentials, as well as diminished smooth 

muscle cell responses are responsible for altered motor patterns in the Winnie 

mouse colon. These findings are highly significant since they determine that 

colonic dysmotility in Winnie mouse results from both alterations to ENS output 

and smooth muscle cell function, comparable to findings in IBD patients and 

animal models of colitis (Roberts et al. 2013; Strong et al. 2010; Qureshi et al. 

2010; Annese et al. 1997; Reddy et al. 1991; Koch et al. 1988). 

In Chapter 5, we provided further evidence signifying the relevance of Winnie 

mice as a model to study human IBD. This chapter examined the microbiota and 

metabolome of fecal samples from Winnie mice compared to healthy C57BL/6 

mice, finding differences in the fecal microbiome at all formal levels of bacterial 

taxonomy, including the phylum, class, order, family, genus and species 

divisions, as well as diminished capacity for amino acid metabolism, production 

of short chain fatty acids, and breakdown of monosaccharides. While the exact 

mechanisms of IBD pathogenesis remain unknown, there is substantial evidence 

to support an integral role for intestinal microbiota in the disease process (Liu et 

al. 2013; Sartor 2008; Elson et al. 2005). Similar to the findings in Chapter 5, the 

microbiota of IBD patients are characterized by abnormal compositions 

(Manichanh et al. 2012; Qin et al. 2010), as well as disturbed metabolites 

(Manichanh et al. 2012; Thibault et al. 2010; Sartor 2008; Ott et al. 2004). In 

Winnie mice, a thinner mucus layer, due to loss of Muc2, increases intestinal 

permeability, which has also been described in IBD patients (Michielan and 

D'Inca 2015). A heightened intestinal permeability enhances susceptibility to 

microbes and toxins normally contained within the lumen leading to imbalances 

in the gut microbiome and aberrant immune activation, a hallmark feature of IBD 

(Chichlowski and Hale 2008). Intestinal microbial shifts and subsequent alteration 

to the metabolic profiles described in Winnie mice have been associated with 

ENS anomalies, colonic dysmotility, and GI symptoms of IBD, such as nausea, 
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abdominal bloating and cramping, and diarrhea (Linares et al. 2016; Hayes et al. 

2014; Brun et al. 2013). Given the findings presented in Chapters 4 and 5, it is 

clear that the Winnie mouse model of spontaneously occurring colitis 

demonstrates many characteristics observed in IBD patients. Therefore, the main 

conclusion of these chapters, is that the Winnie mouse is highly relevant to 

human IBD and is extremely significant for future studies investigating the 

underlying mechanisms of IBD pathogenesis.   

8.1.3 MSC therapy for the treatment of enteric neuropathy in the 

Winnie mouse model of spontaneously occurring chronic colitis 

Chapters 6 and 7 investigate the effects of MSC treatment on the enteric 

neuropathy associated with chronic inflammation in the Winnie mouse colon 

described in Chapter 4. In Chapter 2, we reported the beneficial effects of a single 

1×106 MSC dose in acute TNBS colitis, therefore we hypothesized that this 

dosage would demonstrate therapeutic effects in the chronically inflamed Winnie 

mouse colon. In Chapter 6, we showed that a single dose of 1×106 MSCs did not 

provide any anti-inflammatory or neurotrophic effects in Winnie mice at 3 or 60 

days post treatment. In consistency with our findings, a single dose of MSCs did 

not provide therapeutic effect in other chronic disease models, including multiple 

sclerosis and osteoarthritis (Ozeki et al. 2016; Payne et al. 2013a; Harris et al. 

2012). Conversely, some studies report that a single dose of MSCs is beneficial 

for chronic diseases, such as kidney disease and type 1 diabetes (Ebrahimi et al. 

2013; Zhu et al. 2013; Eirin et al. 2012; Ezquer et al. 2008). Limited studies have 

investigated the effects of a single administration of MSCs in chronic colitis with 

conflicting results. Similar to our findings, a single dose of 1×106 was was 

ineffective in attenuating chronic DSS-induced colitis (Yu et al. 2017), however 

another study report that MSCs reduced disease activity in IL-10-/- mice (Jung et 

al. 2015). This study administered MSCs at a higher dose than we administered 

into Winnie mice. Variabilities in the number of MSCs administered in a single 

application may explain why a single dose of MSCs is effective in some studies 

but not in others; differences in the number of cells available to participate in 

tissue repair has diverse effects on healing capacity and expression of soluble 
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factors (Nam et al. 2015; Saether et al. 2014; Kim and Cho 2013). It is therefore 

possible that the effectiveness of a single MSC dose in Winnie mice may be dose-

dependent. However, since there is growing support for the application of multiple 

MSC doses to achieve therapeutic effect, we elected to explore the effects of 

differing doses of MSCs administered multiple times in Chapter 7.   

In Chapter 7, we investigated the anti-inflammatory and neurotrophic effects of 

multiple administrations of MSCs at a low dose (LD) and a high dose (HD) in the 

Winnie mouse model of chronic colitis at 3 and 60 days post treatment. When 

administered at a HD, multiple MSC treatments are effective in attenuating 

inflammation and nerve fiber damage in the Winnie mouse colon at 3 days post 

treatment. Most of the therapeutic effects induced by HD MSC administration 

were maintained until 60 days post treatment. Conversely multiple 

administrations of LD MSCs did not have effect, demonstrating similar results to 

those obtained with a single dose of MSCs in Chapter 6.  

In HD MSC-treated Winnie mice, pellet formation, absence of diarrhea, and 

reduced fecal water content correlated with healing of the colonic architecture. 

MSCs have been demonstrated to release factors known to participate in healing 

of the intestinal epithelium in vitro (Watanabe et al. 2014; Ando et al. 2008; Zvonic 

et al. 2007; Rehman et al. 2004). Hence, it is plausible to consider that the release 

of such factors contributes to the restoration of the epithelial barrier in the Winnie 

mouse colon, enhancing water absorption from the lumen and leading to 

formation of pellets rather than persistent diarrhea. Reductions in fecal lipocalin 

(Lcn)-2 and leukocyte infiltration throughout the colon wall indicated the anti-

inflammatory effect of HD MSCs. As discussed earlier, the anti-inflammatory and 

immunomodulating actions of MSCs are considered to involve direct cell-cell 

interactions, as well as indirect interactions via the release of soluble factors 

(Burdon et al. 2011; Chen et al. 2008). It is well known that the immunomodulation 

capacity of MSCs requires activation by a pro-inflammatory environment (Ren et 

al. 2008; Krampera et al. 2006). This suggests that administration of LD MSCs 

into the chronically inflamed Winnie mouse colon would activate these cells to 

exert anti-inflammatory effects. However, chronic inflammation has been shown 
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to increase anoikis and hinder the survival of transplanted MSCs, therefore the 

inflammatory milieu of the Winnie mouse colon may be too challenging for LD 

MSCs to demonstrate immunomodulating and anti-inflammatory effects (Chang 

et al. 2013; Song et al. 2010; Khansari et al. 2009). Conversely, the increased 

number of MSCs in HD treatments may be sufficient to overcome these barriers.   

HD MSC treatments promoted the regeneration of nerve fibers in the Winnie 

mouse colon, which is consistent with other neural disease models (Onuma-

Ukegawa et al. 2015; Qiu et al. 2015; Torres-Espin et al. 2013a; Lopatina et al. 

2011). As mentioned above, the capacity of MSCs to enhance nerve fiber 

regeneration is attributable to their release of growth factors and neurotrophic 

factors. Evaluation of CM from the MSCs used in this thesis demonstrated that 

our MSCs release factors that have been shown to promote cholinergic, 

sympathetic, and sensory nerve fibers in experimental regeneration models, such 

as BDNF, GDNF, NGF and NT (Yu et al. 2014; Kuihua et al. 2014; Tang et al. 

2013; de Boer et al. 2012; Scholz et al. 2010; Glueckert et al. 2008; Katsui et al. 

2008; Kemp et al. 2008; Dezawa et al. 2004; Boyd and Gordon 2003; 2002; 

Jakeman et al. 1998). HD MSC treatments were not efficacious for restoring 

neuronal loss in the colon of Winnie mice. While some studies have demonstrated 

the potential for MSCs differentiate into neural cells in vitro (Bae et al. 2011a; 

Jang et al. 2010), it is controversial as to whether these cells demonstrate 

functional characteristics in vivo. Additionally, it is consistently shown that 

engrafted MSCs survive short-term in vivo, thus there is minimal or absent long-

term engraftment of MSCs nulling the prospect of neuronal differentiation 

(Parekkadan and Milwid 2010). Overall, the findings in Chapters 6 and 7 indicate 

that the anti-inflammatory and neurotrophic effects of MSCs in the Winnie mouse 

model of spontaneously occurring chronic colitis are dose-dependent with the 

dose range higher than for acute colitis.  

  



  

445 
 

8.2 Future directions 

Several of the factors detected in the CM described in Chapter 2 have been 

demonstrated as neuroprotective and neurotrophic for enteric neurons, however 

whether the remaining factors provide neuroprotection for the ENS is currently 

unknown. Further studies are required to assess the role of these factors in the 

ENS. Furthermore, we analyzed the secretome of naive MSCs. MSCs are 

activated by the local microenvironment and respond to these cues by secreting 

a site-specific array of bioactive molecules (Kean et al. 2013). Hence, it is 

plausible to consider that under the inflammatory conditions in TNBS-induced 

colitis, the CM may secrete a wider range of neuroprotective factors than 

described in Chapter 2. Evaluation of the MSC secretome in a simulated 

inflammatory milieu and investigations into whether these factors are 

neurotrophic or neuroprotective for enteric neurons will provide further insight into 

the mechanisms of MSC-induced neuroprotection in the ENS.    

In Chapter 2, we observed substantial myenteric neuronal loss at 24h, but not at 

6h post induction of colitis which was consistent with previous findings (Linden et 

al. 2005). Administration of MSCs and CM prevented the reduction in the total 

number of enteric neurons at 24h. Hence, it was concluded that MSCs start to 

exert their neuroprotective effects by 24h after TNBS administration. It has been 

reported that loss of neurons in the guinea-pig colon occurs by 12h after 

administration of TNBS (Linden et al. 2005), therefore it is possible that MSCs 

may start to exert neuroprotective effects prior to the 24h time point. The 

unpredictable and relapsing nature of IBD means that the exact timing of acute 

inflammation initiation is unknown. Therefore, whether this warrants further 

investigation is questionable.  

In Chapters 4 and 5, we provided a detailed characterization of the Winnie mouse 

model of spontaneously occurring chronic colitis, including changes to 

innervation, intestinal transit, colonic motility, neuromuscular transmission and 

smooth muscle cell responses. Loss of nerve fibers and enteric neurons in the 

Winnie mouse colon produces disruptions in colonic motility and faster colonic 



  

446 
 

transit which can be correlated to chronic diarrhea observed in this model. An 

increase in the propulsion of contents along the colon would reduce the contact 

time of fecal material with the mucosa and diminish absorption of water and 

electrolytes (Sarna 2010). Furthermore, increased fecal water content observed 

in Winnie mice may be associated with impaired absorption. Alterations to 

absorptive and secretory functions are described in colons from UC patients and 

suggested to play a role in the persistent diarrhea reported by these patients 

(Gustafsson et al. 2012; Van Klinken et al. 1999). Whether there is impairment of 

these functions in the inflamed Winnie mouse colon is unknown. Therefore, an 

investigation of absorption and secretion capacities in the Winnie mouse colon 

would be useful for future studies incorporating this model to aid understanding 

of the mechanisms underlying IBD. 

In Chapter 6, we demonstrated that a single dose of MSCs is ineffective in 

attenuating inflammation and enteric neuropathy in the Winnie mouse colon. 

While some studies investigating the effects of single dose MSC administration 

support our findings, others do not. This may be due to varying numbers of MSCs 

per dose and suggests that the effectiveness of a single MSC dose in Winnie 

mice may be dose-dependent. Although we demonstrate the therapeutic effects 

of multiple administrations of HD MSCs in Chapter 7, a study investigating 

whether a single dose is effective at higher doses may be valuable. The prospect 

of a single dose versus a multiple dose regime would be more beneficial to a 

clinical setting, saving time, costs, and patient stress.    

The anti-inflammatory and neuroprotective effects of multiple administrations of 

HD MSCs in the Winnie mouse colon were demonstrated in Chapter 7. The 

establishment of an optimal MSC dosing regimen for the attenuation of 

inflammation and regeneration of nerve fibers in chronic colitis is a leading step 

for many future studies. In Chapters 4 and 5, we validated the relevance of the 

Winnie mouse model of chronic colitis to human IBD. Further studies should 

investigate the efficacy of multiple HD MSC treatments in attenuating colonic 

dysmotility and transit, as well as changes in neuromuscular transmission and 

smooth muscle cell responses. Analysis of the microbiota and metabolome in 
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fecal samples from Winnie mice treated with HD MSCs should be conducted. 

Additionally, systemic routes of administration should be tested since they are 

currently in use for IBD patients in clinical studies. The findings of such 

investigations would be highly significant and beneficial to future clinical 

investigations.   
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8.3 General conclusions 

The studies within this thesis have provided many novel findings which have 

contributed to the existing literature and will assist future investigations. In 

Chapters 2 and 3, we showed that MSC-based therapies administered by enema 

attenuate inflammation and avert enteric neuropathy and colonic dysmotility 

associated with acute TNBS-induced colitis in guinea-pigs in a dose-dependent 

manner. Acute inflammatory flares that are a hallmark feature of IBD, therefore 

the anti-inflammary, immunomodulatory and neuroprotecive effects of MSCs and 

CM demonstrated in this model are highly translational to clinical investigations. 

Chapters 4 and 5 provide novel investigations and characterization of a chronic 

model of IBD. These studies provided substantial evidence that the Winnie 

mouse model of spontaneously occurring chronic colitis is highly representative 

of human IBD and extremely relevant for use in investigations into IBD 

pathogenesis. Chapters 6 and 7 established that the anti-inflammatory and 

neurotrophic effects of MSCs are dose-dependent in the chronically inflamed 

Winnie mouse colon. These chapters establish the optimal dose of MSCs for the 

attenuation of colonic inflammation and regeneration of nerve fibers in Winnie 

mice. Overall, the results of these studies show that a higher dose of MSCs 

administered multiple times is required in chronic colitis as compared to acute 

colitis. Collectively, the results of these chapters are significant for clinical 

application and for future investigations into the mechanisms of MSC therapy in 

acute and chronic colitis. Future studies into the effects of HD MSC treatments 

on changes to colonic motility and transit, neuromuscular transmission and 

smooth muscle responses are necessitated for continuation of the studies 

presented in this thesis.  
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Appendix A: Microbial diversity and richness, PCA score and PLS-DA 

loading scatter plots of fecal samples from Winnie vs C57BL/6 mice 

Table S1. Sample diversity and richness 

Sample ID 

16S rRNA 

amplicon 

sequences 

Simpson 

Diversity  

Shannon 

Diversity 

Good's 

Coverage 

Chao 

Richness  

C57BL/6_1 48907 0.990 9.09 0.94 8900 

C57BL/6_2 36613 0.980 8.72 0.94 6410 

C57BL/6_3 20158 0.970 8.18 0.92 5096 

C57BL/6_4 15323 0.980 8.66 0.88 5501 

C57BL/6_5 20724 0.970 8.53 0.90 6676 

C57BL/6_6 33436 0.980 8.57 0.92 7838 

C57BL/6_7 11551 0.970 7.81 0.89 3793 

C57BL/6_8 14494 0.990 8.82 0.88 5173 

C57BL/6_9 26462 0.990 9.07 0.90 8005 

C57BL/6_10 14749 0.980 8.30 0.91 3932 

C57BL/6 Mean 24241.7 0.980 8.58 0.91 6132.4 

C57BL/6 SD 12044.7 0.008 0.40 0.02 1737.0 

C57BL/6 SEM 3808.9 0.003 0.13 0.01 549.3 

C57BL/6 Min 11551 0.970 7.81 0.88 3793 

C57BL/6 Max 48907 0.990 9.09 0.94 8900 

C57BL/6 Med 20441 0.980 8.62 0.91 5955.5 

Winnie_1 26615 0.990 8.99 0.92 6476 

Winnie_2 53756 0.980 8.17 0.97 5697 

Winnie_3 22280 0.970 8.20 0.92 5339 

Winnie_4 21330 0.990 8.62 0.90 6633 

Winnie_5 45834 0.990 8.97 0.93 10285 

Winnie_6 45999 0.990 9.27 0.93 9633 

Winnie_7 51534 0.990 9.16 0.95 8222 

Winnie_8 25953 0.980 8.15 0.93 5878 
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Sample ID 

16S rRNA 

amplicon 

sequences 

Simpson 

Diversity  

Shannon 

Diversity 

Good's 

Coverage 

Chao 

Richness  

Winnie_9 33686 0.970 8.36 0.92 8584 

Winnie_10 23730 0.980 8.53 0.93 5468 

Winnie Mean 35071.7 0.983 8.64 0.93 7221.5 

Winnie SD 12879.9 0.008 0.43 0.02 1816.8 

Winnie SEM 4073.0 0.003 0.14 0.01 574.5 

Winnie Min 21330 0.970 8.15 0.90 5339 

Winnie Max 53756 0.990 9.27 0.97 10285 

Winnie Med 30150.5 0.985 8.58 0.93 6554.5 
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Figure S1. Principal component analysis. Principal component analysis (PCA) 

score scatter plot of fecal samples from Winnie vs C57BL/6. The R2X(cum)=88% 

and Q2(cum)=63.9%. The Eclipse represents Hoteling’s T2 value of 95% 

confidence level. 
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Figure S2. Partial least squares-discriminant analysis components. Partial 

least squares-discriminant analysis (PLS-DA) loading scatter plots among 

samples from C57BL/6 and Winnie mice (A-B). Distance between X modal 

plane (DModX) plot for PLS-DA (C). The Dcrit value is marked with black dotted 

line. The samples outside this line are considered as moderate outliers. Note: 

The Dcrit value is calculated by the equations: 1–R2X(cum)=0.3657; M4-

Dcrit=1.227. The samples from 1-35 were from Winnie mice, while 36-55 were 

from C57BL/6 mice. 
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Appendix B: Effects of a single MSC treatment on fecal lipocalin-2 

levels  

Table S2. Average fecal lipocalin-2 levels (pg/mL) in sham-treated and MSC-

treated Winnie mice over 60 days 

Day C57BL/6+sham Winnie+sham Winnie+MSC 

BT 0.7±0.2 4.5±0.7*** 4.4±0.4*** 

3 0.7±0.1 4.2±0.2***  4.1±0.1***  

7 0.7±0.05 4.6±0.6***  4.3±0.2***  

10 0.7±0.05 4.4±0.3***  3.9±0.4***  

14 0.9±0.1 4.2±0.3***  4.2±0.2***  

17 0.9±0.03 4.1±0.2*** 4.1±0.2*** 

21 0.9±0.1 4.4±0.2*** 4.5±0.5*** 

24 1.0±0.1 4.5±0.3*** 4.4±0.3*** 

28 0.9±0.1 4.1±0.3*** 4.6±0.3*** 

31 0.7±0.1 4.2±0.2*** 4.2±0.2*** 

35 0.7±0.05 4.9±0.2*** 4.6±0.3*** 

38 0.8±0.1 3.9±0.4*** 4.2±0.2*** 

42 0.5±0.1 4.5±0.4***  4.5±0.3***  

45 0.8±0.1 4.4±0.4***  4.4±0.3***  

49 0.8±0.04 3.8±0.1***  4.0±0.3***  

53 0.9±0.1 4.3±0.2*** 4.6±0.6*** 

56 0.9±0.1 4.6±0.3*** 4.8±0.1*** 

60 0.8±0.1 4.2±0.4*** 4.4±0.5*** 

***P<0.001 when compared to C57BL/6+sham-treated mice. 
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Appendix C: Effects of multiple low dose and high dose MSC 

treatments on fecal lipocalin-2 levels 

Table S3. Average fecal lipocalin-2 levels (pg/mL) in sham-treated, low dose 

(LD) MSC-treated, and high dose (HD) MSC-treated mice over 60 days 

Day C57BL/6+sham Winnie+sham 
Winnie+LD 

MSC 

Winnie+HD 

MSC 

BT 0.8±0.1 4.1±0.4***^^^ 4.3±0.3***^^^ 4.7±0.1 

3 0.8±0.1 4.3±0.3***^^^  4.1±0.1***^^^ 1.2±0.1 

7 0.8±0.1 4.6±0.4***^^^  4.4±0.4***^^^  1.0±0.1 

10 1.0±0.1 4.5±0.2***^^^  4.3±0.3***^^^  1.1±0.1 

14 0.8±0.1 4.1±0.3***^^^  4.2±0.2***^^^  1.1±0.1 

17 0.7±0.04 4.0±0.2***^^^ 4.2±0.1***^^^ 1.3±0.1 

21 0.7±0.1 4.4±0.2***^^^ 4.6±0.3***^^^ 1.1±0.1 

24 0.8±0.1 4.6±0.2***^^^ 4.2±0.2***^^^ 1.4±0.2 

28 0.9±0.1 4.2±0.2***^^^ 4.7±0.3***^^^ 1.3±0.2 

31 0.8±0.1 4.6±0.2***^^^ 4.3±0.2***^^^ 1.5±0.2 

35 0.7±0.04 4.5±0.3***^^^ 4.6±0.2***^^^ 1.6±0.2* 

38 0.8±0.1 4.2±0.3***^^^ 4.6±0.5***^^^ 1.5±0.3 

42 0.7±0.1 4.6±0.3***^^^  4.7±0.3***^^^  1.8±0.3** 

45 0.8±0.1 4.2±0.3***^^^  4.5±0.2***^^^  1.7±0.4* 

49 0.8±0.1 3.9±0.2***^^^  4.2±0.3***^^^  1.6±0.3 

53 1.0±0.1 4.4±0.2***^^^ 4.5±0.5***^^^ 1.7±0.4 

56 0.8±0.1 4.2±0.3***^^^ 4.7±0.1***^^^ 1.7±0.5* 

60 0.8±0.02 4.2±0.2***^^^ 4.4±0.1***^^^ 1.6±0.1** 

BT = before treatment. *P<0.05, **P<0.01, ***P<0.001 when compared to 

C57BL/6+sham-treated mice. ^^^P<0.001 when compared to Winnie+HD 

MSC-treated mice. 

 




