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1. Introduction 

1.1 Inflammatory bowel disease 

Inflammatory bowel disease (IBD) is a gastrointestinal pathology mainly composed of two 

subtypes; Ulcerative colitis (UC) and Crohns disease (CD). The ailment is characterized by an 

idiopathic chronic inflammation of the gastrointestinal tract with phases of relapse and 

remission as a result of the loss of intestinal barrier integrity and defects in the mucosal 

immune system [1, 2] . To date, the exact etiology of IBD remains unknown but a number of 

factors  have been suggested to play a role in the pathogenesis of the disease which include but 

are not limited to: luminal bacterial contamination, a dysregulated immune system, genetic 

and epigenetic factors [3]. The condition is of an autoimmune nature, therefore it entails the 

individual’s digestive system undergoing attack by the body’s own defense mechanisms due to 

genetic and environmental factors that evoke immune reaction towards the intestinal flora that 

finds its way into the lamina propria of the colon [4]. The major symptoms associated with 

IBD include: diarrhoea, abdominal pain, bloody stool, vomiting and weight loss among others 

[5]. 

 

1.2 Global prevalence of inflammatory bowel disease 

IBD had long been considered a lifestyle disease of the developed world [6]. However, 

towards the end of 20th century a trend of increased incidence of IBD has been recorded in 

developing nations revealing its emergence as a global disease. This elevated incidence has 

been attributed to the rapid rising standards of living in the developing world, an improved 

healthcare, an increased efficiency in the collection and storage of population health statistics. 

It has become increasingly evident that IBD is now a global health concern [7, 8]. A 

fundamental reason for the increasing public health concern is that the onset of this condition 

occurs in the general populations during their youthful years when they are most productive, 

so in essence IBD has both serious health and economic implications both to the subjects and 

the society as a whole  [9].     
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Occurrence of IBD typically sets off during the youthful years of life and progresses to be of 

either a relapsing or chronic nature. A number of causes are attributed to this including the 

environment as over the last 20 years, a spike in IBD has been noted in societies which 

previously had little prevalence of this ailment [10, 11]. Additionally, previously IBD had 

been a preserve of adults but now even children are also getting increasingly diagnosed with 

the ailment [10]. 

 

 

 

Figure 1: A pictorial representation of the global incidence rates of inflammatory bowel disease (cases/100 

000/year). As standards of living continue to improve, there is also a matching rise in incidence of inflammatory 

bowel disease around the world: Among the developed economies, Canada, the Nordics and New Zealand are 

noted to have the highest incidence rates followed by the middle income economies such as South Africa and 

India. Reproduced from  [12, Page 707, 2019], with permission from BMJ publishing group LTD. 

 

The socio-economic impact of IBD globally can no longer be ignored. Timmer estimated that 

typically in a year, an IBD patient will be sick for about 4 weeks, off from work for 3 to 6 
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weeks and hospitalized for 10 days [13]. Additionally, unemployment (10%) and permanent 

work disability are more common in patients with IBD than those without [14]. According to 

data gathered in Europe; direct health and economic impact of IBD has been put at a 

staggering figure of 4.6-5.6 billion euros per year [14]. In the Unites States of America, the 

annual financial burden of IBD was quoted at between 14.6 to 31.6 billion dollars, although 

recent adjustments in this assessment indicate that the costs might actually be higher  [15–18]. 

 

1.3 Factors influencing the occurrence of Inflammatory Bowel Disease.  
 

 

Figure 2: Factors influencing the occurrence of Inflammatory Bowel Disease. Inflammatory bowel disease 

remains a disease whose etiology remains unknown but a number of factors that include but not limited to 

smoking, stress, medications, genetic susceptibility especially among close family members have been suggested 

to cause IBD.  Reprinted by permission from Springer Nature by [19], page 206, copyright 2019. 
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1.3.1 Genetics 

Studies have exhibited that individuals having relatives who suffer from IBD are 4-20 times 

more susceptible to the disease than those individuals who have no relatives suffering from the 

same. Horizontal and vertical associations of the disease are common in the primary case 

including sibling-sibling, mother-daughter, father-daughter, mother-son and father-son with 

studies carried out in Scandinavia attesting to this [20]. Lately, genome wide associated 

studies have led to the identification of novel single nucleotide polymorphisms (SNPs) with 

risk loci totaling 163 in number. 110 of the risk loci cause susceptibility to general IBD, 30 to 

CD and 23 to UC [21]. 

 Genetic mapping of chromosome 16 has led to the identification of a gene responsible for the 

synthesis of a cytoplasmic peptide NOD2/CARD 15 (Nucleotide oligodimerization 2/caspase 

activation and recruitment domain 15) which is expressed in macrophages. The peptide NOD2 

is linked to the regulation of macrophage apoptosis and may serve as a bacterial 

polysaccharide pattern recognition receptor (PRR) regulating NF-kB (nuclear factor kappa-

light-chain-enhancer of activated B cells) activation. Individuals suffering from Crohns 

disease are likely to possess more variants of NOD2 than those without [22].  

 

1.3.2 Environmental factors 

Among the myriad of factors that have been suspected to cause IBD, the most challenging 

cause to understand is the environment. Studies have exhibited that environmental factors that 

include: breastfeeding, oral contraceptives, early appendicitis, infections during childhood, 

occupation, climate of a location, sanitation conditions, stress, surgical removal of the 

appendix, tonsillectomy, animal contact, blood transfusion, physical activity and the 

consumption of non-steroidal anti-inflammatory drugs (NSAIDS) are major triggers of IBD 

[23]. Interestingly, smoking has been shown to confer protection against the development of 

UC but at the same time facilitates the persistence of CD in individuals [24, 25]. 

Studies have consistently shown that most patients suffering from CD are smokers and mostly 

women; they suffer 5 times more risk of ending up with CD than their non-smoking 

counterparts. When compared to men, the degree of susceptibility to CD due to smoking was 

just 1-3 fold [26]. Interestingly, quitters of the smoking habit have almost twice the chance of 
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developing UC in comparison to those who never smoke and quitters of the habit do also stand 

a greater chance of suffering from a severe form of the ailment [27]. 

Since IBD affects the precise nutrient absorption sites, attempts have been made at 

establishing the connection between diet and IBD. Special diets have been shown to improve 

the condition of CD, however, no settlement has been reached yet on the precise mechanism 

involved in the effectiveness of special diets in arresting of the symptoms of CD but not UC 

[28]. Previously, studies have also pointed to a link in the rise in IBD as a result of the 

increased consumption of polyunsaturated fatty acids, milk proteins and animal proteins [29]. 

The permeability of the intestine has also been established as a potential cause of IBD 

especially CD. The intestine handles the tasks of food digestion, nutrient absorption and also 

importantly acts as a barrier for the separation of luminal contents and gut mucosal immune 

system. This presents a delicate balance because commensal microorganisms should be 

allowed to thrive while at the same time pathogens should be presented to the mucosal 

immune system for destruction [30]. Previously, it had been suggested that a highly porous 

intestinal barrier increases antigen permeability resulting in an activated immune system, a 

suggestion that was confirmed by the high number of mature CD45RO+ CD19 B cells in 

circulation that have been established to be significantly associated with the degree of 

intestinal permeability especially in CD patients [31].   

The gut mucous gel layer also happens to play a critical protective role against the activation 

of intestinal inflammation. It consists of an outer and inner layer and is secreted by the goblet 

cells with the building blocks of the mucous layer being the mucins. The epithelial mucosa 

layer on the intestinal wall is made up of contents such as enzymes, bioactive agents that 

include mucins, trefoil factors, secretory immunoglobulin-A antibodies and glycoproteins. 

One of the mucosal layer’s critical functions is that it acts as a physical barrier against the 

severe contents of the lumen that include enzymes, bacteria, acids and alkalis [32]. Studies 

have indicated that the persistent effects of both genetic and environmental factors which 

result in the sustained compromise of the epithelial mucosal layer do trigger intestinal 

disorders that include inflammatory bowel disease and peptic ulcers with the hallmark of the 

two ailments being an activated immune system [32].  



1. Introduction 

6 
 

An interesting perspective as to the protective role of the mucous layer in relation to the 

environment is that its thickness is determined by the population of commensal bacteria, an 

observation supported by studies in mice that have shown that germ free mice have a thicker 

mucous wall than bacteria infested mice [33]. Previous studies have indicated that MUC2 

(mucin 2) is the only secreted mucin; its secretion is normally in high quantities hence playing 

an essential role in the maintenance of goblet cell morphology in colonic epithelia of humans, 

rats and mice. To cap it off, intestinal epithelial damage particularly the destruction of the 

secretory products of goblet cells has been proposed as a likely cause of intestinal 

inflammation [34–36].  

Normal enteric bacteria have also been said to contribute to the occurrence of IBD; from 

murine studies, the mutant strains of mice and rats that were housed in germ free environment 

ended up without IBD while those that had commensal bacteria ended up with IBD [37]. In 

humans; bacterial cultures, serological and immunohistochemical tests have indicated that 

enteric bacteria such as Escherichia coli heavily colonize the colonic epithelium of IBD 

patients [38]. The other microbial agents that have been investigated include measles virus, 

Mycobacterium paratuberculosis, Listeria monocytogenes among many others [39]. However, 

not all luminal bacteria lead to gut inflammation. 

Sleep deficit has also been observed to be a key player in the pathogenesis of gastrointestinal 

disorders such as stomach ulcers, IBD and cardiovascular diseases. Over the last 25 years, 

sleep deficit has become more and more frequent due to increased workplace demands and 

irregular work schedules. Moreover, a lack of sleep has been linked to an increased risk of an 

activated immune system and infections [40]. Furthermore, chronic sleep deprivation has also 

been indicated for an elevated mortality rate among the youth since it predisposes them to 

potentially fatal ailments like diabetes, cardiovascular disease and obesity [41]. Still on this 

aspect, a retrospective study that was carried out on German nationals totaling 12,000 persons 

found out that IBD was more widespread in those workers who had long or irregular work 

hours as compared to those who worked regular hours. A positive relationship was also 

established for IBD susceptibility and the type of occupation; IBD was more prevalent in those 

workers who had jobs that involved less physical labor and working in the open compared to 

those workers who worked in the open more frequently with their jobs demanding physical 

exertion [42]. 
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1.4 Ulcerative colitis 

Ulcerative colitis (UC) is a subtype of IBD that is characterized by chronic inflammation that 

is in constant relapse and remission, restricted to the mucosal layer of the gastrointestinal tract 

mainly the rectum and extending to the proximal segment of the colon [43]. However, some 

patients with proctitis or left sided colitis may also suffer from a patch of inflammation on the 

caecum [44]. 

 

1.4.1 Epidemiology of ulcerative colitis 

Elevated incidence and prevalence of UC has been noted over time worldwide with the highest 

incidence rates being reported in northern Europe at 24.3 per 100 000 persons, Canada at 19.2 

per 100 000 persons and Australia at 17.4 per 100 000 persons [45–47]. In terms of 

prevalence, Europe leads with 505 persons per 100 000, Canada with 248 persons per 100 000 

and the USA with 214 persons per 100 000 persons [24, 46, 48, 49]. An interesting 

observation in Europe in terms of incidence of UC is that countries located  in western and 

northern hemispheres have a higher incidence in comparison to countries located in the east 

[50]. Currently, less data exists for incidence and prevalence of UC in developing countries. 

However, an increasing awareness of the disease coupled with improved capture of data 

pertaining to UC diagnosis has seen increasing incidence and prevalence in South America, 

Asia and the Middle East [51–54]. 

 

1.4.2 Risk factors  

 Individuals with a family history of inflammatory bowel disease have been observed to run a 

higher risk of developing UC, in fact 8-14% of patients with UC have a family history of IBD 

and at the same time, first degree relatives run 4 times the risk of developing UC [55, 56]. In 

terms of ethnicity, an interesting find is that the Jewish population has a higher incidence of 

UC in comparison to other ethnicities [19, 57]. To date, 200 risk loci for IBD from genome-

wide association studies have been identified, some of the loci associated with an increased 

UC susceptibility include the human leucocyte antigen and genes such as HNF4A, CDH1, 

CDH3 and LAMB1 [58, 59]. 
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 The rising incidence of UC worldwide has brought to the fore the importance of 

environmental factors in the development of the disease. A well-studied example is smoking; 

former cigarette smokers have a higher predisposition to suffer from UC than active smokers 

(odds ratio (OR) 1.79, 95% confidence interval (CI) 1.37-2.34), while active smokers are less 

predisposed to suffer from UC when compared to former and non-smokers at OR 0.58, 95% 

CI 0.45-0.75. Moreover, for development of UC smokers tend to have a milder disease course 

than non-smokers [19, 60–62].  

Drugs ranging from oral contraceptives, nonsteroidal anti-inflammatory drugs (NSAIDS), 

hormone replacement therapy have all been linked to an elevated risk of UC, on the other hand 

exposure to antibiotics has no association to development of UC [63–69]. An interesting 

observation on the various risk factors of UC is that their impact seems to vary depending on 

the region on the globe, for example antibiotics have been found to lower the risk of 

development of UC among populations residing in developed countries when compared with 

populations residing in developing Asian or Middle Eastern countries [67, 68]. 

 

1.4.3 Pathophysiology 

Whereas existing literature regularly describes the pathogenesis of UC together with that of 

CD, vital distinctions between the two do exist, these include the aspect that CD is mediated 

by type 1 & 17 T helper cells while UC is mediated by type 2 T helper cells [25]. To support 

this, colonic lamina propria cells extracted from patients with UC were found to contain Th2 

cells secreting proinflammatory cytokine IL5 which plays a major role in encoding the 

formation of eosinophils, their maturation and survival [70]. Defective mucous and epithelial 

cell barriers have also been strongly linked to the development of UC, in this regard; patients 

with active ulcerative colitis have an increasingly permeable mucus layer coupled with 

depleted colonic goblet cells [71]. 

 It has been reported that peroxisome proliferator-activated receptor gamma (PPAR-γ) which 

serves as a negative regulator of NF-κB dependent inflammation is down regulated in the 

colonocytes of UC patients indicating a link between UC and the receptor [72, 73]. Defects in 

trefoil factors, which is a family of goblet cell derived proteins which play a role in 
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maintenance of the integrity of the mucosal barrier and are also secreted on injury of the 

mucosa have been noted in patients with UC [74, 75]. 

Activated neutrophils have also been noted to accumulate in the blood and colonic tissues of 

UC patients when compared with healthy subjects. Neutrophils are a vital component of the 

innate immune system not just because they are the first innate immune cells recruited to the 

inflamed colon from circulation but also because of their elaborate defense mechanisms that 

involves phagocytosing, killing and digesting the invading foreign antigens [76].  

Pattern recognition receptors such as Toll Like Receptor 2 (TLR2) and Toll Like Receptor 4 

(TLR4) expressed on sentinel cells such as macrophages whose function is to enable the 

sentinel cells to recognize foreign invading antigens, are highly expressed in UC patients; 

however it is yet to be established whether the increased expression is as a result or rather a 

cause for mucosal inflammation [77]. Dendritic cells (DCs) have also been observed to be 

altered by an enhanced expression of TRLs on their surfaces as well as an increased secretion 

of costimulatory molecules such as proinflammatory cytokines which is a situation that likely 

contributes to the onset or perpetuation of colonic inflammation [78]. Immunoglobulins (Igs): 

IgM, IgG and IgA concentrations are also reported to be increased in IBD, more importantly 

there is a disproportionately elevated secretion of IgG1 in UC patients. Since plasma B cells 

produce IgGs, it is yet to be established whether the B cells are drivers of UC pathogenesis or 

just mere responders to epithelial and mucosal barrier disruption [79].  

Rectal biopsies from UC patients have been shown to have significantly elevated levels of IL4 

and IL13 mRNA in comparison to normal subjects. During the pathogenesis of UC, IL13 

which is secreted by non-classical natural killer T cells has been shown to play a significant 

role in colonic epithelial cytotoxicity and barrier dysfunction [80, 81]. A reduction in 

biodiversity of intestinal flora has also been noted in UC patients when compared to healthy 

subjects, this is has been characterized by a decreased population of Firmicutes (Zymophilus, 

Pectinatus) and elevated levels of gamma-proteobacteria and enterobacteriaceae  resulting in 

a distorted balance between the good and bad bacteria [82].    
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Figure 3: A comparison of the intestinal immune system in both healthy state and ulcerative colitis with 

the current prevailing therapies and their targets also indicated. In healthy individuals, the integrity of the 

colon wall is maintained by both the epithelial cell wall and mucous layer. Antigen presenting cells such as 

dendritic cells and macrophages are charged with processing and presenting antigens to T and B cells in the 

draining lymph nodes. Elaborate activities of the cells of both the innate and adaptive immune systems maintain 

homeostasis within the intestinal mucosa. Ulcerative colitis is associated with disruption of the mucosa cell 

barrier allowing the entry of luminal antigens which in turn trigger a sustained and uninhibited inflammatory 

response. Interleukin 13, secreted by the natural killer T cells has been indicated to contribute to epithelial injury; 

the T helper 9 cells have also been associated with enterocyte apoptosis and prevention of mucosal healing. 

Innate immune cells contribute to the cytokine production further perpetuating inflammation. Elevated 

understanding of the mechanisms of mucosal immune system has led to the formulation of therapeutic targets 

with anti-Tumor necrosis factor α medications already being utilized in clinical practice while others such as anti-

mucosal vascular addressin cell adhesion molecule still in clinical development. Figure reprinted from The 

Lancet  [79], Page 1758., copyright 2019, with permission from Elsevier. 
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1.4.4 Clinical manifestation and clinical diagnosis 

Ulcerative colitis is a chronic disease that is characterized by inflammation on the mucosal 

layer of the colon. Symptoms range from fatigue, nocturnal defecations, incontinence, mucous 

discharge, bloody stool, diarrhea, elevated frequency of bowel movements and abdominal pain 

although manifestation of abdominal discomfort is more common in CD than UC [83]. In 

severe disease conditions, fever and weight loss also manifest  due to irritation brought about 

by diarrhea, UC patients may have anal fissures or skin tags, however the presence of anal or 

perianal fistulas should warrant further scrutiny for CD [79] 

UC is also classified according to the extent of the colonic region that is affected. First is 

proctitis which involves inflammation of the rectum; it affects 30-60% of UC patients with the 

symptoms including urgency incontinence, tenesmus and rectal bleeding. Second is left sided 

colitis which afflicts 16-45% of patients, the symptoms are proctitis accompanied by diarrhea 

and abdominal cramping. The third is known as extensive colitis that afflicts 15-35% of UC 

patients and its symptoms include left-sided colitis, fatigue and fever [84].    

In about a third of UC patients, extra intestinal manifestations are also documented. Actually 

up to a quarter of the subjects might already exhibit extra intestinal manifestations before the 

actual IBD diagnosis. The most common extra intestinal manifestation is peripheral arthritis; 

additionally, conditions of primary sclerosing cholangitis and pyoderma gangrenosum are also 

more common in UC than CD [85, 86]. 

The diagnosis of UC is based on a series of investigations that encompass endoscopic 

assessments, histology and evaluation of patient symptoms. Stool assessments that includes 

stool culture and Clostridium difficile assay is also very vital for all UC patients in order to 

rule out enteric infections that may be superimposed.  
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1.4.5 Current and emerging therapeutic targets of IBD 

The treatment of IBD must be preceded by proper diagnosis which is always affirmed by the 

evaluation of the array of tests that are normally conducted on the patient including 

endoscopy, histology, radiology and physical examination [87, 88]. The same findings are also 

able to distinguish whether the patient is suffering from CD or UC. In a majority of the 

patients where the inflammation is restricted to the colon, the identification of whether the 

ailment is UC or CD is not quite distinct and hence is concluded as indeterminate colitis [89].                      

Furthermore, studies have also indicated that overwhelming phenotypical and genetic 

heterogeneity of IBD does exist hence fueling the need for more precise diagnostic modalities.                                                                       

Some of the popular IBD medications include: 

1) Classic anti-inflammatory drugs: 

5- Aminosalicylic acid (5-ASA)/Mesalazine is the first line of treatment for mild to 

moderately active UC and CD.  The 5-ASA is effective for the induction of remission 

in UC however they exhibit little or no efficacy in amelioration of  clinical symptoms 

and tissue inflammation in CD patients [90, 91]. The 5-ASA compound has been 

suggested to act by blocking the production of prostaglandins and leukotrienes. 

Additionally, it has also been suggested to inhibit the production of proinflammatory 

cytokines and free oxygen radicals by the suppression of NF-кβ signaling in immune 

cells [92].  

 

Moreover, corticosteroids are also used for the induction of remission in both UC and 

CD but are unsuitable for maintenance of remission [93]. One of the main mechanisms 

of action of corticosteroids is the binding of the glucocorticoid to a specific cytosolic 

receptor, this complex then migrates to the nucleus where it either upregulates or 

downregulates gene transcription. Also, through protein to protein interactions the 

glucocorticoid-receptor complex can inactivate proinflammatory transcription factors 

such as NF-кβ and activator protein 1(AP1) [94, 95]. 

 

Immunosuppressive and immunoregulatory agents, these include Azathioprine together 

with its active metabolite mercaptopurine are the most popular immunosuppressor 

agents, In this class, there is also methotrexate and ciclosporin-A and tacrolimus [1, 
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96–98].  The potential mechanisms of action of these compounds have been widely 

documented and they include; ciclosporin-A and tacrolimus which bind to intracellular 

receptors that include immunophilins and inhibit the activation of the transcription 

factor nuclear factor of activated T cells (NFAT) that regulate cytokine gene 

transcription and resistance to apoptosis by the lymphocytes. Although there is concern 

about the amplified risk of lymphoma resulting from the use of these immune 

suppressive and immunoregulatory agents [99].  

 

Anti-tumor necrosis factor (anti-TNF) therapy has also featured in IBD treatment for 

quite a while with the most popular anti-TNF agent being Infliximab. TNF-α is a 

proinflammatory cytokine which is typically a product of activated macrophages and 

the medication works by basically blocking the production of TNF during 

inflammatory conditions [100–102]. Thalidomide which is an immunomodulatory drug 

used to treat certain cancers and leprosy has also been suggested for anti-TNF therapy; 

it is presumed to work by blocking the production of TNF through inhibition of 

intracellular pathways [103]. However, before the administration of anti-TNF therapy a 

thorough medical examination has to be performed on the IBD patient since this form 

of therapy has the effect of suppressing the overall immune system. Patients on anti-

TNF medications have been observed to be highly susceptible to high risk diseases 

such as tuberculosis and hepatitis [104]. 

 

2) Current and emerging drugs:                                                  

These drugs include those that utilize the restriction of T-cell trafficking, using integrin 

blockers. It has been documented that approximately 30-50% of patients with IBD do 

not to respond to anti-TNF therapy. The blocking of T lymphocyte homing to the 

inflamed intestine through development of anti-α4β7 integrin antibody vedolizumab 

has been explored. Clinically, vedolizumab and anti-TNFs such as Infliximab are 

regarded as alternative first line induction treatment therapies for patients with 

moderate to severe IBD. Currently, an anti-MADCAM-1 (PF-00547659) and an anti-

α4β7 named etrolizumab are in clinical trials [105, 106]. 
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Therapies targeting fibrosis and tissue remodeling processes are also being explored. In 

the context of IBD, matrix metalloproteinases (MMPs) are the main molecules that 

control the remodeling and also destruction of extracellular matrix proteins such as 

collagen. In this regard, MMP9 has been observed to be overexpressed in IBD. The 

significance of MMP9 in the context of IBD surrounds its ability to impair colonic 

epithelial permeability and exacerbate inflammation via myosin by the activation of 

myosin light chain kinase [107]. An MMP9 inhibitor (humanized monoclonal antibody 

GS-5745) has been developed but its clinical phase II/III trials were halted due to 

insufficient evidence of therapeutic significance in active UC patients [108].    

 

Following the success of anti TNF therapies, inhibitors of many other cytokines and 

cytokine signaling have also been explored albeit with successes and failures. A good 

example is an anti-IL17A (Secukinumab) study that resulted in the augmentation of 

CD in test subjects. This observation was suggested to have occurred due to the aspect 

that IL17A exerts protective functions on intestinal epithelial cells; this must have been 

impaired by the suppressive function of the anti-IL17A [109–111]. IL12 p35-p40 and 

IL23 p19-p40 are heterodimeric proinflammatory cytokines that have been observed to 

be overexpressed in the inflamed mucosa of patients with crohn’s disease. Antibodies 

against IL12, IL23 p40 and IL23 p19 subunits such as Ustekinumab as a p40 blocker 

have shown higher response rates than placebo, it is in this regard that Ustekinumab 

was finally approved in 2016 as a therapeutic agent against crohn’s disease in the USA 

and Europe [112]    
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1.5 Animal models of Inflammatory Bowel Disease (IBD) 

Normally, an animal model that is able to mimic human IBD would come off as extremely 

valuable as initial attempts to establish the pathology in rats, mice, swine and dogs were met 

with little success. A suitable animal model must be able to answer critical questions 

concerning the disease such as how many biological mechanisms are involved, whether 

therapeutically valuable agents can be tested on the model, the genetics involved in the disease 

expression and the characteristics that are able to distinguish between the primary and 

secondary phenomenon of the disease. 

Today, a number of animal models for the study of IBD pathology do exist, first, those whose 

intestinal inflammation is induced by administration of chemical agents that include acetic 

acid, dextran sulfate sodium (DSS), trinitrobenzene sulfonic acid (TNBS) or oxazolone. 

Second, are those that result in spontaneous development of colitis, these mutant mouse strains 

include: C3H/HeBir and SAMP1/Yit. The third model includes knock out and transgenic 

animal strains that do go on to develop colitis; they include T-cell receptor α chain (TCRα- 

KO) and IL7 transgenic mice. The fourth model is achieved by reconstituting CD4+ T cells in 

immunodeficient mice leading to the induction of intestinal inflammation [113, 114]. 

 

1.5.1 The DSS mouse model of murine colitis  

The most popular method of inducing colitis in mice is by the administration of dextran 

sodium sulfate (DSS) which is a sulfate polysaccharide and a chemical colitogen. It is highly 

soluble in water, has a negative charge, possesses anticoagulant properties and has a variable 

molecular weight that ranges from 5 to 1400 kDa. The mechanism of induction of mouse 

colitis on administration of DSS remains unknown to date but it is suggested that the chemical 

erodes the epithelial monolayer lining the colon paving way for the entry of  intestinal flora 

into the underlying tissue resulting in the over recruitment of immune cells to the lamina 

propria of the mouse colon hence resulting in colon inflammation  [115]. 
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Table 1: A tabular compilation of the different categories of murine inflammatory bowel disease models, the 

area of the gut they affect and their corresponding similarity to the human pathology. Table adopted from [113], 

Page 268, with permission from John Wiley and Sons. 

 

Category                 Affected region        Type of inflammation    Similarity to human IBD              

Chemically induced           

• DSS                       colon                               acute/chronic                      UC                                                                                                                                

• Oxazolone             colon                               acute/chronic                      UC            

• Acetic acid            colon                                acute                                   UC       

• TNBS/Ethanol      colon                                acute/chronic                      CD 

Spontaneous 

• C3H/HeBir           colon/rectum                    acute/chronic                      UC 

• SAMP1/Yit          colon/rectum                    acute/chronic                      UC 

Transgenic/gene deletion 

• TCRα-KO            colon                                 acute/chronic                      UC 

 

Adoptive cell transfer 

• CD4+ T cells       colon                                  chronic                               UC 

 

. 
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1.6 Current state of routine diagnostic modalities for the diagnosis of IBD  

The main current approaches for the diagnosis and follow up of IBD involve the direct 

imaging of the gastrointestinal tract using endoscopy and collection of tissue biopsies 

whenever forceps are attached to the equipment in order to assess pathology. In murine IBD, 

white-light colonoscopy allows the longitudinal examination of the mucosal tissue surface of 

the gastrointestinal tract, this has been enabled by the use of a scoring system during the 

assessment of the recorded videos offline; known as MEICS (murine endoscopic colitis score 

of colitis severity). The assessed parameters include thickening of the colon wall, changes in 

vascularization, deposition of extracellular matrix fibrin, degree of granularization of the 

mucosal surface of the gastro intestinal tract and stool consistency [116]. 

Recently great strides have been made in the development of novel techniques for 

colonoscopy that include video endoscopy, chromo endoscopy, narrow-band imaging, auto-

fluorescence imaging, confocal laser endomicroscopy (CLE) [117–119]. Many of the 

aforementioned techniques are still a long way off from getting implemented in clinical 

application but CLE and fluorescence endoscopy offer a good chance for consideration in the 

future as through virtual histopathology CLE is able to offer in vivo immunohistology in 

addition to routine morphological characterization [120, 121] as exhibited by Foersch et al 

who were able to target and visualize in vivo, the vascular endothelial growth factor (VEGF) 

in the gastrointestinal tract at the subcellular level in real time after the injection of an Alexa 

Fluor 488 conjugated anti VEGF polyclonal antibody in APCmin mice (mouse model for 

mammary and intestinal tumorigenesis)[122]. Ex vivo visualization of VEGF was also 

achieved after the CLE scanning of neoplastic mucosa from colorectal cancer patients was 

topically applied the anti VEGF [122]. 

However, the diagnostic capacity of endoscopy remains limited to the gut mucosa hence the 

targeting of molecular targets using higher resolution modalities such as positirom emission 

tomography (PET) and Single photon emission computed tomography (SPECT), colon wall 

thickness measurement using magnetic resonance imaging (MRI) could be able to provide 

additional molecular and functional information as regards the IBD pathology. 
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1.6.2 Magnetic Resonance Imaging of clinical and murine IBD 

Magnetic resonance imaging (MRI) has been established as a non-invasive IBD diagnostic 

technique devoid of endoscopy associated risks that include gut perforation, irritation due to 

the endoscope probe or hemorrhage [123]. MRI is an imaging modality that utilizes the 

quantum mechanical property of nuclear spins to generate a signal from within an appropriate 

subject. The signal utilized in MRI is derived from endogenous mobile water protons (1H) or 

fluorinated molecules such as 19F present or introduced to the subject. On exposure of the 

subject to a large static magnetic field, the magnetic moment associated with the protons will 

tend to align along the direction of the large static magnetic field.  The 1H or 19F nuclei are 

perturbed from this equilibrium by pulsed radio-frequency radiation. On withdrawal of the 

radio-frequency radiation, the nuclei recover to equilibrium and induce a transient voltage in a 

receiver antenna; it is this transient voltage that makes up the nuclear magnetic resonance 

(NMR) signal[124]. 

Although in comparison to PET or SPECT it possesses less sensitivity and specificity, MRI 

can nevertheless detect extramural lesions, stenosis, abscesses and fistulas in IBD[125, 126]. 

As a cross sectional imaging technique, MRI is able to simultaneously assess mural and 

extramural manifestations of IBD hence in situations that demand the need for frequent follow 

up of disease activity of IBD, MRE (magnetic resonance enterography) is being increasingly 

being favored for this purpose especially in pregnant, juvenile and youth populations over the 

other popular cross sectional imaging technique; computed tomography enterography (CTE) 

owing to the concerns surrounding cumulative ionizing radiation. Currently, there is no 

approved standard protocol for the evaluation of clinical IBD using MRI [127]. Normally 

bowel distension prior to MRI imaging using spasmolytic agents that include n-

butylscopolamine or glucagon is undertaken otherwise the evaluation results in false negatives 

[128].  

Contrast media is also normally administered during clinical IBD MRI imaging in order to 

achieve more accurate results, these include oral contrast agents: plain water, mannitol, barium 

sulfate,  ispaghula husk, locust bean gum and planta ovate [129]. Stemming from their signal 

intensity in T1w (T1 weighted) and T2w (T2 weighted) imaging, the contrast agents can either 

be positive (hyperintense in T1w and T2w sequences) or negative (hypointense in T1w and 

T2w sequences) [127]. A dedicated multi-channel body array coil is employed during human 
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IBD MRI scanning with the ultrafast T2w sequence that is further complemented by dynamic 

contrast enhanced T1w scan. During the assessment of human IBD images as measured by 

MRI, among the abnormalities assessed include mural thickening, stratified enhancement, 

mural edema, fistula, mural enhancement, mesenteric adenopathy and abscess and empyema, 

bowel thickness of more than 3mm is declared pathologic as it is most likely as a result of  

intestinal edema [130]. 

In preclinical IBD similar strategies have been deployed to characterize animal IBD by the 

measurement of the colon wall thickness [131, 132], colon wall signal intensity often in 

tandem with the use of contrast agents [133–135]. DSS being a highly popular murine model 

for the study of the many immunological and histopathological manifestations of clinical IBD, 

several studies have characterized the chemically induced colitis using MRI. Using colon wall 

thickness and T2w hyperintensity in images, Melgar et al was able to establish a rapid MRI 

screening protocol (<5 min/animal) that reliably differentiated 3% DSS colitis and healthy 

mice [132]. Recently, Walldorf et al undertook a study whereby he rectally administered iron 

oxide-ink-solution as a contrast agent and then measured the colon wall thickness; which 

reliably discriminated untreated 4% DSS colitis mice and infliximab treated 4% DSS mice, 

furthermore the colon wall thickness significantly correlated with the histological colitis score 

and postmortem colon length[136].  

The potential for MRI to be utilized in the future for investigating colonic fibrosis which is 

one of the main complications of IBD was also assessed by Breynaert et al where they used 

T2w images and maps to evaluate murine fibrosis after induction of the pathology after 

administering repeated cycles 1.5 to 2% DSS, a higher T2 signal was observed due to the 

inflammation component while a lower T2 was observed due to the fibrosis component hence  

the study could not explicitly state whether colonic fibrosis could be measured without the 

inflammation component that is tissue edema [134]. 

Animal IBD development over time using MRI has been recently explored by Bianchi et al 

whereby a short protocol was deployed  (total acquisition time <10 min, including 

positioning), ungated protocol devoid of contrast or spasmolytic agents to detect and 

longitudinally follow up murine development of colitis by measuring colon wall thickness at 3 

points on the axial plane of the colon, the study was able to show that the increase in colon 
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wall thickness as measured by MRI due to DSS colitis was dose dependent and could be used 

as a noninvasive biomarker for murine IBD evaluation owing to the good correlation  reported 

between MRI wall thickness and colitis score at all the time points[137]. Inter and intra 

operator variability for wall thickness measurement was also negligible owing to the high 

robustness of the protocol.  

 

1.6.3 Nuclear Imaging of clinical and murine IBD 

The evolution of high-resolution molecular imaging diagnostic procedures presents the ability 

to offer insights into the metabolic and functional events involving a given pathology and for 

this case IBD. Two such diagnostic technologies are PET and SPECT [138]. In terms of 

operational design SPECT and PET differ in that the former utilizes a gamma camera to 

capture the gamma waves emitted from a radiotracer emanating from the body after being 

projected through a collimator. The resolution is normally approximately 1.2mm and the 

collimator design determines the ratio of signal to noise. Since PET uses no physical 

collimation, its sensitivity is much higher than the SPECT system. PET imaging on the other 

hand is based on the principle of injected radioactive material decaying with its atom releasing 

positrons that then collide with electrons. The positron and electron are then converted into 

two photons each having 115 keV emitted at opposite directions, it is these photons that will 

be detected by PET camera surrounding the object being imaged, providing information about 

distribution of the radiotracer in tissue.[139].  In general both PET and SPECT systems utilize 

CT to enable attenuation correction of the generated nuclear imaging data. 

Clinically, the imaging of glucose metabolism using [18F] FDG PET/CT, a PET radiotracer 

synthesized from glucose analogue fluorodeoxyglucose, conjugated to 18Fluorine isotope [18F], 

is widely utilized especially in cancer diagnostics for the detection of tumors, inflammations 

and infections. Gut inflammation as a result of IBD involves a number of biological processes 

that include elevated cell regeneration; increased activation of immune cells in circulation and 

their subsequent trafficking all involve increased local metabolic activity. Several reports from 

the clinics have shown good sensitivity and specificity for the detection of IBD[140–142], a 

study conducted by Louis et al showed that the [18F] FDG PET uptake in individual ileal and 

colonic segments from 22 patients correlated well and significantly with the crohns disease 
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endoscopy index of severity (CDEIS), furthermore all segments with deep ulcers, cobble 

stones, or strictures were detected with [18F] FDG PET/CT at a maximum sensitivity of 100% 

[140]. Preliminary works from Spier et al were the first to reveal that [18F] FDG PET/CT could 

be used to noninvasively show IBD patient remission following administration of IBD 

therapies [141].  

Animal IBD characterization using [18F] FDG PET/CT has been widely reported starting with 

Heylen et al showing the high sensitivity of the radiotracer in that 2 weeks after T cell transfer 

induced murine colonic inflammation, [18F] FDG PET could already detect over recruitment of 

immune cells to inflamed colon whereas murine endoscopy could not detect colon mucosal 

damage in all the mice[143]. Myeloperoxidase, a peptide released by neutrophils is one of the 

most popular IBD biomarkers, a study conducted by Hindryckx et al was able to show a 

perfect correlation (r=1) of the PET signal to colonic myeloperoxidase hence supporting the 

hypothesis that DSS colitis is associated with over recruitment of murine neutrophils [144]. 

Studies have indicated that once immune cells are activated, glucose import through glucose 

transporter 1 (Glut-1) is significantly increased and cellular glycolysis is elevated enabling the 

in vivo detection of colon inflammation after the administration of the glucose analog FDG 

[143–146]. A major drawback of [18F] FDG PET is that the increased glucose consumption 

can also be an indicator of other ongoing on IBD processes such as tumors, hence the need for 

radiotracers with high affinity and specificity for selected targets such as immune cells and 

their associated products that include cytokines, chemokines or IBD  treatment agents[147–

150]. 

Immune cell tracking by radiolabeling of autologous white blood cells (WBCs) in order to 

noninvasively characterize IBD also has been explored in both clinical and preclinical practice,  

Pio et al conducted a study that involved both clinical and preclinical characterization of IBD 

by labeling autologous WBCs from IBD patients and WBCs from donor mice then reinjecting 

the radiolabeled WBCs into the patients and test mice respectively[151], a significant 

correlation between FDG-WBC and histology score in inflamed colon was demonstrated. In 

order to achieve higher specificity by tracking specific immune cells playing a central role in 

gut colitis, attempts have been made to radiolabel neutrophils as they are among the first 

immune cells to be recruited to inflamed sites, literally in minutes after the onset of 
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inflammation as well as being the most abundant immune cells at 50-60% of whole leukocyte 

population [152–156]. 

Radiolabeling of polymorphonuclear neutrophils has been performed using both 111Indium 

oxinate and 99Technecium hexamethyl propylene amine oxine (99Tc-HMPAO) for imaging 

inflammation. 99Tc-HMPAO preparation kits are commercially available since 1988 for 

routine clinical investigations of blood flow to the brain and heart [157]. Principally, 

endogenous granulocytes are first isolated from whole blood then radiolabeling is performed 

on the bench prior to reinjection in the test subject. Bennink et al tracked the migration of 

neutrophils, by harvesting polymorphonuclear leukocytes from the peritoneal cavity of donor 

mice, which were then radiolabeled with 99mTc-HMPAO. The 99mTc-HMPAO complex was 

then subsequently injected into the tail vein of recipient mice with DSS-induced colitis. The 

results from histologic score and scintigraphic uptake in this study correlated well with 

r=0.81[158]. Even though the results were impressive, the method is laborious and requires a 

donor animal for each test animal in order to harvest sufficient leukocytes for reinjection after 

radiolabeling. Thus there exists a need for development of more precise, less wasteful 

noninvasive, specific neutrophils cell tracking strategies today in order to fast track the study 

of the precise roles of neutrophils in IBD. 
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1.7 Aims of the study 

To date, inflammatory bowel disease and for this case ulcerative colitis remains a chronic, 

idiopathic inflammatory disease with no cure but only limited anti-inflammatory treatment 

options that are meant to induce remission in patients. The social, economic and public health 

burden of IBD is growing by the day as the incidence of the ailment increasingly afflicts 

young people especially during their most productive years.  Moreover, the available clinical 

diagnostic methods of IBD are late stage, invasive and unspecific for the evaluation of the 

pathology. Hence, there exists an urgent need to better understand the etiology of the IBD 

pathology in order to be able to discover novel biomarkers critical to the onset and progression 

of the ailment that could then be utilized as candidates for the formulation of novel treatment 

therapies and also possibly serve as diagnostic targets for evolution of novel, highly specific 

clinical diagnostic methods of the pathology that are non-invasive and more sensitive in order 

to avail both cellular and subcellular information.  

For this purpose we have implemented the DSS mouse model that mimics the human 

ulcerative colitis by utilizing both in vivo and ex vivo clinical diagnostic imaging parameters 

that include colonoscopy, magnetic resonance imaging and histology respectively to evaluate 

murine colonic inflammation during the acute phase of the pathology, by carrying an in-depth 

longitudinal characterization of the phenotype of the mouse model. Moreover, colonic 

inflammation is characterized by the early recruitment of both families of innate and adoptive 

immune cells into the lamina propria, in the past only whole autologous leucocytes and their 

products have been radio labeled and tracked in vivo with varied success. In this work we 

aimed to push this investigation further by evaluating the suitability of tracking activated 

Ly6G (Lymphocyte antigen 6 complex locus G6D) expressing neutrophils in vivo with the aim 

of obtaining functional information, early diagnosing and longitudinally following up the 

progress of murine colitis, moreover, a paradox does still exist on the beneficial and 

pathological contributions of neutrophils to gut inflammation hence this work could open new 

avenues to better understand the role of neutrophils during pathological intestinal 

inflammation. 
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2. Materials and Methods 
 

Table 2: A table showing the equipment materials and consumables used in this work  

Equipment type/ purpose           Product name                          Manufacturer                                                                                                   

Microscope                                Axio Imager A1                         Carl Zeiss 

Slide scanner                             AxioScan Z1                              Carl Zeiss 

 

Microtome                                 Microm HM 355S                     Thermo Fisher 

Tissue processor                        Tissue Tek VIP                          Sakura Seiki Co. LTD 

Tissue Embedder                         Leica EG1150                         Leica 

Histological slide stainer           Varistain Gemini ES                 Thermo Fisher scientific 

Cover slipping machine             RCM 700                                  Medite medizin technik GmbH              

 

PET/CT imaging system      Siemens Inveon Micro-CT/PET     Siemens Healthcare GmbH 

MRI imaging system           BioSpec 70/30 spectrometer           Bruker Corporation 

Endoscope                            Karl Storz Xenon 175                     Karl Storz GmbH 

 

Analytical weighing scale         AE 240                                       Mettler Toledo  

Anaesthesia system                   Titus A 2000                              Drägerwerk AG & Co. 

Magnetic stirrer                         Variomag monotherm                Sigma Aldrich 

Pippetes                                     Eppendorf  reference                 Eppendorf AG 
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Chemical/ substance/kit                            Manufacturer                   Catalog no. 

Isotonic sodium chloride            Fresenius Kabi Deutschland GmbH        14 HC 1003 

Barium Sulphate                              Guerbet GmbH                                   13SA022A 

Hyoscine butylbromide                   Boehringer Ingelheim                         327468B 

Dextran sulfate sodium                    MP Biomedicals, LLC                       160110 

Isoflurane                                         AbbVie Inc.                                        6060031                                               

10% Performaldehyde                     Sigma Aldrich                                     SLBN4592V 

1X Phosphate Buffered Saline         Lonza                                                 BE 17-516Q 

Anti Ly6G antibody/1A8           BioXCell inc                                       5857592316M1 
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2.1 Animal handling and in vivo imaging of murine colitis  

2.1.1 Animals and ethical considerations 

The animal experiments were approved by the regierungs präsidium Tübingen, Germany and 

were conducted in accordance with the federal laws and regulations governing the care and 

use of laboratory animals (approval no.13-019).   

Pathogen free, 12 week old female mice of strain C57BL/6NCrl, weighing 21- 23g were 

purchased from Charles River Laboratories (Sulzfeld, Germany). Before the commencement 

of the studies, the animals were acclimatized in a temperature controlled environment that 

lasted for a week. The mice were housed in individually ventilated cages (GM500 Sealsafe 

PLUS mouse cage, Techniplast, Buguggiate, Italy) in groups of 4-5. The cages were 

additionally equipped with enrichment material that included igloo houses, paper, bedding and 

a rack for fodder which also served as a climbing frame. The animal rooms were maintained at 

a constant temperature (20-24ºC), humidity (45-65% relative humidity), and a 12-hour 

light/dark illumination cycle. Chow #3430 (Provimi Kliba AG, Kaiseraugst, Switzerland) and 

tap water were provided ad libitum.   

 

2.1.2 Murine colitis implementation and protocol 

Longitudinal experiments to characterize acute colitis in the DSS mouse model were carried 

out in a temporal and longitudinal manner and involved the use of in vivo imaging methods 

that included colonoscopy, Magnetic Resonance Imaging (MRI) and Positron Emission 

Tomography/Computed Tomography (PET/CT). Confirmatory ex vivo readout undertaken 

was histological staining hematoxylin and eosin. Furthermore, routine physical parameters 

were also longitudinally evaluated in the DSS mice that included animal body weight 

measurement and disease activity index (DAI). 
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Figure 4: Experimental design of the induction and characterization of DSS colitis using routine clinical 

diagnostic procedures (DSS E1). Two mice groups were administered either water or 2% DSS in the initial 5 

days followed by plain tap water for the remainder of the days, in vivo imaging parameters that included 

colonoscopy, colon wall thickness measurement using MRI and ex vivo assessment of inflammation using 

histology at each of the 5 time points were carried out. Disease activity index and body weight were recorded 

throughout the 21 days except during the weekends. DSS= dextran sodium sulphate, MRI = magnetic resonance 

imaging 

 

 

 

Figure 5: Experimental design of tracking the recruitment of activated neutrophils to the inflamed colon of 

2% DSS treated mice (DSS E2). The two mice groups were administered either water or 2% DSS solution in the 

initial 5 days followed by plain tap water to the last time point. PET/CT imaging with 64Cu-Ly6G-NODAGA and 

colonoscopy were used for in vivo colitis assessment. Ex vivo histology was performed at the last time point after 

sacrificing the animals. Disease activity index and body weight readouts were collected everyday throughout the 

study except during the weekends. 64Cu-Ly6G-NODAGA = copper 64-Lymphocyte antigen 6 complex locus 

G6D-1, 4, 7-triazacyclononane, 1-glutaric acid-4, 7-acetic acid, PET = positron emission tomography, DSS = 

dextran sodium sulphate.  
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2% (wt/vol) Dextran Sodium Sulfate (DSS), (#M7191, MW=36.000 - 50.000 Da, MP 

Biomedicals, Santa Ana, CA, USA) was administered in drinking water of the mice for 5 days.  

Animals used as controls were only administered tap water. For the DSS E1 study, both 

controls and 2% DSS treated mice were divided into cohorts of 5 mice to be euthanized for 

histology after the in vivo evaluations on each of the 5 time points: day 0, day 3, day 6 day 13 

and day 21 so in this way at day 0 we had a combined total of 50 mice, day 3 had 40, day 6 

had 30, day 13 had 20 and finally day 21 had 10 mice. However, the in vivo imaging studies, 

recording of body weight loss and disease activity index were undertaken on all animals 

available at each time point (see figure 4). To characterize the recruitment of activated 

Lymphocyte antigen 6 complex locus G6D (Ly6G) expressing neutrophils in the inflamed 

colon of the 2% DSS treated mice (DSS E2 study); cohorts of 12 controls and 20 2% DSS 

treated mice were used for the investigations during the 3 time points. However, due to 

constraints in imaging resources, PET/CT imaging was done on 4 animals from each group 

(control, 2% DSS depleted and 2% DSS placebo) at each time point (see figure 5). In both 

experiments; on day 5 DSS solution was withdrawn and replaced with regular tap water. 

Animal body weight loss (BW) was monitored daily during the entire studies and a humane 

endpoint was set; any mice exceeding 25% of the initial weight loss BW were euthanized.  

Disease activity index (DAI) as described by Breynaert et al. [134] was also recorded  daily 

and computed according to the 3 parameters in the table below: 

 

Table 3: Parameters used to calculate disease activity index in the colitis study. When combined together, the 

parameters below projected the physiological state of the animal subjects. A high DAI indicates a high colitis 

burden while a low DAI indicates low colitis burden. 

Disease activity index (DAI) 

Body weight loss 1 point for each  5% weight loss 

Stool consistency 0 = normal 2 = formed but very 

soft  

4 = liquid 

Blood in stool 0 = none 1 = present  
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2.1.3 Small animal colonoscopy 

In order to carry out murine endoscopy, the small animal endoscopic system (Karl Storz SE & 

Co. KG, Tuttlingen Germany) was used according to the protocol of Becker et al. [159]. The 

mice were first anaesthetized with 2% isoflurane (AbbVie Inc. North Chicago, Illinois, U.S.A) 

and kept anaesthetized through a facial mask. A small amount of water was flushed into the 

colon to clear residual faeces. The optical colonoscope was lubricated with water and carefully 

inserted into the anus of the mouse. Under insufflation with air, the scope was gently advanced 

up the splenic flexure. During withdrawal of the scope, videos were captured for subsequent 

examination of the colon wall offline. 

Colitis severity was determined by evaluating the following parameters on the colon wall: 

thickening of the colon wall, changes in the vascular pattern, presence of fibrin, granularity on 

the mucosal surface and stool consistency, as shown in the table 4 below. 

 

Table 4: Table indicating the scoring pattern of murine endoscopic index of colitis severity. Videos obtained 

from performing colonoscopy on the mice groups in the different time points were analysed against the checklist 

below containing the 5 parameters used to compute murine colitis score which had a maximum value of 15. 

Adopted by permission  from BMJ publishing group Limited  [159, 2019].  

 

Murine endoscopic index of colitis severity (MEICS) 

                                                      0                    1                    2                         3               Total                                                           

Fibrin visible                               none             little              marked               extreme          0-3                         

Thickening of colon wall            transparent   moderate       marked        non-transparent    0-3    

Changes in vascular pattern        normal         moderate       marked               bleeding         0-3   

Mucosal granularity                    none             moderate       marked               extreme         0-3 

Stool consistency                        normal         still shaped   unshaped              spread           0-3     

Total score:                                                                                                                             0-15                                                                                                                                                                                       
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2.1.4 Magnetic resonance imaging of the colon wall thickness in murine colitis 

To perform the MRI scan, the mice were first anaesthetized with 2% isoflurane followed by 

gently inserting a soft plastic hollow tube into the anus of the anaesthetized mice to avoid 

folding of the colon. The mice were then placed tail first in a supine position on an animal bed 

of a 7T BioSpec 70/30 spectrometer (Bruker Biospin, Ettlingen, Germany), with a 

transmitter/receiver quadrature coil of 38 mm inner diameter (Bruker). The respiratory cycle 

of the anaesthetized mice was constantly monitored using a pressure sensor placed on the 

abdomen. Animal temperature was maintained at 370 C by circulating warm water through a 

pipe on the animal bed. For each animal, 25 consecutive axial slices of the colon of 1 mm 

thickness were acquired beginning from the anus. 2 dimensional rapid acquisition with 

refocused echo (RARE) sequence was used to generate axial images with repetition time (TR) 

of 3000 ms, echo time (TE) of 36 ms, a field of view of 2.56 × 2.56 cm2, matrix 256 × 256, 4 

averages and a total scan time of approximately 6 minutes in line with our published settings 

[137, 160]. 

The acquired images were reconstructed using the ParaVision 6.0 software (Bruker Biospin, 

Ettlingen, Germany). All images were saved and analysed using ImageJ software (National 

institutes of Health, Bethseda, MD). Total colon wall thickness was determined by measuring 

3 positions 1200 apart on the cross section of each of two slices located roughly at 1.2 and 1.8 

cm from the anus, then computing their mean.   

 

2.1.5 In vivo tracking of activated Ly6G neutrophils in inflamed colon of 2% DSS induced 

colitis using Positron Emission Tomography Imaging 

In the DSS E2 experiment, 24 hours prior to PET/CT imaging (day 5, 12 and 20) a batch of 4, 

2% DSS treated mice were anaesthetized and administered 300µg of anti Ly6G/1A8 

monoclonal antibody (#5857592316M1, BioXcell Inc. New Hampshire, USA) in 0.2ml of 

PBS via the tail vein in order to deplete activated circulating Ly6G expressing neutrophils and 

this group was assigned the name; 2% DSS depleted. Another batch of four 2% DSS mice 

which were assigned the name; 2% DSS placebo and 4 control mice were also administered 

0.2ml of phosphate buffered saline (PBS) such that in the end all the animals were exposed to 

similar levels of stress resulting from handling. On days 6, 13 and 20, the mice were 
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anaesthetized using 2% isoflurane gas and immediately injected with 20mg/ml of  Buscopan® 

(#327468B, Boehringer Ingelheim, Ingelheim, Germany) diluted in normal saline to a 

concentration of 0.4mg/0.2ml intraperitoneally to relax the stomach muscles. By use of a 

plastic catheter, 0.3 ml of barium sulfate (#13SA022A, Guerbet GmbH, Sulzbach. Germany) 

was also deposited in the colon lumen of all the mice through the anus in order to provide 

contrast for computed tomography (CT) images. 

11-13 megabecquerels (MBq) of 64Cu - Ly6G NODAGA (copper 64-Lymphocyte antigen 6 

complex locus G6D-1, 4, 7-triazacyclononane, 1-glutaric acid-4, 7-acetic acid) was injected to 

each mouse via the tail vein. Initially, a CT scan was acquired for 10 minutes. The CT scan 

parameters were as follows: voltage 80 keV, current 550 µA, axial field of view 56.68 mm, 

120 projections. Static Positron Emission Tomography (PET) scan was then performed whose 

data was acquired for 15 minutes using a whole body emission protocol (Siemens Healthcare 

GmbH, Erlangen, Germany). PET settings were as follows: static scan followed by 2D filtered 

back projection reconstruction (2D-FBP) algorithm (field of view 10×10 × 12.6 cm3, matrix 

size 128 × 128 × 159 and a nominal pixel size of 0.78 × 0.78 × 0.80 mm3).  

PET/CT images were acquired immediately after the radiotracer injection, 24 and 48 hrs later. 

The imaging data was analyzed using Inveon Research Workplace software version 4.2 

(Siemens Healthcare GmbH, Erlangen, Germany). Regions of interest (ROIs) were manually 

drawn around the distal colon based on co-registered CT images. Additionally, heart, liver and 

muscle ROI’s were analyzed. The percentage injected dose per gram (%ID/g) was then 

computed per animal; which is the ratio of activity in the tissue (kBq/cc) divided by the decay 

corrected activity injected into the animal (kBq). The mean percentage injected dose (%ID/g) 

was then compared among the groups. 
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2.2 Ex vivo characterization of DSS colitis 

2.2.1 Histological examination of murine colitis  

The harvested colons from the euthanized mice were fixed in 10% formalin (#SLBN4592V, 

Sigma Aldrich Chemie GmbH, Taukirchen, Germany) for 24hrs then cut into two sections 0.5 

cm and 1.5 cm from the anus and embedded in paraffin. 3µm paraffin sections were cut using 

a microtome (Microm HM355S, Thermo fisher Waltham, MA, USA) and floated out in a 

water bath, after which they were captured using a glass slide. The sections on the slides were 

dried in a hot air oven at 40ºC for 24hrs. Hematoxylin and Eosin staining was automatically 

performed using the Varistain Gemini ES automated slide stainer (Thermo Fisher Waltham, 

MA, USA) according to established protocol.  

The slides were scanned using the AxioScan.Z1 (Carl Zeiss Microscopy GmbH, Jena, 

Germany) for the purpose of digital storage. Histological score assessment on the slides was 

performed under an Axio Imager A1 microscope (Carl Zeiss Microscopy GmbH, Jena, 

Germany) on two sections per animal according to the protocol of Laroui et al  [161]. 3 

parameters were evaluated; severity of inflammation was assigned a score of 0 to 3 where 0 = 

none, 1 = slight, 2 = moderate and 3 = severe. Crypt damage was scored 0 to 5 to stand for 0 = 

none, 1 = basal one third damaged, 2 = basal two thirds damaged, 3 = entire crypt loss,   4 = 

change of epithelial surface with erosion and 5 = confluent erosion. Ulceration was scored 0 to 

3 with 0 = none, 1 = 1 or 2 foci of ulcerations, 3 = 3 or 4 foci of ulcerations and 5 = confluent 

ulceration. Summation of these parameters yielded a maximum histological score of 11. 
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2.3 Statistics 

The results for colon wall thickness as measured by MRI, BW and Ly6G uptake are reported 

as mean ± SEM, DAI, endoscopic colitis score and histology score are reported as medians 

(25% percentile, 75% percentile). Individual p values for the 2 mice groups were assessed 

using non-parametric Mann-Whitney U test. Non-parametric Kruskal-Wallis test was used to 

assess the mean uptake of the PET radiotracer among the 3 mice groups at each time point, 2 

stage step up method of Benjamini, Krieger and Yekutieli was used for multiple p value 

correction. Non-parametric Spearman’s correlation coefficient was calculated for correlation 

analyses of colitis score, wall thickness as measured using MRI, histology score and 64Cu - 

Ly6G NODAGA radiotracer uptake on the colon at the different time points. All statistical 

analyses and calculations were performed using GraphPad Prism v8.01 (GraphPad, La Jolla, 

CA, USA). A 95% confidence interval (CI) was used, differences were considered statistically 

significant when p < 0.05. Significance levels were assigned * for p < 0.05, ** for p ≤ 0.01, 

*** for p ≤ 0.001 and **** for p ≤ 0.0001.  
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3. Results 

3.1 Longitudinal characterization of 2% DSS murine colitis by measurement 

of disease activity index and body weight loss 

All animals survived until the end of the protocols except for 2 control mice which were 

euthanized due to colon perforation during colonoscopy procedure on day 6 and 13 

respectively in the DSS E1 study. As shown in figure 6A and B, we randomized 50 mice into 

2 test groups (control and 2% DSS group) a day before the commencement of the study. We 

gave 25 wildtype C57BL/6NCrl mice 2% (w/v) DSS in drinking water for 5 consecutive days 

after which we replaced the solution with tap water; while we had 25 control mice drink 

normal tap water throughout the study. In each of the 5 time points (day 0, 3, 6, 13, 21), we 

assigned 5 mice from each of the two groups for sacrifice and extraction of colon for histology 

study, so in essence after each time point there would be 5 mice less in each group as the 

experiment progressed (see figure 6B).  

On each of the 5 aforementioned time points, we commenced the DSS E1 study by measuring 

each test subject for BW and DAI. We immediately followed the two measurements with 

colonoscopy examination; while the test subject was still under anesthesia, we immediately 

transferred it to the MRI scanner and scanned for increase in colon wall thickness. Once we 

completed the MRI scan, we sacrificed the test subject, extracted the colon, and immediately 

fixed it in 10% formalin prior to tissue processing for histological examination. However, at 

time point 6 and 13, we had to euthanize a control mouse after colonoscopy examination on 

each of these 2 days, resulting in the capture of MRI wall thickness data for 4 control mice at 

these time points instead of the usual 5. Nevertheless; we captured BW, DAI, and colitis score 

for the 2 mice before euthanization, after which we harvested the colons for histology. 

We organized DSS E2 study similarly to DSS E1 in terms of collection of physical readouts 

such as BW and DAI which we recorded throughout the study except weekends (see figure 

6C). We first randomized wildtype C57BL/6NCrl into the 2 test groups; control and 2% DSS 

group a day before commencement of the study. Secondly, we administered 2% DSS (w/v) to 

the 2% DSS group in their drinking water for 5 consecutive days, following which we 

replaced the 2% DSS solution with tap water, on the other hand we administered tap water to 

control mice throughout the study. 
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We further split the 2% DSS group into 2% DSS placebo and 2% DSS depleted groups and 

undertook colonoscopy examination on days 6, 13 and 20. 24hrs prior to radiotracer injection; 

we administered intravenously either PBS (controls and 2% DSS placebo) or an anti Ly6G 

mAb (1A8 mAb) to the 2% DSS depleted mice group. We administered the PET radiotracer 

64Cu - Ly6G NODAGA on days 6, 13 and 20 and undertook PET scans immediately, 24 and 

48 hrs later on 4 animals each per group. On the 25th day we sacrificed the mice and harvested 

colons for histological examination.  

 In order to determine the effect of 2% DSS ingestion on animal body weight, we measured 

body weight changes every day except for weekends; figure 7A shows body weight (BW) 

results from the DSS E1 study where at the onset of the study, we recorded no significant 

difference between the body weight of the control and 2% DSS groups with mean body 

weights of 100 ± 0.0 % and 100 ± 0.0 % respectively (n = 25/group). The third day into the 

study, no significant percentage BW difference was recorded between the 2 animal groups 

with controls having a mean body weight of 101 ± 0.5% and 2% DSS group having mean 

body weight of 103.1 ± 0.6 (n = 20/group). However, after we withdrew the 2% DSS solution 

on day 5, we recorded significant BW loss in the 2% DSS colitis group as compared to control 

group on day 6 with a mean of 94.8 ± 1.1 % and 101.7 ± 0.5 % respectively (n = 15/group; p < 

0.0001). 

7 days since the commencement of the DSS E1 study, we observed the body weight to further 

significantly drop in the 2% DSS mice group with a mean of 88.2 ± 2.0 % in comparison to 

control group which had a mean of 101.7 ± 1.0 % (n = 10/group; p < 0.0001). The 

aforementioned trend of drop in body weight for 2% DSS group proceeded till the 9th day. It 

was on the 10th day that we began to observe the recovery of body weight in 2% DSS mice 

group with a mean BW of 98.9 ± 2.0 % while controls had a mean BW of 102.1 ± 0.9 % (n = 

10/group). The trend of recovery of body weight in the 2% DSS group continued till the last 

time point of day 21 where we observed the body weight for the 2 groups to exceed their 

initial body weights during the start of the study with 2% DSS group recording mean body 

weight of 104.7 ± 1.2 % while controls had mean body weight of 106.7 ± 1.3% (n = 5/group).  

Correspondingly for DSS E2 study; we wanted to establish the effect of 2% DSS ingestion on 

mice body weight; figure 7B show BW results from the DSS E2 study which at the onset of 
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the study on day 0, the body weight of the two groups; 2% DSS and control had an equal mean 

of 100 ± 0.0% (n = 20) and 100 ± 0.0% (n = 12) respectively. This trend proceeded till the 5th 

day where for the first time the BW of the 2% DSS group significantly dropped in comparison 

to the control group at 101.0 ± 0.6% (n = 20) and 104.6 ± 0.6% respectively (n = 12; p = < 

0.0001), although the mean BW for the two groups was higher on this day than on the study 

commencement time point; day 0. The trend of significant BW loss in the 2% DSS colitis 

group continued till the last day of collection of changes in BW which was the 20th day. We 

recorded the greatest loss in body weight on day 8 with the 2% DSS group having a mean 

percentage body weight of 83.38 ± 1.1% (n = 20) in comparison to the controls with a mean 

percentage of 104.7 ± 1.1% (n = 12; p < 0.0001).  

Taken together, both BW results from DSS E1 and DSS E2 studies demonstrate that the 

ingestion of 2% DSS solution for 5 days by wildtype C57BL/6NCrl had the effect of inducing 

a significant loss in body weight; one of the hallmark symptoms of ulcerative colitis in the 

clinic. The BW data from DSS E1 and DSS E2 studies is reported as Mean ± SEM and 

difference between the two means analysed using the nonparametric Mann - Whitney U test. 

Disease activity index (DAI) is another classical parameter that has been used in the past for 

determining the extent of infliction of DSS colitis whose computation takes into account 

observations such as BW loss, blood in the stool and stool consistency. To investigate the 

effect of ingestion of 2% DSS colitis for 5 days on DAI, we compiled this readout every day 

except for weekends on both DSS E1 and DSS E2 studies. 

 Figure 8A show the trend of disease activity index compiled throughout the 21 days of the 

DSS E1 study except during the weekends where 6 days after the commencement of the study, 

we observed the DAI of 2% DSS mice to rise significantly in comparison to the control group 

with DAI of 1.0 (0.0 – 1.0) and 0.0 (0.0 – 0.0) respectively (p = 0.004, n = 15/group). 7 days 

into the study, the DAI of 2% DSS in comparison to the control group increased to the highest 

value ever recorded for the whole DSS E1 study at 2.0 (0.8 – 4.2) and 0.0 (0.0 – 0.0) (p = 

0.002, n = 10/group) respectively. On the 8th day the DAI recorded in the 2% DSS mice group 

was still higher than in the control group at 2.0 (0.0- 3.0) and 0.0 (0.0 – 0.0) (p = 0.002, n = 

10/group). The last day recorded for elevated DAI was on the 9th day after the commencement 

of the DSS E1 study with the 2% DSS mice at 1.0 (0.0 – 3.3) as compared to the control group 
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which remained at 0.0 (0.0 – 0.0) (p = 0.02, n = 10/group). From the 10th day to the end of the 

study, a drop in DAI was recorded on the 2% DSS group with day 10 already recording a DAI 

of 0.0 (0.0 – 0.3) and control group (0.0 – 0.0) (0.0 – 0.0); n = 10/group. 

Similarly for the DSS E2 study, we also sought to find out the effect of 2% DSS ingestion on 

DAI readout. Figure 8B show compiled DAI for the DSS E2 study; 24hrs after withdrawal of 

the 2% DSS solution on day 6, we recorded a significantly increased DAI in the 2% DSS 

group as compared to the control group at 1.0 (0.3 – 1.0) (n = 20) and 0.0 (0.0 – 0.0) (p = 0.01, 

n = 12)  respectively, a trend that continued to the 7th day with the 2% DSS group posting a 

DAI of 2.0 (2.0 – 3.0) ( n = 20) in comparison to control group that had 0.0 (0.0 – 0.0) (p < 

0.0001, n = 12). On day 8 we recorded the greatest rise in DAI in the whole DSS E2 study 

with 2% DSS group having 3.0 (3.0 – 3.5) (n = 20) while the control group DAI remained at 

0.0 (0.0 – 0.0) (p = < 0.000, n = 12). We observed the trend of elevated DAI continue albeit 

not significantly, to the 15th day after the commencement of the DSS E2 study where the 2% 

DSS mice had a DAI of 0.0 (0.0 - 1.0) (n = 20) in comparison to the control group whose DAI 

remained at 0.0 (0.0 – 0.0) (n = 12). 

At the last time point of collection of DAI for the DSS E2 study which was day 20, we noted 

that the two experiment groups had recovered their DAIs to lower values than those that were 

recorded on day 6 with 2% mice group at 0.0 (0.0 – 0.0) (n = 20) and control group at also 0.0 

(0.0 – 0.0) (n =12). In both studies, after the withdrawal of 2% DSS solution on the 5th day, we 

noted the DAI to have been significantly elevated in the 2% DSS mice group in comparison to 

the control group, with possible reasons for this observation ranging from poor food 

assimilation resulting in diarrhea, loss of body weight and colon irritation that at times results 

in mucosal bleeding, all these as a result of ingestion of 2% DSS solution for 5 days. The data 

for DAI in DSS E1 and E2 studies are reported as medians with interquartile range (25% 

percentile, 75% percentile). 
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Figure 6A: Organization of DSS E1 study. On each of the 5 time points (d0, d3, d6, d13 and d21), the study 

commenced first by body weight measurement, followed by colonoscopy, then colon wall thickness measurement 

using  MRI and finally sacrifice of 5 mice from each group for histological examination.  

 

B 

 

Figure 6B: workflow of DSS E1 study. On each of the 5 time points (d0, d3, d6, d13 and d21), BW and DAI 

measurement were followed by colonoscopy, MRI scan and finally sacrifice of 5 mice from each group for 

histology. 2 control mice were euthanized after colonoscopy due to colon puncture, one on day 6 and the 2nd on 

day 13; hence 4 mice were available on day 6 and 13 for MRI scan, nevertheless due to the instituted study 

sequence; BW, DAI, colonoscopy and histology data were still captured for these 2 mice. 
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C 

 

Figure 6C: Organization of DSS E2 study. The two mice groups were administered either water or 2% DSS 

solution in the initial 5 days followed by plain tap water to the last time point. PET/CT imaging of 64Cu - Ly6G - 

NODAGA distribution and colonoscopy were deployed for in vivo colitis assessment. Ex vivo histology was 

performed at day 25 after sacrificing the animals. Disease activity index and changes in body weight readouts 

were collected everyday throughout the study except during the weekends. 64Cu - Ly6G - NODAGA = copper 64-

Lymphocyte antigen 6 complex locus G6D-1, 4, 7-triazacyclononane, 1-glutaric acid-4, 7-acetic acid, PET = 

positron emission tomography, DSS = dextran sodium sulphate. 
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Figure 7A: Percentage body weight changes. Data from DSS E1 study show percentage changes in murine 

body weight as a result of ingestion of 2% DSS. Day 0, control n = 25 mice, 2% DSS n = 25 mice. Day 3, control 

n = 20 mice, 2% DSS n = 20 mice. Day 6, control n = 15 mice, 2% DSS n = 15 mice. Day 13, control n = 10 

mice, 2% DSS = 10 mice. Day 21, control n = 5 mice, 2% DSS n = 5 mice. These results are compiled from a 

single independent study. Data is represented as mean ± SEM; ** = p ≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 

0.0001. DSS = dextran sodium sulphate. 
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Figure 7B: Percentage body weight changes. Data from DSS E2 study show percentage changes in murine 

body weight as a result of ingesting 2% DSS. The main variable from this single independent study is the 

investigation of the recruitment of activated Ly6G neutrophils during murine colon inflammation using PET/CT. 

Control n = 12 mice, 2% DSS = 20 mice. Data is represented as mean ± SEM; * = p ≤ 0.05, ** = p ≤ 0.01, *** = 

p ≤ 0.001 and **** = p ≤ 0.0001. DSS = dextran sodium sulphate. 
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Figure 8A: Disease activity index pattern for the DSS E1 study. 8A show the disease activity index score 

computed between 2% DSS treated and control mice in this single independent study. Day 0, control n = 25 mice, 

2% DSS n = 25 mice. Day 3, control n = 20 mice, 2% DSS n = 20 mice. Day 6, control n = 15 mice, 2% DSS n = 

15 mice. Day 13, control n = 10 mice, 2% DSS = 10 mice. Day 21, control n = 5 mice, 2% DSS n = 5 mice. Data 

are indicated as median with interquartile range (IQR). Mean is annotated as +. * = p ≤ 0.05, ** = p ≤ 0.01, *** = 

p ≤ 0.001. DSS = dextran sodium sulphate. 
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Figure 8B: Disease activity index pattern for the DSS E2 study.  8B show the disease activity index score 

computed between 2% DSS and control mice. The main variable in this single independent study is the 

investigation of the recruitment of activated Ly6G neutrophils during murine colon inflammation using PET/CT. 

2% DSS n = 20 mice, Control n = 12 mice. Data are expressed as median with interquartile range (IQR). Mean is 

annotated as +. * = p ≤ 0.05, ** = p ≤ 0.01 and **** = p ≤ 0.0001.  
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3.2 In vivo longitudinal characterization of 2% DSS murine colitis using 

colonoscopy and Magnetic Resonance Imaging 

As we documented before in the preceding data from our DSS E1 and E2 studies, the 

ingestion of 2% DSS leads to loss of body weight and an elevated DAI. However, internally 

and particularly in the colon; our group and others have previously documented DSS for being 

responsible for a variety of macroscopic changes occurring in the colon mucosa layer. These 

include changes in mucosal granularization, the deposit of extra cellular matter, bleeding, wall 

thickening and changes in stool consistency. The next step we took was to find out whether we 

could document these same changes in our test subjects after they had ingested 2% DSS 

solution for 5 days in the 2 studies we reported here.  

For this purpose we deployed a small animal endoscope that facilitated the in vivo capture of 

the condition of the colon via video recordings which we could then use to assign colitis 

scores for individual mice depending on the degree of infliction of murine colon inflammation. 

In figure 9A we show representative static images that we captured from colonoscopy videos 

that we had acquired from the DSS E1 study reported here. We performed macroscopic 

assessment of DSS colitis using a small animal colonoscope as previously described by 

Becker et al [116]. Our visual assessment of the static images of figure 9A from DSS E1 study 

do already show profound mucosal changes in the 2% DSS group especially in day 6 and 13 in 

comparison to the corresponding images from the control group; with deposit of fibrin and an 

increased granularization being clearly visible on these images. Using the colonoscopy video 

scoring parameters, figure 9B from the DSS study E1 indicate that at the commencement of 

the study at day 0, we noted no increase in the endoscopic colitis score between the 2 mice 

groups with the 2% DSS group having scores of 0.0 (0.0 - 0.0) and control at 0.0 (0.0 - 0.5) (n 

= 25/group). Proceeding on to the 3rd day, we recorded the endoscopic colitis score of 2% DSS 

to be slightly higher than that of control group, albeit not at a significant level at 1.0 (0.0 - 1.0) 

and 0.0 (0.0 - 0.8) (n = 20/group) respectively.  

However, coming to day 6, we recorded the endoscopic colitis score of the 2% DSS colitis 

mice in DSS E1 study to be significantly higher than the control group at 3.0 (2.0 - 4.0) and 

0.0 (0.0 - 1.0) (p = 0.01, n = 15/group) respectively. Proceeding on to the 13th day, colitis score 

further increased to the highest level that we ever recorded for the whole DSS E1 study in the 
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2% DSS mice in comparison to the control group at 9.0  (6.0 - 11) and 1.5  (0.0 - 3.0) (p < 

0.0001, n = 10/group) respectively. At the last time point of the DSS E1 study which was at 

day 21, we recorded colitis score in the 2% DSS mice group to remain significantly higher 

than the control group at 5.0  (4.0 - 5.5) and 0.0 (0.0 - 1) (p = 0.01, n = 5/group) respectively.  

For the DSS E2 study, we selected 3 time points for the evaluation of colitis score; day 6, 13 

and 20. These were also the days which we introduced the Ly6G radiotracer intravenously and 

conducted the first of 3 PET scans on each of the aforementioned time points. According to 

figure 9C, 6 days after the commencement of the DSS E2 study and 24 hrs after substitution of 

the 2% DSS solution with water, we recorded a significantly elevated colitis score in the 2% 

DSS mice group as compared to control mice group at 3.0 (2.0 - 4.0) (n = 20) and 0.0 (0.0 - 

0.8) (p = 0.0001, n = 12) respectively. 13 days into the study, 2% DSS mice group posted the 

highest colitis score in comparison to the control mice group during the whole duration of the 

DSS E2 study at 4.0 (0.0 - 6.8) (n = 20) and 0.0 (0.0 - 1.0) (p = 0.02, n = 12) respectively. 

Coincidentally, in the DSS E1 study; day 13 was the day that 2% DSS mice also posted the 

highest colitis core as compared to controls. 

 At the last time point of recording of colitis score for the DSS E2 study which was day 20, we 

recorded that the score remained significantly higher in the 2% DSS mice group in comparison 

to the control group at 2.0 (0.0 - 1.0) (n = 20) and 0.0 (0.0 - 1.0) (p = 0.05, n = 12). The 

colonoscopy data from the two studies; DSS E1 and E2 inform us that the ingestion of 2% 

DSS for 5 days by mice has the effect of causing morphological changes on the mucosal 

surface of the colon that include the increased thickening of the colon wall, increased 

granularization of the mucosal surface, deposit of extracellular matrix fibrin and in severe 

cases; bleeding. The colitis study data in the 2 independent studies: DSS E1 and E2 are 

reported as medians with interquartile range (25% percentile, 75% percentile) and Mann 

Whitney U was used to analyze the differences in mean between the two mice groups for each 

day.  

To validate a biomarker that our group had developed and reported in a publication in 2016 

that facilitated the non-invasive diagnosis of murine colitis by MRI that is devoid of enemas, 

contrast, spasmolytic agents [137, 160]; we incorporated in our DSS E1 study the MRI 

scanning of mice colons using this protocol at day 0, 3, 6, 13 and 21. In figure 10A we show 
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representative MRI scan images of colons of both 2% DSS and control mice in the axial plane 

that we obtained in the 5 time points from the DSS E1 study; especially for day 6 and 13, the 

images of the 2% DSS group show in the axial plane a thickened colon wall in comparison to 

corresponding images from the control group.  

We already observed the thickening of the colon wall of 2% DSS mice significantly increasing 

on day 6 with a mean colon wall thickness of 0.4 ± 0.01 mm (n = 15) as compared to 0.3 ± 

0.01 mm in the control mice group (p = 0.001, n = 14) (see figure 10B). The trend of 

significantly increasing colon wall thickness as a result of ingestion of 2% DSS continued with 

the greatest increase we recorded being on day 13 with 2% DSS and control mice having a 

mean of 0.4 ± 0.03 mm (n = 10) and 0.28 ± 0.01 mm (p = 0.0004, n =  9) respectively. Even 

on the last time point of MRI wall thickness measurement which was day 21, the wall 

thickness in the 2% DSS group remained significantly greater than in the control group with 

wall thickness of 0.38 ± 0.02 mm (n = 5) and 0.28 ± 0.01 mm (p = 0.02, n = 5) respectively.   

These results were able to confirm to us that the ingestion of 2% DSS has the adverse effect of 

increasing the recruitment of immune cells to the lamina propria, promotion of the occurrence 

of edema, neoplasia that will result in an overall thickened colon and the protocol instituted by 

our group could reliably evaluate this adverse biological change due to infliction of murine 

colitis. The data is reported as Mean ± SEM and the differences between the 2 mice groups at 

the different time points are analysed using the nonparametric Mann - Whitney U test. 
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Figure 9A: Assessment of progression of DSS induced murine colitis using colonoscopy                                                     

9A show representative still images from endoscopy videos captured from DSS E1 study to macroscopically 

assess murine colon inflammation using a small animal endoscope.  
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Figure 9B: assessment of progression of DSS induced murine colitis using colonoscopy.  Figure 9B show 

data of computed colitis score of DSS E1study. The main variable in this single independent study is the two 

extra in vivo colon assessment days; 0 and 3 using colonoscopy and MRI wall thickness, in addition to the 

standard day 6, 13 and 21. Day 0, control n = 25 mice, 2% DSS n = 25 mice. Day 3, control n = 20 mice, 2% 

DSS n = 20 mice. Day 6, control n = 15 mice, 2% DSS n = 15 mice. Day 13, control n = 10 mice, 2% DSS = 10 

mice. Day 21, control n = 5 mice, 2% DSS n = 5 mice. Data are expressed as median with interquartile range 

(IQR). Mean is annotated as +. ** = p ≤ 0.01, *** = P ≤ 0.001 and **** = p ≤ 0.0001. DSS = Dextran sodium 

sulphate 
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Figure 9C: assessment of progression of DSS induced murine colitis using colonoscopy. Figure 9C show 

results of computed colitis score at each time point of DSS E2 study. The main variable in this single independent 

study is the tracking of Ly6G neutrophils in inflamed colon using PET/CT in addition to examination using 

colonoscopy. Control n = 12, 2% DSS = 20. Data are expressed as median with interquartile range (IQR). Mean 

is annotated as +. * = p ≤ 0.05, ** = p ≤ 0.01 and **** = p ≤ 0.0001. DSS = Dextran sodium sulphate 
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Figure 10A: Colon wall thickness measured by MRI as a biomarker of DSS colitis induction                                                                                                                                                               

Representative 10A axial plane MRI scan images show the longitudinal progression of murine colon wall 

thickness on ingestion of 2% DSS from DSS E1 study. 
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Figure 10B:  Colon wall thickness measured by MRI as a biomarker of DSS colitis induction                                                                                                                                                               

Figure 10B shows a bar graph of the progressive thickening of the colon wall in 2% DSS animals from a single 

independent study (DSS E1). Day 0, control n = 25 mice, 2% DSS n = 25 mice. Day 3, control n = 20 mice, 2% 

DSS n = 20 mice. Day 6, control n = 14 mice, 2% DSS, n = 15 mice. Day 13, control n = 9 mice, 2% DSS = 10 

mice. Day 21, control n = 5 mice, 2% DSS n = 5 mice. Values are represented as mean ± SEM, * = p ≤ 0.05, ** = 

p ≤ 0.01 and *** = p ≤ 0.001. MRI = magnetic resonance imaging, DSS = dextran sodium sulphate, SEM = 

standard error of the mean. 

 

3.3 Longitudinal characterization of 2% DSS induced colitis by tracking 

activated Ly6G expressing neutrophils using 64Cu - Ly6G - NODAGA 

During the manifestation of DSS induced colitis, one of the biological processes that greatly 

manifests is the increased recruitment from the general circulation of both innate and adaptive 

cells of the immune system to the inflamed colon and particularly activated neutrophils. The 

next step was to investigate if indeed we could characterize this recruitment especially for the 

purpose of potentially identifying Ly6G neutrophil cell tracking by PET/CT as a novel 

longitudinal non-invasive, inflammation specific and early diagnostic strategy for colon 

inflammation in murine colitis as a result of the ingestion of 2% DSS. 
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Figure 11A: In vivo Uptake of 64Cu - Ly6G - NODAGA in tissues during murine colitis immediately, 24 

and 48 hrs after administration (days 6, 7 and 8). Figure 11A show the distribution of 64Cu - Ly6G - 

NODAGA in the body of the 3 mice groups after intravenous injection, the white arrows indicate  the position of 

the colon in the coronal plane. The scale used is  Bq/ml. 
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Figure 11 B, C and D: Quantification of inflammation on tissues during murine colitis immediately, 24, 

and 48 hrs after administration of 64Cu - Ly6G - NODAGA (days 6, 7 and 8). Data at the first time point of 

DSS E2 study comparing the accumulation of 64Cu - Ly6G - NODAGA in the 3 mice groups as a result of the 

accumulation of activated Ly6G neutrophils on 4 tissues: heart, colon, liver and skeletal muscle on days  6, 7 and 

8 after initial ingestion of 2% DSS, n = 4/group. The data from this single independent study is calculated as 

percentage injected dose per gram (ID%/g). All the data is presented as Mean ± SEM where * = p < 0.05, ** = p 

≤ 0.01, *** = p ≤ 0.001. 64Cu - Ly6G - NODAGA = copper 64 - Lymphocyte antigen 6 complex locus G6D - 1, 

4, 7- triazacyclononane, 1 - glutaric acid - 4, 7 - acetic acid.  DSS = dextran sodium sulphate, SEM = standard 

error of the mean. 
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Figure 12A: Uptake of 64Cu - Ly6G - NODAGA in tissues during murine colitis immediately, 24 and 48 hrs 

after administration (days 13, 14 and 15). The distribution of 64Cu - Ly6G - NODAGA in the body of the 3 

mice groups after intravenous injection, the white arrows indicate  the position of the colon in the coronal plane. 

The scale used is Bq/ml 
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Figure 12: Quantification of inflammation on tissues during murine colitis immediately, 24, and 48 hrs 

after administration of 64Cu - Ly6G - NODAGA (days 13, 14 and 15). Second time point of DSS E2 study 

comparing the accumulation of 64Cu - Ly6G - NODAGA in the 3 mice groups as a result of the accumulation of 

activated Ly6G neutrophils on 4 tissues: heart, colon, liver and skeletal muscle on days  13, 14 and 15 after initial 

of ingestion of 2% DSS, n = 4/group. The data from this single independent study is calculated as percentage 

injected dose per gram (ID%/g). All the data is presented as Mean ± SEM where * = p < 0.05, ** = p ≤ 0.01, *** 

= p ≤ 0.001 and **** = p ≤ 0.0001. 64Cu - Ly6G - NODAGA = copper 64 - Lymphocyte antigen 6 complex locus 

G6D - 1, 4, 7- triazacyclononane, 1 - glutaric acid - 4, 7 - acetic acid.  DSS = dextran sodium sulphate, SEM = 

standard error of the mean. 
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Figure 13A: Uptake of 64Cu - Ly6G - NODAGA in tissues during murine colitis immediately, 24 and 48 hrs 

after administration (days 20, 21 and 22). Representative images show the distribution of 64Cu - Ly6G - 

NODAGA in the body of the 3 mice groups after intravenous injection,  the white arrows indicate  the position of 

the colon in the coronal plane. The scale used is Bq/ml. 
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Figure 13 B, C and D. Quantification of inflammation on tissues during murine colitis immediately, 24, 

and 48 hrs after administration of 64Cu - Ly6G - NODAGA (days 20, 21 and 22). The third time point of 

DSS E2 study comparing the accumulation of 64Cu - Ly6G - NODAGA in the 3 mice groups due to accumulation 

of activated Ly6G neutrophils on 4 tissues: heart, colon, liver and skeletal muscle on days 20, 21 and 22 after 

initial of ingestion of 2% DSS, n = 4/group. The data from this single independent study is calculated as 

percentage injected dose per gram (ID%/g). All the data is presented as Mean ± SEM where * = p <0.05, ** = p ≤ 

0.01, *** = p ≤ 0.001. 64Cu - Ly6G - NODAGA = copper 64 - Lymphocyte antigen 6 complex locus G6D - 1, 4, 

7- triazacyclononane, 1 - glutaric acid - 4, 7 - acetic acid.  DSS = dextran sodium sulphate, SEM = standard error 

of the mean. 
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Figures 11A, 12A and 13A are images we captured from DSS E2 study that we performed 

longitudinally to noninvasively track the recruitment of activated Ly6G neutrophils in the 

colons of 2% DSS murine colitis. In reference to the information we currently have, we are the 

first to characterize murine colon inflammation in a longitudinal fashion through in vivo 

PET/CT imaging of this particular class of neutrophils. We performed in vivo Ly6G neutrophil 

cell tracking, immediately, 24 and 48hrs after injection of the radiotracer 64Cu - Ly6G - 

NODAGA. Immediately after the radiotracer injection on day 6 (see figure 11B) we registered 

a very high signal in the heart across the three animal groups with the 2% DSS placebo group 

registering a mean %ID/g of 22.7 ± 0.7  compared with 2% DSS depleted group with 20.1 ± 

1.1 and the control group with 18.1 ± 0.3; n = 4/group. We realized no significant 

accumulation of the radiotracer in the colon tissue across the 3 groups with the control, 2% 

DSS depleted and 2% DSS placebo groups having a mean %ID/g of 2.2 ± 0.1, 2.1 ± 0.4 and 

2.5 ± 0.5;  n = 4/group respectively. 

 Image acquisitions 24hrs later (see figure 11C), we recorded a significantly higher 

accumulation of the radiotracer in the colon of 2% DSS placebo group with mean %ID/g of 

4.6 ± 0.4; p = 0.01 compared to the 2% DSS depleted group which had 3.3 ± 0.2 and control 

group 2.3 ± 0.3; p = 0.002, n = 4/group. 48hrs after radiotracer injection (see figure 11D), the 

accumulation in the colon of the 2% DSS placebo group was still significantly higher than the 

rest of the groups at %ID/g 3.8 ± 0.5; p = 0.02, 2% DSS depleted with 2.4 ±  0.3 while the 

control group had 1.8 ± 0.03; p = 0.02, n = 4/group. Accumulation of the radiotracer in the 

skeletal muscle tissue which served as the reference tissue indicated no significant 

accumulation of the radiotracer among the 3 groups over the 3 measurement time points. The 

figure 11A conveniently corroborates with the data on radiotracer uptake compiled on figure 

11B, C and D whereby the white arrows show high accumulation of Ly6G neutrophils in the 

inflamed colon of the 2% DSS placebo in comparison to the 2% DSS depleted and control 

group.  

On day 13 (see figure 12B), since the commencement of DSS E2 study, immediately after 

injection of the 64Cu - Ly6G - NODAGA radiotracer, similarly as observed in day 6, we 

recorded accumulation to be significantly higher in the heart tissue, with the control group 

recording the highest %ID/g at 17.1 ± 1.3; p = 0.01 compared to 2% DSS placebo group at 8.3 

± 1.4 and 2% DSS depleted at 16.9 ± 0.1; p = 0.04, n = 4/group. Accumulation in the colon 
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tissue, though not significant, was highest in the 2% DSS depleted group with a %ID/g of 2.1 

± 0.14 compared to the control group at 1.7 ± 0.1 and 2% DSS placebo group with 1.7 ± 0.3, n 

= 4/group. The radiotracer accumulation in the liver was highly significant in the 2% DSS 

placebo group at a %ID/g of 14.1 ± 1.8; p = 0.02 compared to the 2% DSS depleted group at 

8.7 ± 0.6 and control group at 7.6 ± 0.7; p = 0.01, n = 4/group. 24hrs later after radiotracer 

injection (see figure 12C), accumulation in the liver was still highly significant in the 2% DSS 

placebo with a %ID/g of 10.3 ± 0.6; p ≤ 0.0001 compared to the controls with 4.5 ± 0.2 and 

2% DSS depleted group with 4.1 ± 0.2; p ≤ 0.0001, n = 4/group. 

We never noted significant radiotracer accumulation in the colon tissues in any of the 3 groups; 

the 2% DSS depleted group had a mean of 2.2 ± 0.3 in comparison to the control group and 

2% DSS placebo at a %ID/g of 2.1 ± 0.1 and 1.8 ± 0.3; n = 4/group respectively. 48hrs (see 

figure 12D) after radiotracer injection, we recorded highly significant accumulation of the 

radiotracer in the liver out of all the sampled tissues with 2% DSS placebo registering a %ID/g 

of 6.2 ± 0.5 compared to the controls at 4.0 ± 0.3, p = 0.003 and 2% DSS depleted group with  

3.0 ± 0.2, p = 0.0002, n = 4/group. Nevertheless, radiotracer accumulation in the colon tissues 

at day 15 still did not significantly accumulate in any of the mice groups: the 2% DSS 

depleted, 2% DSS placebo and control group had a %ID/g of 1.23 ± 0.3, 0.8 ± 0.1 and 1.5 ± 

0.2; n = 4/group, respectively. The figure 12A conveniently corroborates with the data 

compiled on figure 12B, C and D whereby the white arrows show no accumulation of Ly6G 

neutrophils in the inflamed colon of the 2% DSS placebo mice group. 

Measurements we made immediately after radiotracer administration at day 20 (see figure 13B) 

indicate that the two tissues; the heart and liver had significantly higher accumulation of the 

radiotracer with the heart of the 2% DSS depleted group registering a %ID/g of 15.9 ± 1.4; p = 

0.01 in comparison to 2% DSS placebo group with 4.4 ± 0.3 and the control group with 13.2 ± 

1.8; p = 0.04; n = 4/group, we had observed this trend similarly on days 6 and 13. The liver 

also had a significantly higher accumulation of radiotracer with the 2% DSS placebo group 

registering a %ID/g of 17.4 ± 1.2, p = 0.01 in comparison to the control group with 11.6 ± 1.3 

and 2% DSS depleted group with 8.0 ± 0.4; p = 0.003, n = 4/group. 

Measurements that we took 24hrs (see figure 13C) later indicated that the radiotracer did not 

significantly accumulate in any of the 4 tissues with the liver tissue of the 2% DSS placebo 
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group having a %ID/g of 8.9 ± 0.5 compared to the control group which had 7.5 ± 1.4 while 

2% DSS depleted group had 6.9 ± 1.7; n = 4/group. On day 22 (see figure 13D) the only tissue 

we observed that had a significantly high accumulation of radiotracer was the heart of which 

the control group had a %ID/g of 2.2 ± 0.7; p = 0.04 compared to 2% DSS placebo group at 

0.7 ± 0.1, 2% DSS depleted group had 2.2 ± 1.4; n = 4/group. This was an indication that the 

radiotracer largely remained in general circulation instead of homing to the activated 

neutrophils recruited to the inflamed colon of 2% DSS placebo. Throughout all the time points, 

the reference tissue (skeletal muscle) did not significantly accumulate the radiotracer in among 

the 3 mice groups as corroborated by compiled in vivo images from the scans (see figure 11A, 

12A, 13 A). 

 The data in the Ly6G neutrophil cell tracking study is reported as mean ± SEM and analysed 

using the nonparametric Kruskal-Wallis test, correction for multiple comparisons among the 

groups was performed using the Post hoc test; 2 stage step up method of Benjamini, Krieger 

and Yekutieli. 
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3.4 Longitudinal characterization of 2% DSS murine colitis by histology 

We also evaluated the phenotypic changes occurring in the colon tissues on administration of 

2% DSS solution to the mice in both studies: DSS E1 and E2. This included examination of 

the recruitment of immune cells that included neutrophils and macrophages to the lamina 

propria, the destruction of crypts, and erosion of the epithelial cell layer on the lamina propria. 

A                                                                             

 

Figure 14A: Histological characterization of the mice colon after ingestion of 2% DSS Fig. 14A show 

representative pictures of hematoxylin and eosin stained colon sections from DSS E2 study indicating the 

progression of DSS induced colitis over the 5 time points. Scale used = 100um. DSS = dextran sodium sulphate.  
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 Figure 14 B: Histological characterization of the mice colon after ingestion of 2% DSS.                                  

longitudinal quantification of the severity of murine colitis of the 2% DSS and the control group in the single 

independent study DSS E1 with the variable in this particular study being that histology was done on each of the 

5 time points.  Control group, n = 5/day, 2 % DSS group, n = 5/day. Data are expressed as median with 

interquartile range (IQR). Mean is annotated as +.  * = p ≤ 0.05, ** = p ≤ 0.01. 
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Figure 14 C: Histological characterization of the mice colon after ingestion of 2% DSS.                                     

Quantification of murine colitis of the 2% DSS and the control group from single independent study DSS E2 at 

day 25 with the variable in this study being the in vivo tracking of activated Ly6G expressing neutrophils during 

murine colitis. Control, n = 9 and 2 % DSS, n = 8. Data are expressed as median with interquartile range (IQR). 

Mean is annotated as +. **** = p ≤ 0.0001. DSS = Dextran sodium sulphate 
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Figure 14A is representative of H&E stained images of the distal colon captured from the DSS 

E1 study described here. We sought to validate In vivo imaging data using the ex vivo 

histological data with the colons of control mice showing absence of ulceration of the epithelia 

layer, intact crypts and a lack of recruitment of inflammatory cells in the lamina propria. In 

contrast, the colons of 2% DSS treated mice showed damaged crypts which ranged from loss 

of basal one third to loss of entire crypts. We also recorded the recruitment of leukocytes in 

the lamina propria that progressively extended to the sub-mucosa and erosion of the epithelial 

layer of the wall of the lamina propria.  

Figures 14B show histology data compiled from the DSS E1 study  indicating the histology 

score on day 6 was already elevated in the 2% DSS with 2.0 (1.4 - 2.9) compared to the 

control group with 0.0 (0.0 – 0.0); p = 0.01, n = 10. On day 13, the highest histology score 

recorded for the whole experiment in the 2% DSS group was noted at 3.3 (1.3 - 5.5) and 

controls 0.0 (0.0 – 0.0); p = 0.01, n = 10. Finally, on the last day of the DSS E1 study; day 21 

the histology score in the 2% DSS group was still higher than the control group at 1.8 (1.5 - 

2.3) while controls had 0.0 (0.0 -  0.5); p = 0.01, n = 10. 

In the DSS E2 study, we conducted histology scoring only once on day 25. Figure 14C 

indicates that 2% DSS treated group had histology score of 4.5 (2.1 - 5.5); n = 9 and controls 

had 0.0 (0.0 - 0.4); p < 0.0001, n = 8. Histoloy data in the 2 studies DSS E1 and E2 are 

reported as medians with interquartile range (25% percentile, 75% percentile). 
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3.5 Longitudinal correlation studies between ex vivo and in vivo murine 

colitis imaging parameters 

For the DSS E1 study, we conducted correlation studies on both in vivo and ex vivo parameters 

used to evaluate the burden of colitis after administration of 2% DSS on the mice. This 

included readouts from histology, colon wall thickness as measured by MRI and colitis score 

on days 0, 3, 6, 13 and 21. 

Days 6, 13 and 21 exhibited significant correlation between one of the gold standard of 

ulcerative colitis measurement in the clinic; colitis score vs colon wall thickness as measured 

by MRI (see figure 15 A - E). Correlation between the 2 gold standards of ulcerative colitis 

measurement;  histology score versus colitis score correlated significantly from day 6 through 

day 21 (see figure 17 A - E) while histology score vs colon wall thickness as measured with 

MRI had significant correlation only on day 13 and 21 (see figure16 A - E). A control mouse 

was euthanized after colonoscopy on each of the two days: 6 and 13 due to colon perforation; 

hence for each of these 2 days, data from 9 mice (4 controls and 5 2% DSS colitis mice) was 

captured for colon wall thickness instead of the usual 10.  

For the DSS E2 study, correlation studies were conducted on both in vivo and ex vivo 

diagnostic parameters in order to evaluate the suitability of tracking Ly6G expressing 

neutrophils as a biomarker of murine colitis due to their activation and over recruitment in 

inflamed tissues of murine subjects and for our case, colons of mice induced with colitis as a 

result of ingesting 2% DSS for 5 days. The accumulation of Ly6G neutrophils in the inflamed 

colons of murine subjects on days 7 and 8 significantly correlated with the colitis score 

recorded on day 6 which also happens to be one of the gold standards of clinical evaluation of 

UC (see figure 18 A – C). However, we recorded no correlation between the accumulation of 

Ly6G neutrophils in the inflamed colon of mice subjects on day 13, 14 and 15 and colitis score 

recorded on day 13 (see figure 18 A – C), an observation that was also recorded for 

correlations between colitis score recorded on day 20 and Ly6G accumulation on day 20, 21 

and 22 (see figure 19 A – C). 

Correlation between Ly6G accumulation in the mice colon for days 6, 7, 8, 13, 14, 15, 20, 21 

and 22 versus ex vivo readout that also happens to be the second gold standard for colitis 

evaluation in the clinic; histology score on day 25 was not significant (see figure 21 A – C, 22 

A – C, 23 A – C).  
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Additionally, the correlation between the 2 gold standards in the evaluation of ulcerative 

colitis; colitis score on days 6, 13 and 20 versus histology score on day 25 did not significantly 

correlate (see figure 24 A – C). In both DSS E1 and E2 studies, we used non-parametric 

spearman correlation coefficient to analyze the correlations between the in vivo and ex vivo 

readouts. 
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Correlation of colon wall thickness as measured by MRI vs colitis score from DSS E1 study 
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Figure 15: Correlation of colon wall thickness as measured by MRI vs colitis score from DSS E1 study.                                                                                                                                                                           

(A-E) A control mouse was euthanized on day 6 and 13 resulting in 9 mice scanned on both days for MRI colon 

wall thickness. Correlation studies were performed using spearman correlation coefficient. * = p ≤ 0.05 
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Correlation of colon wall thickness as measured by MRI vs histology score from DSS E1 

study 
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Figure 16: Correlation of colon wall thickness as measured by MRI vs histology score from DSS E1 study.                                                                                                                                                           

(A-E) A control mouse was euthanized on day 6 and 13 resulting in 9 mice scanned on both days for MRI colon 

wall thickness. The correlation studies were performed using spearman correlation coefficient. * = p ≤ 0.05. 
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Correlation of colitis score vs histology score from DSS E1 study 

A                                                                B 

0 2 4 6 8 10 12

0

1

2

3

4

r = 0.38, p = ns

Colitis score day 0

H
is

to
lo

g
y

 s
c
o

r
e
 d

a
y

 0

X, n = 10

Y, n = 10

 

0 2 4 6 8 10 12

0

1

2

3

4

r = -0.004, p = 0.99

Colitis score day3

H
is

to
lo

g
y

 s
c
o

r
e
 d

a
y

 3

X, n = 10

Y, n = 10

 

C                                                                D 

0 2 4 6 8 10 12

0

1

2

3

4
r = 0.82, p = 0.007**

Colitis score day6

H
is

to
lo

g
y

 s
c
o

r
e
 d

a
y

 6

X, n = 10

Y, n = 10

 

0 2 4 6 8 10 12

0

1

2

3

4
r = 0.91, p = 0.0002***

Colitis score day13

H
is

to
lo

g
y

 s
c
o

r
e
 d

a
y

 1
3

X, n = 10

Y, n = 10

 

E 

0 2 4 6 8 10 12

0

1

2

3

4 r = 0.84,p =0.003**

Colitis score day21

H
is

to
lo

g
y

 s
c
o

r
e
 d

a
y

 2
1

X, n = 10

Y, n = 10

 

Figure 17: correlation of colitis score vs histology score from DSS E1 study. (A-E) Correlation studies were 

performed using spearman correlation coefficient. **= p≤ 0.01, *** = p ≤ 0.001. 
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Correlation of colitis score day 6 vs Ly6G neutrophil accumulation in the colon on day 6, 7 

and 8 from DSS E2 study 
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Figure 18: correlation of colitis score day 6 vs Ly6G neutrophil accumulation in the mouse colon from DSS 

E2 study. (A - C) Correlation between the two parameters was conducted on day 6, 7 and 8 for Ly6G neutrophil 

accumulation in the colon versus colitis score day 6. n = 12. Correlation studies were performed using spearman 

correlation coefficient. * = p ≤ 0.05, **= p≤ 0.01. 
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Correlation of colitis score day 13 vs Ly6G neutrophil accumulation in the colon on day 13, 

14 and 15 from DSS E2 study 
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Figure 19: Correlation of colitis score day 13 vs Ly6G neutrophil accumulation in the mouse colon from 

DSS E2 study. (A-C) Correlation between the two parameters was conducted on day 13, 14 and 15 for Ly6G 

neutrophil accumulation in the colon versus colitis score day 13. n = 12. Correlation studies were performed 

using spearman correlation coefficient.  
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Correlation of colitis score day 20 vs Ly6G neutrophil accumulation in the colon on day 20, 

21 and 22 from DSS E2 study 
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Figure 20: correlation of colitis score day 20 vs Ly6G neutrophil accumulation in the mouse colon from 

DSS E2 study. (A-C) Correlation between the two parameters was conducted on day 20, 21 and 22 for Ly6G 

neutrophil accumulation in the colon versus colitis score day 20. n = 12. Correlation studies were performed 

using spearman correlation coefficient.  
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Correlation of Ly6G neutrophil accumulation in the colon on day 6, 7 and 8 vs histology score 

day 25 from DSS E2 study 
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Figure 21: Correlation of histology score day 25 vs Ly6G neutrophil accumulation in the mouse colon from 

the DSS E2 study. (A-C) Correlation between the two parameters was conducted on day 6, 7 and 8 for Ly6G 

neutrophil accumulation in the colon versus histology score day 25. n = 12. Correlation studies were performed 

using spearman correlation coefficient.  
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Correlation of Ly6G neutrophil accumulation in the colon on day 13, 14 and 15 vs histology 

score day 25 from DSS E2 study 
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Figure 22: correlation of histology score day 25 vs Ly6G neutrophil accumulation in the mouse colon from 

the DSS E2 study. (A-C) Correlation between the two parameters was conducted on day 13, 14 and 15 for Ly6G 

neutrophil accumulation in the colon versus histology score day 25. n = 12. Correlation studies were performed 

using spearman correlation coefficient. 
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Correlation of Ly6G neutrophil accumulation in the colon on day 20, 21 and 22 vs histology 

score day 25 from DSS E2 study 
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Figure 23: correlation of histology score day 25 vs Ly6G neutrophil accumulation in the mouse colon from 

the DSS E2 study. (A-C) Correlation between the two parameters was conducted on day 20, 21 and 22 for Ly6G 

neutrophil accumulation in the colon versus histology score day 25.  n = 12. Correlation studies were performed 

using spearman correlation coefficient. 
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Correlation study of colitis score day 6, 13 and 20 vs histology score day 25 from DSS E2 

study 
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Figure 24: correlation of histology score day 25 vs colitis score from the DSS E2 study. (A-C) Correlation 

between the two parameters was conducted between histology score day 25 and colitis score day 6, 13 and 20 

from E2 study. n = 12. Correlation studies were performed using spearman correlation coefficient. 
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4. Discussion 

4.1 The DSS mouse model and its suitability for the study of ulcerative colitis 

One of the most popular preclinical models of colitis is the chemically induced colitis dextran 

sodium sulphate (DSS) mouse model. DSS is a sulfate polysaccharide, chemical sulphate 

colitogen of negative charge with a molecular weight that ranges from 5 to 1400 kDa; it is 

readily soluble in water. The mechanism behind the ability of DSS to induce colitis remains 

unknown to date but Chassaing et al., have suggested that on ingestion by mice, the chemical 

colitogen polysaccharide erodes the intestinal epithelial monolayer lining the large intestine 

hence enabling the entry of intestinal flora which will then evoke an immune reaction resulting 

in colonic inflammation [115].  

The induction of colitis through oral administration is not just restricted to mice [162–166] but 

it has also been documented in rats [167–169] guinea pigs [170, 171] and hamsters [172]. 

However, differences in susceptibility among animal species has been documented with mice 

and rats developing lesions in the colon, while guinea pigs develop lesions mainly in the 

caecum [114, 170, 173–175]. 

One of the main determinants of the severity of induced colonic inflammation as a result of 

ingesting DSS is the concentration of administered solution, with higher concentrations 

resulting in a more severe colitis as is reported by studies conducted  by our group and others 

which have shown that higher concentrations of 3, 4, 5% w/v or more of DSS solution induces 

a more a severe state of morbidity as documented by the heightened colonic injury through 

increased colitis score, colon wall thickness, histology score, fecal IBD biomarkers and also 

results in a higher animal turnover as compared with the 2% concentration that we used in the 

study reported here [136, 137, 160, 176]. Shortening of the colon length as an indicator of 

severity of induced murine colitis has also been shown to be greater with increasing DSS 

concentrations [166].  

A number of advantages conferred to DSS colitis that include simplicity of induction and 

versatility associated with the mouse model which cannot be underestimated; led us to settle 

on this disease model. Depending on an investigator’s needs, be it to end up with an acute, 

chronic or relapsing model of colitis, to the model that expresses colorectal cancer, an 

investigator would simply need to alter the concentration and frequency of administration of 
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the DSS solution [176, 177]. Furthermore, as regards one of our main purposes of developing 

an in-house colitis model which is to test the efficacy of novel drugs on the pipeline, previous 

reports have been able to validate the DSS mouse model’s suitability for translation of mice 

data to human disease; Melgar et al were able to reliably achieve this by testing drug efficacy 

of Cyclosporin A, anti-IL - 12p40 and anti CD3 which they observed to attenuate local 

cytokine levels and also improve clinical symptoms [178].  

In the studies we present here, we were able to induce an acute form of murine colitis by using 

2% DSS w/v (36 - 50 kDa) by administering in drinking water of wildtype C57BL/6NCrl mice 

in a span of 5 days then replacing it with normal tap water for another 16 days (see figures 4, 

5, 6 A – C). Previous studies informed us that that we needed to take particular caution as 

pertains the molecular weight of the DSS solution we used in order to avoid undesirable 

results, in this regard, by using 2.5% DSS of 54 kDa,  Hirono et al were able to report strong 

carcinogenic activity in ACI rats in comparison to those that ingested 520 or 9.5 kDa of 2% 

DSS [179]. Kitajima et al used histochemical analyses to investigate the inability of large MW 

DSS to induce colitis; through metachromasia they concluded that the high MW impeded the 

passage of DSS molecules through the mucosal membrane resulting in no induction of murine 

colitis [180].  

 The amount of MW of DSS used is also able to determine the region of induction of colitis as 

well, with mice treated with 40 kDa developing the most severe form of colitis mainly 

affecting the distal third of the large intestines, while 5kDa is able to induce mild patchy 

lesions in the caecum and upper section of  the large intestines [180]. Hence, by us deploying 

2% DSS of 36 - 50 kDa for 5 days assured us of inducing acute colitis in our mice that would 

not be so severe but nevertheless occur in the large bowel just like in human colitis. Perse and 

Cerar had also advised the same for the induction of acute colitis; continuous administration of 

2 - 5% of DSS solution for a duration of 4 - 9 days and cyclical administration of DSS at low 

concentrations (4 cycles of 7 days of DSS administration followed by 10 days of water) to 

induce chronic colitis [169, 181]. 

Even though DSS powder is stable at room temperature, it is recommended that DSS - water 

mixture is prepared on the day of administration. DSS water solution should be periodically 

checked for turbidity, as turbidity is an indication of microbial growth hence necessitating the 
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replacement with a clean bottle containing freshly prepared DSS solution [115]. Moreover, the 

same water used to prepare DSS solution should be the same water administered to controls, 

for the case of our DSS E1 and E2 studies we describe here, normal tap water was used 

although autoclaved water is recommended. Our decision to withdraw 2% DSS solution at day 

5 in both experiments DSS E1 and E2, was informed by both prior in-house experience and 

reports that indicate colitis should ideally be induced 3 - 4 days after commencement of 

administration of DSS [115, 160, 182]. 

Overall, the DSS mouse model is highly popular in comparison to the other colitis models due 

to several advantages that include: it is relatively easy to induce DSS colitis by simply adding 

DSS chemical into the mice drinking water; it is rather affordable in comparison to purchasing 

or developing knock out or transgenic mice expressing a similar pathology. The DSS mouse 

model is also easily reproducible, be it in induction of acute, chronic and relapsing forms of 

colitis by simply adjusting the concentration and frequency of administration of the DSS 

solution to the animals [160, 183–185].  A stable, reproducible preclinical disease model is 

indispensable especially during drug discovery for purposes of predictability of the disease 

course under study, knowledge of possible remedies in case of troubleshooting in order to 

generate consistent and reliable data on the efficacy of the biological agent under study.   

Nevertheless, even though the DSS mouse model that we have used in the studies described 

here appear like a convenient choice for preclinical colitis investigations, there are a number 

of considerations that investigators need to bear in mind before settling for the mouse model. 

Studies point to the aspect that CD is Th1/Th17 lymphocyte (IFNG, IL12 cytokines are 

upregulated) and UC is Th2 lymphocytes (IL4, IL5, IL10, IL13 cytokines are upregulated) 

driven, hence the genetic background of the animals must be considered because the immune 

reaction evoked after DSS administration may tend to differ depending on the animal strain; a 

good example is C57BL6 and BALB/c mice which are Th1 and Th2 biased, respectively. 

However, the C57BL6 mouse strain which we have used in the DSS E1 and E2 studies 

described here is not your typical Th1 model as previous experiments have established that 

IL4 which is a Th2 cytokine, is highly upregulated and the deletion of the same greatly 

ameliorates DSS colitis in this mouse strain [186].  The age of the animals is also a critical 

factor to consider since it has been established that younger mice exhibit less demand for food 
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hence less water intake translating to a delayed onset of DSS induced colitis inflammation, 

optimal mice age for induction of DSS colitis ranges from 6 and 8 weeks [115].  

The sex of the mice is also an important factor to consider as males have been observed to 

rapidly develop a more severe form of colitis in relation to the females, for our studies that we 

have described here, we deployed female C57BL/6NCrl mice since we were targeting a mild 

form of murine colitis that would be able to survive the full length of our studies. During drug 

investigations, the frequency of handling the mice especially when carrying out drug 

administrations should be considered due to the possibility of introduction of confounding 

stress in the experiment due to frequent handling, for our DSS E1 and E2 studies we restricted 

all readouts strictly to the early morning hours per day, however due to the nature of the DSS 

E2 study whereby PET/CT measurements had to be undertaken using a single scanner, and at 

the corresponding precise moment the anti Ly6G radiotracer was administered, measurements 

normally ended up lasting into the evening depending on the time the radiotracer was 

administered per test subject.  

Environmental conditions under which the mouse model is developed are also crucial in 

determining the severity of the colitis induced; studies have shown that animals bred and 

maintained in germ free conditions tend to develop a milder form of DSS induced colitis in 

contrast to those bred in the presence of pathogens common in animal facilities such as 

helicobacter, norovirus or pinworms [187]. Exposure of mice to pathogens has the effect of 

negatively influencing the animal’s innate immune system leading to the spontaneous 

induction of colitis [187]. For the DSS E1 and E2 studies, we housed them in germ free IVCs 

to ensure that the colitis induced was strictly as a result of DSS and no other external factors as 

the induction of a severe form of colitis than anticipated had the potential for leading to 

increased animal dropout rates, a scenario we never looked forward to due to the tight design 

set up of the experiments especially DSS E1 which had 5 subjects per group assigned for 

sacrifice at each timepoint.   
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4.2 Murine colitis as a result of ingesting 2% DSS causes body weight loss 

and an elevated disease activity index 

In order for us to evaluate the extent of infliction of murine colitis already before deploying  

routine clinical imaging diagnostic procedures such as colonoscopy, we initially employed 

some of the classical, least invasive, uncomplicated methods that have been previously used to 

check for the induction of DSS induced colitis and that includes the daily recording of the 

changes in the animal’s body weight (BW) and computation of the disease activity index as 

has previously been reported in numerous reports [143, 144, 160, 178, 182, 188–192]. The 

evaluation of body weight loss also happens to be one of the main clinical parameters of 

evaluation of human IBD due to the pathological state that ensues resulting in loss of appetite, 

poor food assimilation, diarrhea, stress leading to a general state of morbidity [193] 

In the DSS E1 study, we observed that the percentage body weight of the 2% DSS mice group 

from day 0 to day 5 remained steady and in the same range as controls (see figure 7A), even 

though immediately after day 3 we anticipated a drop in body weight because we undertook 

both colonoscopy and MRI wall thickness readouts on this day in addition to day 0 which 

meant some degree of elevated stress to the mice as a result of increased handling which might 

have translated to less food intake. Our anticipation for loss of body weight already in this 

period was also informed by Chassaing et al who have also described the significant loss of 

body weight from day 3 – 4 in the DSS mice group after the administration of DSS solution as 

an anticipated occurrence with visible signs of illness such as a hunched back, loss of fur and 

reduced movement [115].  

24 hrs after the withdrawal of 2% DSS solution which was on the sixth day; for the first time 

we were able to observe a significant drop in body weight of the 2% DSS mice, a trend that 

continued till the 9th day followed by a gradual rise in the percentage body weight to the last 

time point. In contrast, a consistent rise in percentage body weight was observed in the control 

mice group throughout the whole length of the study. The trend of changes in body weight of 

2% DSS mice in our DSS E1 study compares well with reported trends from our in-house 

reports [160, 182] and other studies that include Yan et al, albeit they used a higher 

concentration of DSS or shorter experiment periods than  us [189, 190, 194].    
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Body weight changes in the DSS E2 study were more drastic than in the DSS E1 experiment; 

significant percentage body weight loss was already observed in the 2% DSS mice group in 

comparison to the control group on the 5th day after commencement of the study, a trend that 

proceeded till the last day of collection of the data on day 21(see figure 7B). We could explain 

this phenomenon first by indicating presence of elevated handling stress stemming from the 

fact that DSS E2 study had more experimental interventions in comparison to DSS E1 study, 

this ranged from the deposit of barium sulfate in the mice colon in order to provide contrast 

for CT, injection of Buscopan intraperitoneally in order to relax bowel muscles, serial in vivo 

PET scanning immediately, 24 and 48hrs after radiotracer injection in addition to the standard 

colonoscopy and body weight measurement.  

More importantly, the added physiological strain occasioned by the use of the anti Ly6G 

specific mAb; 1A8 on the 2% DSS group which was already burdened by colon inflammation 

might have led to an earlier significant loss in BW for DSS group in DSS E2 study. Daley et al 

have described one of the downsides of the 1A8 mAb pretreatment is that it results in 

increased plasma TNFα in animals and being a proinflammatory cytokine, it may in essence 

elevate the activation  and secretion of other inflammatory mediators such as NF-kB and a 

whole host of other proinflammatory cytokines leading to an overall augmented inflammation 

and a worsening disease state whose some of the many manifestations include loss of appetite 

and wasting [195].  

During preclinical IBD studies, the setting of a humane endpoint is advised whereby  mice 

will need to be euthanized whenever they lose 25 - 30% of their original body weight [115], 

for our case we set it at 25% BW loss, fortunately we never noted such a huge drop in body 

weight for the two studies DSS E1 and E2 described here, even though in the past our group 

has had this experience especially when inducing murine colitis using higher DSS 

concentrations such as 3-, 4 % DSS. 

As informed by the two studies described here, BW readout may not just be affected by the 

ingestion of DSS; confounding stress resulting from frequent physical handling, the nature, 

frequency and length of examinations can also influence this readout, this is clearly observed 

by the body weight fluctuation of 2% DSS group in the DSS E2 study where the loss in body 

weight was noted to have lasted to the last time point and never recovered, in comparison the 
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2% DSS group of DSS E1 after the 9th day were already recovering their body weight. Hence, 

whenever necessary strategies that will foster the reduction in confounding stress as a result of 

animal handling should be deployed.   

Another classical clinical parameter employed in the clinic for IBD prognosis and for this 

particular case ulcerative colitis is the computation of DAI (disease activity index). In the 

clinics the most popular disease activity assessment strategy for UC is by the use of the 

SCCAI – score questionnaire (simple clinical colitis activity index) which consists of 5 criteria 

for physical UC assessment: bowel frequency (day and night), urgency of defecation, blood in 

stool, general wellbeing and extracolonic features [196–198]. For our purpose of preclinical 

DAI evaluation, an analogue to SCCAI evaluation that Breynaert et al came up with does 

already exist [199].  

The preclinical DAI incorporate mainly body weight loss, stool consistency, and presence of 

blood in stool. DSS E1 study (see figure 8A), the DAI which we compiled every day except 

for weekends, recorded significant elevation in the 2% DSS mice group in comparison to the 

control group 24hrs after withdrawal of the 2% DSS solution; that is 6 days after 

commencement of the experiment. The trend in rise of the DAI in the 2% DSS group 

proceeded till the 9th day after which a drop in the index was then recorded till the last time 

point, all this while the control group DAI remained at the minimum. In contrast we noted in 

the DSS E2 study (see figure 8B), that the DAI significantly increased in the 2% DSS group 

similarly 6 days after commencement of the study, but for this case the DAI remained 

significantly higher than in the control group till day 15, which translates to 6 more days than 

in the DSS E1 study.   

Undoubtedly, body weight is one of the principle readouts during the compiling of DAI, so 

when we consider the trend of BW between the 2 studies DSS E1 and E2, we noted that the 

BW of the test subjects in the DSS E1 study, the 2% DSS group BW recovered to the levels of 

control group much more sooner than in DSS E2 study at day 9 and 15 respectively. This in 

turn translated to the DAI remaining significantly high for longer in the DSS E2 study in 

comparison to the DSS E1, by day 6 to be precise till day 15. As we had earlier explained, due 

to the nature the DSS E2 study, more experiment variables were introduced in comparison to 

DSS E1 study; these included deposit of CT contrast agent on the mice colon, the use of the 
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Ly6G mAb which has the potential to evoke immunogenicity hence increasing the 

inflammation burden and overall morbidity in mice already suffering from the DSS colitis 

pathology.  

As preliminary physical readouts, BW and DAI were able to conveniently confirm the 

induction of DSS-induced colitis hence corroborating with results from previous studies 

carried out by other groups and us [137, 160, 181, 193, 200–202].   

However, even though BW and DAI present themselves as relatively easy and convenient 

parameters for the detection of the induction and also longitudinal follow up of DSS-induced 

colitis, as we have noted from the 2 studies presented here: DSS E1 and DSS E2, the readouts 

do also have a number of downsides that include the tendency of the mice body weight to 

change depending on the time of the day it was recorded, variables involved in the study and 

the risk of introducing additional animal stress while collecting this data (physical weighing, 

checking for stool) as a result of handling. Hence, a strategy we deployed in DSS E1 and DSS 

E2 in order to reduce the role played by physical handling was that we had a consistent time 

assigned at which we collected the two measurements throughout the length of the study i.e 

early in the morning before any other planned  intervention . Nevertheless, both in vivo and ex 

vivo diagnostic strategies more specific to colitis pathology have been evolutionalized to 

compliment BW and DAI; these include endoscopy, histology, FDG – PET and magnetic 

resonance enteroclysis. 

 

4.3 Characterization of murine colitis using colonoscopy, MRI wall thickness 

and ex vivo histology 

In routine clinical investigations of IBD, performing colonoscopy and collection of tissue 

biopsies for histological assessment are the two most widely utilized diagnostic strategies to 

date. Results from DSS E1 and DSS E2 show that colonoscopy and histology as previously 

reported can also be reliably utilized for the non-invasive assessment of the onset and 

progression of murine colitis [137, 143, 159–161]. The parameters used for the longitudinal 

follow up of DSS-induced colitis in vivo using colonoscopy comprise mainly: assessing the 

changes in the colon wall that include the deposition of the extracellular matrix fibrin, degree 



4. Discussion 

81 
 

of vascularization, stool consistency, thickening and granularization of the colon wall as 

previously described by Becker et al [116].  

The colonoscopy results from DSS E1 study were able to indicate that after 5 days of DSS 

ingestion, colitis was already induced on the 6th day with the 2% DSS mice registering a 

significantly higher colitis score than the control group (see figure 9B), this was in spite of the 

fact that the mice had already undergone 2 cycles of colonoscopy prior; at day 0 and 3; we 

anticipated the possibility of an elevated colitis score already at day 3 due to the potential 

mucosal irritation brought about by the rigid optical probe of the endoscope due to repeated 

colonoscopy coupled with potential stress from handling and also MRI colon wall thickness 

investigation, fortunately this was not the case. Kodani et al have documented the possibility 

of contact bleeding caused by use of rigid probe in mice due to increased mucosal 

vascularization and tissue fragility because of the colonic inflammatory burden that is already 

afflicting them [184]. Day 13 recorded the highest colitis score for the whole experiment in the 

2% DSS group in comparison to the controls and similarly in day 21 the colitis score still 

remained significantly elevated. The data compiled in figure 9B corroborates static images 

from colonoscopy in figure 9A.  

The DSS E2 study deployed colonoscopy examination on day 6, 13 and 20. Elevated colitis 

score in 2% DSS group was also similarly documented in day 6 just as in the DSS E1 study, 

24 hrs after the withdrawal of DSS solution (see figure 9C). We already anticipated elevated 

colitis score at day 6 in the DSS E2 study since the body weight in the 2% DSS mice group 

had already significantly fallen by the 5th day in comparison to the control group, denoting 

induction of murine colitis due to ingestion of 2% DSS solution (see figure 7B). Colitis score 

at day 13 was still high and actually constituted the highest colitis score readout in the whole 

length of DSS E2 study, a similar occurrence that was also observed with DSS E1 study. 

Colitis score at day 21 was still significantly higher in the 2% DSS group in comparison to the 

controls, a similar occurrence that was recorded in DSS E1 even though the overall score was 

higher relative to DSS E2.  

The colonoscopy results in both DSS E1 and E2 studies are similar to those previously 

reported by our group after administration of DSS solution for 5 days. Day 6 was the first 

reported day of significantly elevated colitis score in the DSS group, an observation that was 
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also noted in DSS groups ingesting higher concentration such as 3% DSS [137, 160]. Our 

colitis induction period also concurs with chassaing et al who have earlier reported that under 

optimum conditions, murine colitis should occur within 3 – 7 days after the commencement of 

DSS administration, with visible colonic bleeding [115]. Important to note, colonoscopy 

together with histology being the gold standard evaluation procedures for both human and 

murine colitis, showed strong and significant correlation in DSS E1 study especially on days 

6, 13 and 21. 

Although colonoscopy is an evaluation procedure that can and has been routinely and reliably 

used for the detection and follow up of DSS induced colitis as we have shown here, it is still 

associated with a number of challenges. In preclinical studies, firstly serial colonoscopy is 

laborious and invasive hence presents a considerable risk of animal mortality through 

puncturing of the delicate colon of the animal using the rigid scope, secondly the potential of 

mucosal irritation is considerably increased as a result of the rigid probe especially in cases of 

serial colonoscopy [144].  

Moreover, effective assessment of the recorded videos also requires an experienced 

investigator. Since colonoscopy involves examination of the colon wall, localization of active 

inflammation in order to gain better insight into cellular and molecular alterations beyond the 

colon mucosal layer/transmural lesions is difficult [145]. Recently, among the advancements 

that have been made in order to improve endoscopy as an IBD diagnostic readout have been 

through procedures such as chromoendography which involves the application of dyes such as 

indigo carmine dye (acid  blue 74) on mucosal wall of the gut in order to better characterize 

neoplasia and  lesions [203, 204]. 

In the clinic, concerns surrounding colonoscopy include; the procedure is highly 

uncomfortable and reduces the overall quality of life for the patient especially in cases that 

will necessitate longitudinal assessment as the procedure involves bowel preparation that 

entails fasting, enemas and also the use of anesthesia [205]. Other potential risks of 

complications associated with this procedure include internal gas explosion, even though 

chances of its occurrence are rare [206]. Internal gas explosion has previously been 

documented during colonoscopy when combustible levels of hydrogen or methane gas are 

present in the lumen of the colon together with oxygen, then electrosurgical energy is applied 
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[207, 208]. The use of carbon dioxide in place of oxygen for insufflation during colonoscopy 

has been advocated for in order to alleviate this potential negative occurrence.  

Abdominal pain and bloating have also been reported to affect patients after colonoscopy 

procedure [209]. Remedies suggested to minimize bloating include avoiding the looping of the 

endoscope and reduction of the amount of air used for insufflation [210]. Colon perforation 

and adverse effects resulting from sedation are also a major risk during colonoscopy procedure 

especially in pediatric population[211]. Some of the other procedural related adverse effects of 

colonoscopy include sedation which induces vomiting, hypoxia, laryngospasm and pulmonary 

aspiration in patients  [212].   

Histological assessment of colitis has also been described in this work. In the clinic, collection 

of tissues pinch biopsies for histology is normally performed hand in hand with colonoscopy. 

However for our case, animal sacrifice first preceded colon extraction in order to undertake ex 

vivo histological assessment of murine colitis which comprises of computing the extent of 

ulceration of the colon epithelium, degree of destruction of crypts and inflammation with a 

combined computed total value of 11 [161]. 

 For the work we describe here, the hematoxylin and eosin stained colon slices were analyzed 

using a score system adopted from Laroui et al [161]. Hematoxylin is a naturally occurring 

compound extracted from the logwood tree, Haematoxylon campechanium. Hematoxylin, as 

found in trees it is colorless and it is through its oxidization (to hematein) that different 

staining solutions are based on. The hematoxylin stains the cell nucleus deep blue and the 

counterstain Eosin, stains the cytoplasm brick red in order to provide cell contrast [213].  

DSS E1 study results indicate that the histology score was significantly higher for colons from 

2% DSS induced colitis mice in comparison to the control group already from the 6th day after 

commencement of administration of 2% DSS colitis. On this day, colitis score was already 

significantly elevated and hence the manifestations of elevated colitis score were sure to be 

visible during histology as colitis readouts such as vascular changes manifested by bleeding do 

mean that there is already an over recruitment of immune cells to the lamina propria; one of 

the main parameters for compiling histology score, additionally BW and DAI readouts were 

already elevated denoting induction of colitis pathology. The trend in elevated histology score 

in the 2% DSS mice group in comparison to controls continued to the last time point day 21, 
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with day 13 being marked with the highest recorded histology score for the whole experiment 

period, interestingly a similar trend of elevated colitis score was also observed on the 

corresponding dates. Corresponding histology images for DSS E1 study corroborate computed 

histology score where especially in day 13, intestinal crypts are visible with the naked eye as 

greatly diminished, the epithelial monolayer is eroded and an over recruitment of  immune 

cells especially neutrophils is visible on the lamina propria (see fig. 14A and B).  

Histology studies for DSS E2 study were conducted on a single day; day 25 rather than on the 

last day of PET/CT scan, day 22 as a precaution to ensure the radioactivity of the mice 

subjects had fully decayed. Nevertheless the histology score of the 2% DSS group was 

significantly higher than the control mice group (see figure 14 C). The results described here 

are in line with studies from other studies that have shown a significant rise in histology score 

in DSS treated mice when compared to controls after the ingestion of DSS, this is because the 

DSS treated mice experience intestinal epithelial cell layer erosion, over recruitment of 

myeloid cells such as neutrophils, macrophages, monocytes in the colon lamina propria and 

destruction of intestinal crypts which are all used to compute the histology score hence 

determining the degree of histological damage [214–216].  

Histology is actually very popular in preclinical studies for the investigation of IBD in 

comparison to colonoscopy; this is because it employs the popular hematoxylin and eosin 

staining which is relatively simple to set up, perform and does not involve pricey and 

sophisticated equipment. However, just like colonoscopy, histology score is not inflammation 

specific, requires an experienced histologist for evaluation and moreover sample collection is 

highly invasive requiring excision of tissue from the colon wall. The aforementioned reasons 

have necessitated the evolution of more sensitive and less invasive in vivo technologies 

targeted at IBD diagnosis that include optical imaging, MRI and PET/CT.  

Nevertheless, from the correlation data between histology score and colonoscopy especially in 

DSS E1 study where both procedures were undertaken at the same time points; very strong 

correlation was noted especially day 6, 13 and 21, affirming their robustness as gold standard 

procedures for colitis evaluation during preclinical studies (see figure 17 A –E), a study from 

Walldorf et al was also able to post similar strong and significant correlation between 

colonoscopy and histology readouts; and histology score with colon wall thickness measured 
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by ultrasound and increase in colonic cross sectional area as measured by benchtop MRI 

[136].  

Poor correlation between colonoscopy and histology score was recorded in DSS E2 study 

across the 3 time points, one reason might probably be due to the fact that the two readouts 

were undertaken at different time points resulting in a lack of corresponding state of pathology 

from the two readouts, especially when compared with correlation results of the two readouts 

undertaken at similar time points in DSS E1 study which posted much more impressive 

correlation data (see figure 24 A - C). 

This work has also described the evaluation of murine colitis induced by DSS using the 

noninvasive diagnostic techniques that include magnetic resonance imaging (MRI). This 

evaluation was done through measuring the thickening of the colon wall that occurs due to a 

number of reasons such as edema, neoplasia and the elevated recruitment of leucocytes that 

include lymphocytes, granulocytes and macrophages to the colon mucosa due to inflammation 

[188, 217, 218]. Previous studies and the study described here did indeed confirm that the 

measurement of the increase in colon wall thickness by magnetic resonance imaging could be 

used as a noninvasive biomarker of DSS colonic inflammation [137, 160, 219]. Results from 

DSS E1study indicate that the increase in colon wall thickness in the 2% DSS group as 

compared to the control group was already evident on the 6th day after commencement of the 

administration of 2% DSS solution. The trend of elevated wall thickness continued on to day 

13 which constituted the greatest increase in colon wall thickness for the whole DSS E1 study. 

The last day for the DSS E1 study which was day 21, the colon wall thickness was still 

significantly higher in the 2% DSS group than the control mice group (see figure 10A - B). 

When we look at the other in vivo and ex vivo parameters, they corroborate colon wall 

thickness increase on day 6, 13 and 21 as a biomarker of colitis induction. 

These results show that the sensitivity of MRI for the detection of the thickening of the colon 

wall as a result of ingestion of DSS to be high and compares well with the traditional clinical 

IBD diagnostic methods that are colonoscopy and histology; a confirmation that was made by 

conducting correlation studies among the 3 diagnostic parameters where a strong and 

significant correlation was recorded on day 6, 13 and 21 between colon wall thickness as 
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measured by MRI and colonoscopy (see figure 15 C – E) and colon wall thickness versus 

histology on day 13 and 21 (see figure 16 D –E).  

Nevertheless, although the evaluation of murine colitis by MRI through the assessment of 

increase in colon wall has been reported, the main differences and advantages of the scanning 

protocol employed here that we developed inhouse and broadcasted to the world in 2016 from 

other previously reported works; are that this protocol is devoid of any chemical enemas, 

spasmolytic and contrast agents that would interfere with the pathophysiology of the test 

subjects or negatively interact with drug agents during preclinical drug discovery; one of  the 

ultimate aims of the studies described here [133, 135, 220]. Additionally, the scanning 

sequence is short (< 10 minutes per animal, including pre-scan preparation), ungated, without 

long complicated animal preparation procedures hence enables rapid scanning of many animal 

at ago hence saving time, resources and facilitating the exposure of test subjects to further 

examinations within a given timeframe enabling maximum harvesting of data to reliably 

inform of efficacy of bio agent under study, in case of drug discovery. Also, importantly the 

protocol is very suitable for preclinical drug development where external interventions need to 

be kept to the minimum [137].  

Recently, Biton et al [221] reported a T2 weighted MR colonography tool which was more 

sensitive at detecting DSS colitis than colon wall thickness measurement at even lower doses 

of DSS (1% DSS), 7 days after commencement of 1% DSS treatment the T2 maps revealed a 

significantly higher T2 signal in DSS mice compared to controls while colon wall thickness 

remained unchanged in both 1% DSS mice and controls. However, even though they 

undertook colonoscopy measurements, unlike in our DSS E1 study; they never undertook 

correlation studies between the MRI T2 signal data and the more established colitis score 

hence the robustness of the MRI technique could not be affirmed. 

In humans, MRI and CT in IBD imaging, both confer advantage over traditional colonoscopy 

in that they are able to simultaneously, non-invasively access mural, extraluminal and 

extramural IBD manifestations that include primary sclerosis cholangitis (PSC) that affect 

about 10% of IBD patients. On CT or MRI, PSC usually appears as multifocal areas of bile 

duct narrowing and dilating. long-term PSC complications include cholangitis, cirrhosis and 

end-stage liver disease [222]. Human MRI evaluation utilizes magnetic resonance enteroclysis 
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(MRE) where large volume oral contrast bowel distention  is utilized in an attempt to achieve 

uniform luminal distension with minimal intestinal absorption, the essence is to displace 

intraluminal bowel gas that is bound to cause significant image distortion on gradient echo 

sequences [223].  

MRE incorporates large volume oral contrast bowel distension (these include dilute barium 

with sorbitol, polyethylene glycol, mannitol, water) with T2 weighted and multiphase T1- 

weighted fat suppressed contrast enriched sequences to enhance detection of bowel pathology 

[224]. The examination lasts 30 to 45 minutes. To compare the preclinical MRI protocol that 

we deployed in the study described here, we never used any contrast agent and our acquisition 

time is very short at less than 10 minutes including animal preparation, however at the 

moment it is prudent in humans to utilize bowel distension contrast agents as in addition to 

eliminating image artefacts; post contrast enhancement serves as part of MRI IBD disease 

activity evaluation [225].  

Nevertheless, wall thickness which was what we evaluated in the experiments described here 

together with post contrast enhancement signal and T2 mural intensity also forms part of the 

core of disease assessment in human IBD evaluation using MRE so in essence the protocol 

described here may in the future serve as a basis for human IBD MRI protocols devoid of 

large volume contrast bowel distension agents or agents meant to reduce  bowel peristalsis-

related motion artifacts such as glucagon since currently not every patient is able to 

comfortably accommodate these agents [226]. Today, MR diffusion weighted imaging (DWI) 

in human IBD is an evolving technique employing motion of water at cellular and subcellular 

level to provide image contrast, already a prospective study on 96 patients showed good 

correlation of DWI hyper intensity with endoscopy even in patients where no oral or IV 

preparation was used suggesting that there may be a role in non-contrast MRI IBD imaging 

especially in patients whom contrast use is contraindicated [227].      

Accurate colon wall thickness measurement using MRI as a biomarker of colonic 

inflammation is dependent on a number of factors that include the possible folding of the 

colon, coil homogeneity, motion artifacts and the overall image quality. Additionally, even 

though MRI imaging presents a number of advantages such as non-exposure to ionizing 

radiation to the subjects, colon wall thickness as a biomarker of colonic inflammation remains 
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unspecific since it measures a downstream effect of the inflammatory process which is the 

increase in the surface of the colon wall as opposed to the inflammation itself. Hence more 

sensitive imaging techniques such as PET and SPECT may be utilized to complement MRI 

when investigating specific inflammatory mechanisms of the pathologies affecting the colon 

such as IBD and for this case ulcerative colitis.   

 

4.4 Longitudinal in vivo tracking of activated Ly6G expressing neutrophils 

during acute murine colitis   

It has been widely documented that in human IBD and also for this case DSS induced colitis, 

that one of the hallmarks of colonic inflammation is the over recruitment of the various 

elements of both the innate and adaptive immune system, these include neutrophils, 

macrophages, dendritic cells and T lymphocytes (Th1, Th2, Th17) respectively [113, 217]. In 

addition to the immune cells, cytokines, adhesion molecules, danger associated molecular 

pattern molecules (DAMPs) such as heat shock proteins, kinases, tissue remodeling proteins 

and their inhibitors among many other molecules have also been reported to be over expressed 

in the colon during IBD [31, 80, 228–236].  

As part of the innate immune system, polymorphonuclear leukocytes (PMN), also known as 

neutrophils are the most abundant leukocyte population in the blood at 50-60% of all 

circulating leukocytes (25x109 cells) [152]. Through phagocytosis, degranulation, formation of 

antimicrobial ‘prisons’ coined as neutrophil extracellular traps (NETs) neutrophils are well 

adapted to effectively carry out anti-inflammatory functions [153]. Neutrophils also have the 

capacity to form large quantities of reactive oxygen species (ROS) and toxic molecules that 

include myeloperoxidases, proteases that effectively destroy pathogens. During intestinal 

inflammation, resident macrophages have been documented to release macrophage derived 

chemokines such as CXCL1(C-X-C motif ligand-1) and mMCP1(mucosal mast cell protease 

1) [237] that are subsequently sensed by circulating neutrophils which through the chemokine 

gradient will translocate within minutes to the intestinal lamina propria, peak recruitment is 

achieved after 24 to 48 hrs. In certain cases neutrophils will cross into the colon lumen 

through the intestinal epithelia [237, 238].  
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The recruited neutrophils do then secrete monocyte chemoattractants, such as CAP18, 

Cathespin G and Azurocidin which then unleashes a second wave of inflammatory response 

that will be sustained for several days [238]. It has also been recently reported that neutrophils 

also secrete IL17, a cytokine that has been widely blamed for pathological gut inflammation 

[239]. Underpinning the fact that neutrophils constitute a vital part of the innate immune 

response in IBD; to date their contributions to IBD have not been clearly delineated, this 

situation is compounded by conflicting results from research especially in preclinical IBD; 

DSS, CD4+ transfer model (CD45RB high transfer), dinitrobenzene sulfonic acid (DNBS) 

model all have demonstrated worsening intestinal inflammation after neutrophil depletion 

pointing to the aspect that neutrophils plays a beneficial role during colitis [238, 240–242]. In 

contrast, neutrophil depletion in TNBS colitis rat model has been shown to ameriolate the 

pathology [243–245].  

Hence, due to the aforementioned reasons, additional studies are needed to better understand 

neutrophils and their contribution to gut inflammation. In the work described here, we 

proposed the longitudinal tracking of murine Ly6G expressing neutrophils using PET/CT as a 

highly sensitive (~2 - 4%) and high resolution (~1.5mm) method to functionally characterize 

acute DSS-induced colitis [138]. Ly6G (Lymphocyte antigen 6 complex locus G6D) is a 21-

25kDa glycosylphosphatidylinositol (GPI)-linked differentiation antigen that is expressed by 

myeloid-derived cells in a tight development-regulated manner in the bone marrow. Lee et al 

have shown that Ly6G protein is expressed only on the surface of murine neutrophils and no 

other leukocyte population and its expression is typically higher in neutrophils in circulation 

and more so those activated and recruited to inflamed sites [246].  

The history of immune cell trafficking using nuclear imaging has been characterized by mixed 

successes with the products of leucocytes that include cytokines and chemokines being able to 

provide better image contrast in comparison to imaging whole leucocytes, this is because of 

non-specific uptake of the leucocyte based radiotracer in organs such as the bowel and lymph 

nodes [247, 248]. In the DSS E2 study we describe here, from our knowledge we are the first 

to non-invasively characterize acute murine colitis by longitudinally tracking activated Ly6G 

expressing murine neutrophils during murine inflammatory bowel disease using nuclear 

imaging.  
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We evaluated the viability of longitudinally tracking activated Ly6G expressing neutrophils in 

vivo as a target biomarker for the early characterization and longitudinal follow up of the 

development of murine colitis using 64Cu - Ly6G - NODAGA which was synthesized by 

conjugating an anti Ly6G mAb with a long half-life copper isotope; 64Copper using NODAGA 

(1, 4, 7 - triazacyclononane, 1 - glutaric acid-4, 7- acetic acid) as a chelator. The radiotracer 

confers the advantage that the half-life of  64Cu is 12.7hrs, this long half-life provides the 

flexibility of imaging after acquisition of sufficient contrast at the target site because mAbs 

require time to migrate from the blood to their target sites, furthermore a study by Ghosh 

reported that the NODAGA chelator we used for the radiotracer described here has a greater in 

vivo stability and lower uptake in organs such as the liver in comparison to the more 

traditionally used 64Cu chelator; DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic 

acid)[249].  

In order to evaluate the specificity of expression of the Ly6G epitope only on activated 

neutrophils in vivo, and that the radiotracer will only bind to the activated Ly6G expressing 

neutrophils recruited to inflamed mice colon, we first depleted Ly6G neutrophils on DSS 

colitis mice (2% DSS depleted group) by injecting an anti Ly6G mAb (1A8 mAb) 24hrs prior 

to administering 64Cu - Ly6G - NODAGA, this would ensure the unavailability of binding 

sites due to Ly6G neutrophil depletion in this mouse group, hence the radiotracer should not 

significantly accumulate in their colons even though they are already inflamed  [195].  

Data from DSS E2 study revealed that that indeed immediately after 64Cu - Ly6G - NODAGA 

injection (day 6), no significant accumulation in the colon was noted but in the heart, we 

expected this development as in the first instance the radiotracer will accumulate in the blood 

and at the same time the mAb require time in order to shift from general circulation to finally 

home to its epitope; nevertheless we decided to undertake the reading immediately as a 

precautionary measure to verify that indeed we had managed to get the radiotracer into general 

circulation and that the radioactivity is detectable in vivo by the PET system  (see figure 11 A 

and B).  

24 and 48hrs after administration of the radiotracer 64Cu - Ly6G NODAGA, it significantly 

accumulated in the colon of the 2% DSS placebo group in comparison to both the 2% DSS 

depleted group, implying that it had shifted from general circulation to where its epitope 



4. Discussion 

91 
 

which is activated Ly6G expressing neutrophils had percolated the most; the inflamed colon. 

The phenomenon was also supported by fact that the accumulation of the radiotracer in 

general circulation as noted by the heart and one of the main organs of metabolism; the liver 

had drastically reduced across the groups and shifted in order to accumulate in the inflamed 

colon (see figure 11 C and D). The data corroborates in vivo images whereby high PET signal 

was observed on the colons  of 2% DSS placebo group in comparison to both 2% DSS 

depleted and control group especially at day 7 and 8 (see figure 11 A).  

Precisely, the significant accumulation of 64Cu - Ly6G - NODAGA to the colons of 2% DSS 

placebo group vs control group, according to information that we have; for the first time we 

were able to non-invasively delineate and in a longitudinal fashion; inflamed from non-

inflamed murine colons 24 and 48hrs later. Additionally, according to data from day 6, 7 and 8 

we are  also the first to non-invasively showcase in murine colitis; the high degree of 

specificity of the expression of the Ly6G epitope to only occur on activated Ly6G neutrophil 

cell population due to inflammation and no other leukocyte cell population owing to the 

significant accumulation of 64Cu - Ly6G - NODAGA radiotracer in the colon of 2% DSS 

placebo group in comparison to the 2% DSS depleted group at 24 and 48hrs after radiotracer 

injection. This is in spite of the fact that both mice groups were suffering from murine colitis 

(see figure 11A, B, C and D). 

We were also able to reveal the robustness of tracking of Ly6g expressing neutrophils using 

PET/CT as a novel strategy for the non-invasive and highly specific characterization of murine 

colon inflammation by conducting correlation studies against the gold standard colitis score; 

we were able to reveal significant correlation especially 24 and 48hrs after administration of 

the radiotracer i.e on day 7 and 8 affirming the suitability of the tracking of activated Ly6G 

neutrophils using PET/CT as a noninvasive strategy for the characterization of murine colitis 

(see figure 18 A - C). Nevertheless, correlation studies between the accumulation of  64Cu - 

Ly6G - NODAGA radiotracer and the second gold standard for colitis evaluation; histology 

revealed poor correlation where one reason could be due to the fact that the two readouts were 

made at time points which were too wide apart (see figure 21 A - C). 

However, in the subsequent imaging time points (day 13, 14, 15, 20, 21, 22) the accumulation 

of the radiotracer in the colon of the 2% DSS placebo mice was not significant in comparison 



4. Discussion 

92 
 

to the other 2 mice groups even though the other colitic phenotypic parameters such as 

colonoscopy remained significantly higher than in control mice (see fig. 12 and 13 A - D). The 

data well corroborates in vivo images on these particular days where the colon had no visible 

64Cu - Ly6G - NODAGA accumulation (see figure 12 and 13 A). The reduced PET signal in 

the colon on day 13, 14, 15, 20, 21, 22 could have been as a result of the repeated dosing of 

the anti Ly6G radiotracer performed on the same mice; the big molecular weight (150kDa) 

associated with whole monoclonal antibodies and a lengthy clearance time of approximately 

110hrs half-life increases the possibility of the radiotracer 64Cu - Ly6G NODAGA to remain 

on to the target site preventing the homing of fresh radiotracer on subsequent injections [250].  

The big molecular weight of the mAb (150kDa) used to synthesize 64Cu - Ly6G NODAGA 

could also promote the freshly injected radiotracer to be recognized as foreign by the body’s 

immune defense resulting in high quantities remaining in circulation as exhibited by the high 

signal in the heart and increasing clearance of the radiotracer bound mAb as exhibited by the 

high PET signal in one of the main metabolic and excretory organs of the body; the liver (see 

figure 12 and 13 A - D). These two factors could have played a pivotal role in reduced PET 

signal in the colon of the 2% DSS placebo resulting in reduction of the overall efficacy of 64Cu 

- Ly6G - NODAGA on day 13, 14, 15, 20, 21, 22 [251]. Still on the aforementioned school of 

thought, recently Nowacki et al pointed out that little is still known about the recirculation 

times of whole neutrophil mAbs (anti Gr-1) and hence the possibility of accumulation of these 

mAbs in the body due to repeated administration still remains a possibility [252].   

Neutrophil cell tracking in the context of murine IBD has involved the radiolabeling of donor 

animal polymorphonuclear neutrophils. Bennink et al tracked the migration of neutrophils, by 

first harvesting polymorphonuclear leukocytes from the peritoneal cavity of donor mice then 

radiolabeling with 99mTc - HMPAO which then were subsequently injected into the tail vein 

of recipient mice with DSS-induced colitis [158]. However, the use of donor animals means 

that twice the numbers of animals are required for the experiment, which already is in conflict 

with the 3R principle of replacement, reduction and refinement; to compare with the study 

described here where we radiolabeled a commercially available anti-Ly6G monoclonal 

antibody targeting Ly6G expressing murine neutrophils, meaning no donor mice are needed 

for leukocyte harvesting hence fully complies with latest ethics on animal use. Additionally, 

the short physical half-life of technetium - 99 (6hrs, 94% of isotope decays in 24hrs) means 
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longitudinal evaluation of murine intestinal inflammation is not viable while in the case of the 

DSS E2 study described here, 64Cu enabled colitis imaging 48hrs after radiotracer injection. 

In the clinic, FDG - PET remains the most popular nuclear diagnostic modality of IBD owing 

to its ease of availability and short half-life (68min). Studies by Brewer et al have shown that 

indeed its accumulation in the inflamed colon is as a result of the over recruitment of immune 

cells such as CD4+ T lymphocytes [146], however the increased uptake of the glucose analog 

can be as a result of increased activity by other global processes of inflammation such as 

fibroblast cells and not necessarily immune cells hence the continuous need for immune cell 

specific radiotracers [253]. Today, the only nuclear immune cell tracking technique approved 

by the United States Food and Drug Administration is done by labelling autologous white 

blood cells using 111In-oxine for the imaging of occult inflammation and infection, however 

the method is not very popular due to the toxic decay products of 111In - oxine such as 

cadmium [248]. Attempts have also been made to label autologous WBCs using FDG (FDG - 

WBC) and track them in human IBD, Pio et al established that the performance of the FDG - 

WBC was greater at visualizing clinical IBD than free FGD - PET, however there exist a 

considerable risk of contamination or sample mix up during the radiolabeling process on the 

bench, making the technique undesirable and due to this concern the study was only done on 

three human subjects [254]. 

Today, mAbs have been dissected from whole IgGs into fragments of lower molecular weight 

or remodeled into multivalent high-avidity reagents which can be fused with a range of 

molecules to serve a wide array of functions that include fusion with liposomes for precise 

delivery of novel drugs to target sites during preclinical drug discovery [255, 256]. In our case,  

as a remedy for reduced signal owing to the large molecular mass of  Ly6G mAb used to 

synthesize 64Cu-Ly6G NODAGA, Ly6G mAb could in the future be fragmented before 

conjugation with radioisotopes then further utilized by fusing it with enzymes for the purpose 

of investigating prodrug therapy during the evaluation of novel UC drugs at the preclinical 

stages owing to the high specificity of expression of the Ly6G epitope to only  occur on 

activated Ly6G neutrophils [257]. Hence, from the results of DSS E2 study we propose the 

further fragmentation of whole Ly6G mAb to minibodies (80kDa, T1/2 = 5h), diabodies 

(55kDa, T1/2 = 6h) or single chain variable fragment (scFv) of 28kDa (T1/2 = 2h) before 

binding to radioisotopes which could allow for repeated dosing at shorter intervals, in addition 
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to the manipulations mentioned above during preclinical drug development not just for UC but 

many more diseases involving inflammation 

Finally, steps to expedite clinical translation of immunoconjugates such as the one we 

deployed in DSS E2 study are already in motion, today in tumor visualization, in order to 

improve signal to noise ratio while at the same time reducing the overexposure of the subjects 

to radioactivity, is the use of a novel biothorgonal inverse electron demand Diel-Adler reaction 

between the 64Cu radioisotope and an  immunoconjugate of a specific target [258]. This works 

by first injecting the immunoconjugate which will then home to the target site while at the 

same time clearing from the blood. 24hrs later the radioligand is injected resulting in in vivo 

click ligation between the antibody and the radiotracer and the subsequent excretion of excess 

radioligand. Delineation is achievable already 4 hours later and a good image to signal ratio at 

24hrs [258]. This novel strategy could in the future be deployed in IBD research to not just 

improve antibody efficacy but also reduce radiation exposure on test subjects and also fast 

track the clinical translation of novel immunoconjugates on the pipeline.   
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5. Summary 

In summary, this work was carried out in order to characterize DSS ulcerative colitis by 

employing both in vivo and ex vivo biological diagnostic modalities that included small animal 

colonoscopy, measurement of colon wall thickness using MRI and histology. 

We were able to confirm that the acute DSS mouse model still remains a convenient and 

relevant model to study the significance of the many etiological factors thought to influence 

the IBD pathology, which to date remains idiopathic. This was informed by our results that 

show the DSS mouse model is characterized by phenotypic changes that have been previously 

widely reported in the human UC pathology as confirmed by both in vivo and ex vivo 

diagnostic procedures that we undertook. We were able to present the DSS mouse model as a 

stable, reproducible colitis mouse model with a predictable disease course; an indispensable 

factor to take into consideration during drug discovery in order to generate reliable results that 

would inform the investigator the efficacy of the bio agent under study.  Additionally, the 

etiologies of IBD and for this case UC remain unknown hence the stable mouse model 

described here provides a great platform for us to continue interrogating the different proposed 

etiologies with a view of possible discovery of novel IBD biomarkers. 

The work explained herein was also able to further validate a simple, non-gated protocol that 

our group had previously developed and broadcasted in 2016 that is devoid of contrast or 

spasmolytic agents for the non-invasive longitudinal imaging of the development and 

progression of murine colitis using magnetic resonance imaging, that correlated well with the 

more established IBD diagnostic parameters that include colonoscopy and histology. A 

diagnostic procedure with minimum external interventions as possible is vital during drug 

discovery in order to generate reliable data while at the same time alleviating potential 

negative interactions with the agent under study. 

Moreover, the first ever attempt to longitudinally non-invasively track activated Ly6G 

neutrophils as a biomarker of murine colitis using PET/CT described here presents a whole 

range of new possibilities that can further help steer IBD research forward. The high 

specificity exhibited by the PET anti Ly6G probe used in this study to identify inflamed 

colons in DSS mice by only homing to activated and recruited  Ly6G expressing neutrophils, 

coupled with the high image resolution and sensitivity availed by PET/CT imaging technology 



5. Summary 

96 
 

and its ability to provide functional information during colonic inflammation, could serve as a 

precise drug delivery vehicle of novel anti IBD therapies during preclinical drug discovery, as 

similar strategies are already being utilized in cancer research. Additionally, although today 

there are many reports of the critical implications of PMN to the pathogenesis of colitis, there 

still remains a huge gap in knowledge as to how precisely they mediate this process, the 

neutrophil cell tracking study presented here provides new avenues to add to the further 

understanding of the complex process of the beneficial and detrimental contributions of PMN 

to intestinal inflammation at the molecular level and possible manipulations of neutrophil 

function to treat IBD. 

In conclusion, this work reaffirms the suitability and practicability of the acute DSS mouse 

model for IBD preclinical research and drug screening especially for facilities that may not 

have adequate budgets to procure the more expensive and laborious models that involve 

transgenic or KO animals. This work further gives valuable insights into viable time points 

during acute murine colitis that would allow investigators to plan adequately on suitable 

intervals for administration of therapeutic interventions during preclinical drug discovery in 

the context of IBD.   
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