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Abstract 
 

LARVAL ZEBRAFISH IN VIVO MODEL  
TO STUDY GUT MOTILITY DISORDERS 

 
Victor Nasr 

B.A., University of Central Florida 
M.S., Appalachian State University 

 
 

Chairperson:  Mary D. Kinkel, Ph.D. 
 
 

 The goal of this research is to establish zebrafish as a model organism to study 

intestinal motility diseases in humans to aid in the understanding of the 

pathophysiology of such diseases. The study of exactly how and why the human 

intestine develops certain gut motility disorders needs to be more carefully 

investigated to develop medicinal or surgical cures for gut motility disorders such as 

Hirschsprung’s disease, a congenital disorder of the intestine affecting 1 in 5000 

children. First, I was able to identify several zebrafish candidate genes from the 

literature that are of interest, and determined how conserved they are using multi-

sequence alignments to compare DNA sequences with humans, mice, and zebrafish. 

Second, I performed a feeding behavior study to determine the age at which zebrafish 

larvae are mature enough to capture brine shrimp. The results show day 9 post-

fertilization to be the best and most efficient day a zebrafish larvae captures brine 

shrimp as a meal. Therefore I concluded that a gut transit assay is best conducted at 

this age. The results of this study aided in developing a gut transit assay which is a 
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way to quantify the passage time of food and waste from feeding to clearing in a 

zebrafish larvae. In future studies, the Kinkel lab will build on this work to map the 

expression of the identified genes along the zebrafish digestive tract using RT-PCR. 

Using this information, diseases like Hirschsprung’s disease and irritable bowel 

syndrome could be further investigated in greater details.   
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Introduction 
  

Gastrointestinal (GI) diseases are manifested in many different ways and affect 

millions of people throughout the world. Researchers have been searching for answers of 

how and why certain humans develop gut motility diseases such as Hirschsprung’s disease, 

and Irritable bowel syndrome (IBS). Hirschsprung’s disease is a congenital disorder of the 

intestine affecting 1 in 5000 children. It varies in severity depending if all or part of the GI 

tract is affected, however it affects patients mostly in the distal portion of the gastrointestinal 

tract, where there is slow or cessation of motility movements due to the absence of neuronal 

ganglion cells in the myenteric and submucosal plexus. The direct effect of this leads to the 

accumulation of feces. Patients’ symptoms vary but most complain of prolonged 

constipation, and in severe cases, patients present with acute bowel obstruction (Haikal et al., 

2022). 

When it comes to the general health of the human body, all organs work together as 

one machine to maintain homeostasis and optimum health. One of the most important organs 

for nourishment and maintenance of health is the intestine. The most important functions of 

the intestine are food and water absorption. These functions are carried out by two separate 

yet continuous organs: the small intestine and the large intestine, also known as the colon. 

(Figure1).  
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The small intestine is involved in finishing up digestion begun in the stomach and has 

a major role in absorption of nutrients from consumed foods. The large intestine absorbs 

water from waste, creating feces to be excreted. In a certain number of the population, due to 

one or more of several known and unknown causes, the large intestine may start functioning 

abnormally with chronic excessive activity leading to chronic abdominal discomfort and 

other gastrointestinal problems. This is known as irritable bowel syndrome (IBS).  

Irritable Bowel Syndrome 

 IBS is a chronic disease affecting the gastrointestinal system of around 10% of the 

population globally with the fulfillment of the Rome III criteria for diagnosis (Ford et al., 

2020). Women are three to four times more likely to develop IBS possibly due to hormonal 

factors. Women with IBS are more likely to be diagnosed with IBS with constipation (IBS-

Figure 1. The human digestive system with its different organs. 
From https://www.webmd.com/digestive-disorders/picture-of-the-
intestines 
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C) than IBS with diarrhea (IBS-D). Most people who develop IBS are in their childhood to 

young adults under the age of 45 years of age (Radovanovic-Dinic et al., 2018). It affects the 

western world such as the United States and Australia primarily due to diets mainly 

dependent on refined carbohydrates and fast foods. In fact, it is estimated that over 3.6 

million physician visits annually in the US are solely for IBS which consists of care and 

expenses of over $20 billion (Raskov et al., 2016). Gathering statistical information 

regarding the prevalence of IBS subtypes is complex because many IBS subtypes overlap in 

terms of symptoms and many patients switch between subtypes during the course of the 

disease (Enck et al., 2016).  

In irritable bowel syndrome, the large intestine’s different layers and segments do not 

have smooth coordination in movement, and thus the function of the colon is disturbed yet its 

anatomical parts remain normal without obvious defects. This disorder is characterized by 

recurrent or chronic abdominal pain that is relieved or exacerbated by defecation, changes in 

bowel habits, and bloating that lack a known structural or anatomic explanation making it 

difficult to diagnose and treat (Holtmann et al., 2016).  

Signs and symptoms of IBS 
 
 Many people experience gastrointestinal symptoms whether they have been 

diagnosed with IBS or not. For instance, many people are allergic to certain foods and may 

find other foods are indigestible or hard to digest as in lactose intolerance. These cases can 

produce many different abdominal symptoms including pain, discomfort, and gas. IBS 

patients usually complain of abdominal pain and discomfort that gets better with defecation. 

The bowel habits of these patients are usually altered ranging from constipation to diarrhea to 

a mix of both depending on the type of IBS a patient has: IBS with diarrhea (IBS-D), IBS 
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with constipation (IBS-C), or a mix IBS (IBS-M)(Enck et al., 2016). IBS-C patients might 

experience incomplete bowel evacuation from a few days to a few months due to 

constipation, or heavy stool movements of more than four times per day which sometimes 

consists of urgency (having to rush to the toilet) as in the case of IBS-D. In each case, 

intestinal motility is affected differently and produces different symptoms. Bloating and 

abdominal distention which include a sensation of gas-filled bowel are also characteristic 

symptoms of IBS. Most patients have episodes of symptom exacerbation, followed by 

periods of remission depending on many factors and etiologies, directly and indirectly, 

affecting their condition (Radovanovic-Dinic et al., 2018). Other symptoms are also 

associated with IBS. These include dysphagia (difficulty swallowing), nausea, vomiting, and 

certain chronic pain disorders in the muscles and joints such as chronic fatigue syndrome and 

fibromyalgia. Psychiatric disorders such as anxiety and depression are often associated with 

IBS as well (Raskov et al., 2016).   

Etiologies of IBS: Brain-gut axis and psychological disorders 

A variety of possible causes of IBS have been proposed. For many years, patients 

complained of abdominal symptoms that were triggered by anxiety, depression, and several 

other mental disorders without knowing if there is any relationship between the two different 

complaints. Recent studies have shown that anxiety, mood changes, and other brain-related 

disorders could directly or indirectly cause IBS-like symptoms in the abdomen (Figure 2) 

(Holtmann et al., 2016). Furthermore, studies have also shown that the opposite is also true: 

IBS symptoms could lead to anxiety, mood, and personality changes (Radovanovic-Dinic et 

al., 2018). Patients with IBS may have suicidal ideation as a result of their bowel symptoms. 

Additionally, several studies have shown higher levels of sexual and physical abuse among 
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IBS patients. Psychological disorders such as anxiety and depression can affect the brain-gut 

axis, promoting the release of corticotropin-releasing hormone, which can influence mood, 

inflammatory pathways, and digestive motility via neuroendocrine and autonomic pathways. 

Stress in IBS patients increases the levels of pro-inflammatory interleukins, activating both 

the hypothalamic-pituitary-adrenal (HPA) and the hypothalamic-autonomic nervous system 

axes and consequently increases cortisol levels, known as the stress hormone which has 

positive feedback on the brain-gut axis (Figure 2) (Radovanovic-Dinic et al., 2018). As  

 

 

Figure 2. Concept of multiple etiologies of IBS and its effect on the brain-gut axis. 
Etiologies of IBS include external stressors such as stress and internal ones such as food 
and microorganisms. Their direct influence and effect is shown on the both the brain and 
the gastrointestinal system. The result is manifestation of GI and extra-gastrointestinal 
symptoms which ultimately impairs the quality of life (QOL). From Enck et al. (2016). 



6 
 

a result, people with IBS have increased or decreased motility manifested as diarrhea or 

constipation respectively due to the intestines being highly sensitive to stress levels. 

Serotonin, or 5-hydroxytryptamine (5-HT), is produced in the brain and also in the 

gut by intestinal enterochromaffin cells and is an important signaling molecule in the central 

and peripheral nervous systems of humans as well as the gut (Qin et al., 2014). It helps 

regulate the normal functioning of the brain, cardiovascular system, and gastrointestinal tract 

by acting on several types of receptors. Dysfunction in serotonin signaling has been 

identified in several diseases, including anxiety disorders, depression, hypertension, and 

irritable bowel syndrome (Szeitz and Bandiera, 2018). This hormone binds on the 5-HT3 and 

5-HT4 receptors to directly affect gastrointestinal motility, secretion, and sensation. It has 

been observed that when serotonin concentration is low, patients tend to have IBS with 

constipation. In the case of females, serotonin concentration levels are normal although as 

mentioned earlier females tend to have higher incidents of IBS with constipation, it is not 

well understood the reasoning behind this. However, when this hormone’s concentration is 

high, patients tend to have IBS with diarrhea, demonstrating its role in the motor dysfunction 

associated with this condition (Saha, 2014).  

The impact of microbiota and the role of infection in IBS 

In daily life, a person encounters many different microbes from simply drinking water 

to eating different foods, and from touching contaminated surfaces. While some microbes 

might not adversely affect us, others might find their way into our bodies and specifically 

into the digestive system. As a result of this microbial invasion, the immune system reacts by 

recruiting white blood cells such as T cells, B cells, and mast cells which have different 

specialties in attacking and eliminating the threat. Due to this activation, inflammation 
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increases in the intestinal tract and throughout the body causing a variety of different 

symptoms like abdominal pain, diarrhea, and many others as shown in Figure 3. Enteric 

inflammation has been shown to be present in some patients with IBS after prolonged 

infectious enteritis (post-infectious IBS) such as in the case of Giardia lamblia, a bacteria 

which patients acquire from drinking water from streams while  

 

 

IBS patient 
intestine 

Normal 
intestine 

Figure 3. Infection/antigen effect on intestinal permeability. A depiction of a 
comparison between a normal intestine and an intestine of an IBS patient. The IBS 
intestine shows intestinal permeability by a bacterial antigen which triggers an immune 
response activation by recruiting immune cells T-helper-2-cell (TH2), and mast cells 
releasing different types of interleukins, histamine, proteases and serotonin. This cascade 
of signaling results in neural excitation and smooth muscle contraction, leading to 
disturbed intestinal transit with many different IBS symptoms, as well as extra-intestinal 
symptoms when these cytokines are released into the circulation (Holtmann et al., 2016).  
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camping or hiking (Radovanovic-Dinic et al., 2018). Acute enteric infections have been 

shown to frequently precede the onset of IBS, particularly IBS with diarrheal symptoms, or 

other functional gastrointestinal disorders (Holtmann et al., 2016). Previous studies have used 

quantitative immunohistochemistry to show increased infiltration of mast cells and T cells in 

the mucosal layer of the small and large intestine of some patients with IBS, especially post-

infection (Figure 3) (Enck et al., 2016). This could suggest a role in hypersensitivity or 

overreaction of the immune cells when the infection was present. Thus, mucosal tissues and 

smooth muscle as well as the embedded enteric nervous system might directly be impacted 

by this immune response leading to the development of IBS symptoms, and directly 

influencing intestinal motility (Ye et al., 2021). A study using mice in which mucosal 

inflammation was induced chemically, suggested that the severity of the immune response 

and inflammation is linked to the severity of subsequent visceral hypersensitivity in the 

mucosal layers of the intestinal tissues, which might be one of the underlying mechanisms 

for the development of IBS-like symptoms (Enck et al., 2016). 

Patients with previous anxiety symptoms and other mental disorders have been shown 

to be increasingly affected by hypersensitivity post-infection with a microbe (Luo et al., 

2018). A previous study showed that there was an inverse correlation between CD4-positive 

T lymphocytes expressing interleukin 2 and anxiety scores pre-exposure to a microbe 

(Holtmann et al., 2016). Additionally, it was also noticed that there was an association 

between a T-helper-2 cell cytokine phenotype, an immune cell type, at the time of exposure 

and the subsequent development of post-infectious IBS. This suggests that susceptibility to 

IBS after an acute enteric infection results from the recruitment of a T-helper-2 immune-cell 

response as part of eliminating of the microbial threat (Holtmann et al., 2016).  
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Diet and IBS 

For a long time, it has been known that consumed food can directly affect the human 

body and alter health through its role in maintaining normal body functions. In recent years, 

most diets have relied heavily on carbohydrates such as refined sugars and other harmful 

substances that were minimally or never consumed in past diets. The human body’s digestive 

system, having not evolved for processing high-sugar diets, and as a result, it has had 

numerous digestive problems manifested in the form of IBS symptoms as well as other 

serious health problems such as diabetes. Chronic inflammation has been exacerbated due to 

the high-sugar diets as well. 

Bread and other carbohydrates have a protein called gluten. Humans have a digestive 

enzyme called dipeptidyl peptidase-IV which helps break down gluten. However, this 

enzyme does not break down gluten proteins completely and undigested gluten travels to the 

small intestine where some people react negatively to it and fall under either gluten 

sensitivity group or celiac disease group. It has been observed in one multicenter double-

blind trial of 140 patients that the patients experienced gluten sensitivity, which is 

characterized by IBS-like symptoms following gluten ingestion but in the absence of celiac 

disease (Elli et al., 2016) . In another randomized trial, 33 in 45 patients with IBS with 

diarrhea symptoms who were given either a gluten-containing diet or, gluten-free diet, 

lactulose and mannitol excretion which are markers for intestinal permeability were 

increased in gluten-containing diet serving as direct evidence for small-bowel mucosal 

permeability (Vazquez-Roque et al., 2013). Based on studies like these, many researchers 

think that gluten alters the intestinal permeability, also known as leaky gut, and allows 



10 
 

undigested foods into the bloodstream. This activates the enteric and autonomic nervous 

system which typically produces the IBS symptoms (Radovanovic-Dinic et al., 2018).  

Certain types of carbohydrates such as fermentable oligosaccharides, 

monosaccharides, and disaccharides and polyols (FODMAPs), which are present in legumes, 

stone fruits, lactose-containing foods, and artificial sweeteners, might exacerbate symptoms 

with bloating, pain, and others in a large group of IBS patients due to their fermentation and 

osmotic effects by causing water retention in the small bowel according to MRI studies 

(Rodiño-Janeiro et al., 2018). The anaerobic fermentation by the microbiota in the large 

intestine of indigestible polysaccharides such as dietary fiber and resistant starch produces 

the metabolites short-chain fatty acids (SCFAs). The SCFAs have many known benefits for 

the gut including improvement in gut barrier function, energy supply to gastrointestinal 

epithelial cells, and a decrease in inflammation.  

It has been shown that SCFA-producing bacteria such as Roseburia, Blautia, and 

Veillonella, are increased in healthy patients thus increasing the levels of SCFA which lowers 

inflammation. In IBS patients, the opposite has been seen in which there is an altered level in 

SCFA-producing bacteria (Raskov et al., 2016). Researchers have also observed an increase 

in gas-producing bacteria in IBS patients which would explain the flatulence and abdominal 

pain. Patients that have IBS with diarrhea are most affected because the excessive production 

of gas cause faster colonic transit because the colon of these patients is more sensitive to 

increased intestinal volume. Methanogenic archaea which are responsible for intestinal gas 

removal is depleted in patients with IBS and is negatively correlated with the presence of 

loose stools. However, a significant increase in this microbial group is characteristic of 

patients with slow transit, and constipation specifically, IBS-C patients (Enck et al., 2016). 
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Recent studies have shown that when IBS patients consumed a low FODMAP diet, they 

experienced a significant reduction in IBS-related symptoms due to the lower amount of 

abundant gas, and volume in the intestinal lumen (Halmos and Gibson, 2019).  

Current treatments of IBS 

 For many years, researchers sought to quickly find treatments for IBS due to its 

bothersome symptoms which affected the quality of life. However due to the different types 

of severity of this disease, IBS treatments range from non-pharmacological to 

pharmacological approaches that depend on how tolerant the person is, and the specific type 

of the diagnosed IBS, being IBS-C or IBS-D or both.  

Non-pharmacologic treatments are many and involve no drugs. Physical activity is 

one of the most important current treatments for IBS-C. When the person stays active, this 

increases blood flow in the whole body while increasing metabolism. Additionally, exercise 

helps the flow of waste products in the intestine due to gravity, and push and pull forces on 

the body. This will help anything that is blocked or constipated in the colon to move to be 

excreted. Diet monitoring is also crucial to improving patient outcomes. Patients are educated 

to keep a record of the foods they eat and the items that produce their IBS symptoms such as 

the known gluten effect and are advised by their physicians to avoid these foods. 

Additionally, patients are encouraged to incorporate foods that are known to be anti-

inflammatory such as legumes, vegetables, and some spices (Radovanovic-Dinic et al., 

2018). Lastly, patients are encouraged to reduce stress and increase stress-relieving habits 

like meditation and relaxation. Stress has a direct effect on the intestine due to the 

interconnections between the central nervous system including the brain and the spinal cord, 

and the enteric nervous system that comprises of the network of nerves embedded in the 
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digestive system. Stress also increases cortisol level, the stress hormone, which in itself also 

exacerbates symptoms by directly influencing smooth muscle activity in the gut controlling 

motility (Saha, 2014).   

Pharmacological treatments are encouraged and prescribed when non-

pharmacological treatments are insufficient in controlling patients’ symptoms. For IBS-D, 

patients are prescribed antidiarrheals such as loperamide, a synthetic opioid, that acts on 

intestinal smooth muscles to prolong transit time and inhibit peristalsis by decreasing fecal 

volume and frequency, as well as improving stool consistency. Antidepressants such as 

tricyclic antidepressants (TCA), selective serotonin reuptake inhibitors (SSRI), and 

serotonin-norepinephrine reuptake inhibitors are another class of drugs for IBS treatment. 

Based on several studies, these drugs are believed to act via centrally-mediated 

antinociceptive pathways in the brain decreasing abdominal pain associated with IBS. 

Additionally, these agents may affect the gastrointestinal tract transit times due to their effect 

on the nervous system (Wall et al., 2014). Physicians usually prescribe antispasmodics such 

as alverine or dicyclomine for IBS-C patients.  These are drugs that relax the smooth muscles 

of the gut via anticholinergic mechanisms or calcium channel antagonism. Osmotic laxatives 

like polyethylene glycol (PEG) are another class of drugs that treat the IBS-C subtype. These 

drugs work by increasing water volume in the intestinal lumen in order to decrease intestinal 

transit time which in turn relieves constipation. Increasing the overall water consumption 

could potentially help patients with the IBS-C subtype.   

Bulking agents such as fiber as well as probiotics containing beneficial bacteria are 

natural products that can benefit all types of IBS patients. Fiber products such as psyllium 

husk are often used for their ability to increase stool frequency which benefits IBS-C 
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patients, and transit time which benefits IBS-D patients. Probiotics contain live beneficial 

bacteria that enhance the gut flora of the intestine which in turn benefits all subtypes of IBS 

disease (Saha, 2014).  

Current research related to IBS 

 Due to the ever-expanding research into IBS, its pathophysiology, and how it affects 

the body, physicians have been able to treat IBS patients effectively with and without 

pharmacological treatments. Despite numerous studies, the etiopathogenesis of irritable 

bowel syndrome is still not completely understood because of its complexity in which several 

body systems and organs are interacting to produce or alleviate the symptoms. Current 

research is focused on understanding the primary causes of IBS whether be it an infection, 

autoimmunity, or other etiology. Taking that into consideration, the feedback between the 

different body systems especially the central and enteric nervous systems in addition to the 

entire digestive system needs to be understood in greater detail in order to find improved 

treatments and potential cures.   

Recently, researchers have experimented with genetic engineering of bacteria, 

specifically transgenic Lactococcus lactis expressing mature human interleukin-10 instead of 

the normal thymidylate synthase in 10 patients with IBS (Rodiño-Janeiro et al., 2018). 

Results showed improvement in the symptoms of these patients. Another recent trial was an 

experiment in the use of fecal microbiota transplantation in which it was hypothesized that a 

healthy microbiota in the gut could be restored by fecal microbiota transplantation and 

improve the overall IBS symptoms. However, these recent experiments consisted of only a 

few uncontrolled small studies. Therefore, larger and more in-depth experimentation is 
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needed to confirm if these would be potential treatments for IBS (Rodiño-Janeiro et al., 

2018).  

Gut Motility Diseases and Zebrafish  

Gut motility diseases such as IBS and Hirschsprung’s disease have affected humans 

for decades even when most diets have dramatically changed over time. Researchers and 

scientists have been searching for answers of how and why certain numbers of humans 

develop gut motility diseases. This research involved the identification and testing of 

candidate genes and their direct potential involvement in motility dysfunction. 

Zebrafish could serve as an effective model for understanding human intestinal 

disorders. These disorders result in failure to properly move food through the digestive tract. 

Common symptoms in most of these diseases include constipation, diarrhea, and malnutrition 

(Keller et al., 2018). These symptoms are usually pharmacologically treated, but the actual 

cause is rarely treated. Several zebrafish lines already exist for modeling specific genetic 

mutations that disrupt gut motility. Motility is a key factor in digestion, energy balance, and 

homeostasis (Murphy and Bloom, 2006). The smooth muscles that control motility are 

innervated by enteric nerves, causing them to contract and relax, thus producing motility 

(Cummings and Overduin, 2007). One way to measure motility is using a gut transit assay. 

This assay quantifies the time it takes for food to pass through the entire gastrointestinal tract. 

However, to clearly establish normal physiology, we need to understand the anatomy and 

physiology of the intestine.  

Due to many advantages, zebrafish can be used as models for understanding human 

intestinal diseases. Firstly, previous studies have established that zebrafish gene expression is 

conserved with humans: similar expression patterns are observed during embryonic 



15 
 

development. They have at least one orthologous gene for 70% of all human genes and they 

have orthologous genes for 82% of disease-associated genes in humans (Howe et al., 2013). 

The Kinkel lab has previously identified several candidate genes from the literature that are 

known to be expressed in the gut of zebrafish as well as some being conserved with humans 

or other organisms such as mice, shown in Table 1. My current research identified additional 

candidate genes that are of interest from the literature. 

 

Table 1. Zebrafish gut motility candidate genes. 
                  Gene Location Zebrafish intestine expression pattern 

  
 

embryonic 
0-72 hrs 

early 
larval 

3-9 dpf 

late larval 
10-21 dpf 

adult 
>21 dpf 

Anoctamin 1 (ano1) ICC ? ✓ 
IHC 

? ✓ 
IHC 

Kit receptor a (kita) ICC ? ✓ 
IHC 

? ✓ 
IHC 

Motilin receptor (mlnr) intestinal, 
not localized ? ? ? ✓ 

qPCR 

Ghrelin receptor (ghsra) intestinal, 
not localized ? ? ? ✓ 

RT-PCR 
Transient receptor potential cation 
channel, subfamily A, member 1a 
(trpa1a) 

? ? ? ? ? 

Transient receptor potential cation 
channel, subfamily A, member 1b 
(trpa1b) 

EEC ? ✓ 
qPCR 

? ? 

Table compiled by Savanna Sheridan, Hollyn Franklin, Cosmin Serban and Mary Kinkel. Sources: (Ball et al., 
2012) (kita), (Eom et al., 2014), 2014 (ghsra), keller. (mlnr), Uyttebroek et al., 2013 (ano1), Ye et al., 2021 
(trpa1b), ZFIN searched March 2021 for trpa1a expression.  
 

Another advantage of larval zebrafish includes a transparent body wall that allows 

imaging of the gut contents in live animals. Part of the overall research was to examine the 

specific life stages in wild type zebrafish. Examination requires the identification of the cell 

types that lines the intestine during all stages of zebrafish development. This information will 

help us to interpret the effects of defects that arise with respect to morphology and function 
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of the gut. A gut transit assay that takes into account the specific morphology and epithelial 

composition of the gut at specific life stages would be much more powerful and informative 

than simply relying on the young larval stage and also allows the ability to differentiate 

between normal and defective guts. 

Intestinal tract in zebrafish  

There are key apparent differences between regions of the zebrafish intestine early in 

development. Larval zebrafish have a straight simplified gut from anterior to posterior, unlike 

the highly looped mammalian gut (Figure 4).  

 

 

 

The region that corresponds with the area of the gastrointestinal tract from the 

stomach to the anus in humans is subdivided into three main sections in the zebrafish 

(Wallace et al., 2005). There is an anterior section, known as the intestinal bulb, similar 

functionally to a stomach; a small intestine that contains the loop in adulthood; and finally, 

the posterior intestine, where waste is excreted.  A key difference in the zebrafish intestine is 

a lack of sphincters clearly subdividing each of these sections (Wang et al., 2010). The cell 

type distribution may be the most useful characteristic for understanding the regions of the 

intestine, especially when it is developing from the larval stage to the adult stage (Lickwar et 

Figure 4. A comparison between the zebrafish and human intestine A) The 
zebrafish digestive tract is a simple tube that lacks a stomach. B) The human intestine 
is highly looped. Panel B from quizlet.com.   

A B 
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al., 2017). Zebrafish provides a high throughput model that allows for the examination of the 

intestine throughout the life of an organism, and to understand the morphological changes 

that occur between these two life stages aiming to bridge the gap between larval and adult 

morphology for a more robust ontogenetic study of the intestine. 

Candidate genes from the literature 

 Part of my research was the identification of candidate genes that are of interest and 

that relates directly to the zebrafish intestine, and potentially have an involvement in the 

motility and propulsion of food and waste products. The following information involves the 

identified genes and descriptions of what is currently known from the literature regarding 

their function in the GI tract.  

Apolipoprotein 1, apoa1 
 
 Cholesterol from the diet or that the body produces travels through the blood on 

proteins called “lipoproteins.” Two types of lipoproteins carry cholesterol throughout the 

whole body: on the one hand, there is LDL (low-density lipoprotein) also known as the “bad” 

cholesterol, which constitutes most of a human body’s cholesterol. On the other hand, there 

is HDL (high-density lipoprotein), also known as the “good” cholesterol, because it absorbs 

cholesterol and transports it back to the liver. Apolipoprotein 1 or apoa1 is the main protein 

component of HDL particles. Apoa1 regulates cholesterol flowing out from cells to HDL 

particles, the first step in transporting peripheral cholesterol to the liver to be excreted in the 

form of bile (Otis et al., 2015). Apoa1 is produced by the intestine and secreted as a 

component of chylomicrons following lipid-rich meals. The apoa1 gene can be considered a 

molecular marker for the small intestine because, in 36 human tissues and 45 mouse tissues 
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examined in previous literature, expression of mammalian apoa1 was highly restricted to the 

small intestine and liver (GSE2361 and GDS182, GEO database, NCBI). 

In zebrafish, the mRNA expression of apoa1 has been characterized from 

embryogenesis of the eight-cell stage and throughout early larval development until 6 days 

post-fertilization (dpf) (Otis et al., 2015) (Figure 5). Specifically, it was expressed in the yolk 

syncytial layer (YSL), as shown in Figure 5. YSL processes yolk lipids and secretes very-

low-density lipoprotein (VLDL) cholesterol also known as the “bad cholesterol” to support 

embryonic and larval development (Otis et al., 2015) highlighting VLDLs’ importance in 

transporting lipids from the yolk cell to the developing embryo, and subsequently in the 

digestive organs including intestine and liver.  
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Figure 5. Developmental mRNA expression patterns of apoa1. 
In situ hybridization of apoa1 during gastrulation (80-100% 
epiboly, E), somitogenesis (15-20 somites, S), and daily until 6 dpf. 
(Otis et al., 2015) 
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As shown in Figure 5, in situ hybridization (ISH) was done with antisense and control 

sense riboprobes specific to apolipoprotein. During very early development, gastrulation (80-

100% epiboly) is associated with the earliest expression of apoa1 mRNA in the YSL. At 80-

100% epiboly, apoaI mRNA was found to be localized to perinuclear YSL regions; and from 

15-20 somites through 6 dpf. As the digestive organs develop further (4-6 dpf), apoa1 begins 

to be expressed mainly in the intestine as shown by ISH (Babin et al., 1997). However, 

apoa1 expression was not localized to a specific region of the intestine or to a specific cell 

type but was expressed in the whole intestine according to the whole-mount ISH. 

In another study by (Wang et al., 2010) the adult zebrafish gut was dissected and cut 

into seven equal-length sections labeled S1 to S7 (Figure 6). The cross-section from S1 to S6 

contains three tissue layers: mucosa, muscularis externa, and serosa, however, segment S7 

has simple epithelium. It was noticed that segments S1-S4 possessed features of a small 

intestine because apoa1 was more highly expressed in these sections than the rest of the 

anterior-posterior axis of zebrafish intestine as shown in Figure 7 (Wang et al., 2010). The 

apoa1 gene can be considered a molecular marker for the small intestine as previous 

literature has shown, and in this case, it was highly expressed in the anterior portion of the 

zebrafish intestine (GSE2361 and GDS182, GEO database, NCBI).  
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Aquaporin 3, aqp3 

 Aquaporin 3 is an osmoregulatory channel protein on the membrane of epithelial cells 

especially in the large intestine of mammals. Aquaporin 3 is well known to be a key 

component of fecal dehydration in the mammalian colon (Silberstein et al., 1999). These 

Figure 6. An isolated zebrafish intestine after removal of the 
surrounding mesentery. The isolated intestine was divided into 
seven roughly equal-length segments as indicated by green lines 
denoting S1 to S7. The gall bladder is indicated (Wang et al., 
2010). 
 

Figure 7. Apoa1 expression pattern from S1 to S7 intestinal 
segments. The gene was highly expressed from S1 to S4. (Wang et 
al., 2010). 
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water channel proteins increase water absorption by facilitating water movement and 

permeability across a cell membrane (Lance et al., 2004). Since it is known that water is 

absorbed in the large intestine mostly, one can predict that aqp3 would be highly expressed 

in that region of the intestine more than other regions. Wang and colleagues examined this 

gene’s expression in six-month-old zebrafish (Wang et al., 2010). Their microarray data and 

RT-PCR agrees with the mammalian expression of aqp3. Their data shows that this gene is 

highly expressed in segments S6 and S7, similar to the colon in mammals as shown in Figure 

8. 

 

 

 
Cathepsin, ctsl1 
 
 Cathepsins are lysosomal cysteine protease enzymes that can induce apoptosis, 

catabolize intracellular proteins, degrade the extracellular matrix, and process prohormones 

into active forms. Song and colleagues examined the temporal and spatial RNA expression of 

Ctsl1 in the placentae and endometria of pigs (Song et al., 2010). In situ hybridization 

analysis of Ctsl1 mRNA in the small intestine from a piglet revealed expression in the 

absorptive epithelium (enterocytes) of villi and, to a lesser extent, the cryptal epithelium on 

Day 1 postpartum. In fact, it may be involved in the transport of IgG antibodies from 

Figure 8. Expression pattern of selected intestinal gene (aqp3). Expression pattern 
of aqp3 gene based on microarray data. The red area indicates positive high 
expression. The green area indicates low expression. (Wang et al., 2010). 
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colostrum across the intestine epithelium, primarily by enterocytes lining the intestine, into 

the blood of piglets during the first 24 to 36 h postpartum to establish passive immunity. This 

could suggest a direct role for ctsl1 in mechanisms for fluid-phase pinocytosis and transport 

of proteins during transport across placental and gut epithelia (Song et al., 2010). Wang and 

colleagues examined the ctsl1 gene’s expression in a six-month-old zebrafish with its 

dissected intestine into seven segments (S1-S7) as shown in (Figure 6). Ctsl1 was highly 

expressed in caudal segments of the intestine from S5 to S7 (Wang et al., 2010) (Figure 9).  

 
 

 
 
 

 

 
Cofilin 1, cfl1 
 
 Cfl1 belongs to a family of actin-binding proteins and mediates dynamic stabilization 

of actin filaments. According to a previous analysis of rat EST database, it suggests that cfl1 

is expressed in the large intestine but not in the small intestine (Unigene EST profile viewer, 

Unigene Rn.11675, NCBI). This gene was investigated also by Wang and his colleagues and 

their methods of dividing the gut of a six-month-old (adult) zebrafish into seven segments as 

mentioned previously. Their real-time RT-PCR data (Figure 10) indicates that cfl1 is 

primarily expressed in segments S5-S7, but down-regulated in the first four  

Figure 9. ctsl1 expression pattern from S1 to S7 
intestinal segments. The gene was highly expressed 
from S5 to S7. (Wang et al., 2010). 
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segments of the intestine. Therefore mimicking its expression patterns in the rat where it is 

expressed in the large intestine, and thus a known large intestine gene is expressed in S5-S7 

according to Wang and colleagues.   

In a separate study by Lin and colleagues, the cfl1 gene was characterized further by 

investigating the spatial and temporal expression of it during embryogenesis as shown in 

figure 11. To test the importance and the role of cofilin-1 during gastrulation, the researchers  

knocked this gene down. The loss of cofilin-1 disrupted the cadherin-dependent adhesion 

between different epithelial cell layers during gastrulation in zebrafish, as shown in Figure 12 

(Lin et al., 2010). 

Fatty acid binding protein 2, fabp2 

The intestinal fabp2 gene encodes a fatty acid-binding protein that is specifically 

involved in reversibly binding the hydrophobic ligands and transporting them throughout 

cellular compartments, including the peroxisomes, endoplasmic reticulum, mitochondria, and 

nucleus in the small intestine (Smathers and Petersen, 2011). Hydrophobic ligands include 

fatty acids (FAs) and their acyl-CoA derivatives (FA-CoA), serve many biological functions 

Figure 10. cfl1 expression pattern from S1 to S7 
intestinal segments. The gene was highly expressed 
from S5 to S7. (Wang et al., 2010). 
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Figure 12. Knockdown of cfl1 causes epiboly defects. Embryos imaged at 10 hours 
post-fertilization (hpf). The cfl1 MO caused epiboly defects of different severities. A) 
Sham-injected embryo reached 100% epiboly. B) cfl1 morphant with malformed tail 
bud. C) cfl1 morphant that reached 90% epiboly. D) A cfl1 morphant that reached 50% 
epiboly. Scale bar, 200 mm. (Lin et al., 2010).  

Figure 11. Spatial and temporal expression of cfl1 during development. 
Representative in situ hybridization results reveal the expression patterns of 
cfl1 from 1-cell to 5 dpf (Lin et al., 2010). 
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such as metabolic energy sources, signaling molecules for internal and external cell signaling 

as well as serving as substrates within the cell (Martinez-Lopez et al., 2015).  

Based on previous literature, the fabp2 gene is highly conserved across many species 

including mammals, teleosts, amphibians, and avians. In earlier literature, a Red Fluorescent 

Protein (RFP) transgenic zebrafish line under the intestinal fabp2 promoter, Tg(fabp2:RFP), 

was generated, and the RFP reporter gene is specifically expressed in the intestine (Wang et 

al., 2010). In previous work done by (Wang et al., 2010), the fabp2 expression was further 

studied by isolating an intestine from a 3-month-old Tg(fabp2:RFP) transgenic zebrafish. It 

was discovered that RFP fluorescence, a marker for fabp2 gene expression, was high in 

segments S1-S4, but quickly diminished around the second turn of the intestine at the level of 

segment S5. This expression pattern was also confirmed by direct detection of endogenous 

fabp2 mRNA expression by in situ hybridization (Figure 13). 

 

 

 

 

 

 

In a separate study (Venkatachalam et al., 2013), the gene expression of fabp2 was 

studied to verify its response to several different diets containing different types of fatty 

Figure 13. Fabp2 expression pattern from S1 to S7 intestinal 
segments. The gene was highly expressed from S1 to S4. (Wang et 
al., 2010). 
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acids. Five-month-old zebrafish were fed the fatty acids then the intestine and the liver were 

dissected out and the expression of fabp2 was studied. The expression of fabp2 mRNA did 

not change in the liver (Figure 14A) of zebrafish fed any of the fatty acid diets. The 

expression level of fabp2 mRNA was noticeably higher in the intestine due to the high levels 

of fatty acids (Figure 14B).   

 

Triacylglycerol lipase, lipf 
 
 Lipf encodes gastric lipase, an enzyme in humans involved in the digestion of dietary 

triglycerides in the GI tract, and is responsible for 30% of fat digestion processes. It is known 

to be secreted by mammalian gastric chief cells (Armand, 2007). It is only expressed in the 

esophagus, stomach, and several other tissues in humans, but not in the intestine (Unigene 

EST profile viewer, UniGene Hs.523130, NCBI database). However, according to Wang and 

colleagues, the gene was identified as being expressed in the whole gut of a six-month-old 

zebrafish (adult) intestine from segments S1 to S7 (Figure 15), using the intestinal 

segmentation the researchers employed in their study (Wang et al., 2010).  

Figure 14. The expression levels of fabp2 mRNA in liver and intestine in 
response to diet.  Zebrafish were fed diets differing in fatty acid content including a 
highly unsaturated FA-rich diet (HD), linoleic acid-rich diet (LD), and linolenic 
acid-rich diet (LND). The expression levels of fabp2 mRNAs in the liver were 
minimal when compared to the intestine. (Venkatachalam et al., 2013). 
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Villin1, vil1 

Villin is a protein that regulates actin that is associated with the formation of 

microvillar actin filaments and is expressed in significant amounts in the gastrointestinal 

epithelial cells of mammals (Bretscher and Weber, 1979). Villin regulates epithelial cell 

motility, and cell morphology, and actin reorganization. In the research by Wang and 

colleagues in (Wang et al., 2010), the expression of vil1 resembled that of fabp2 expression 

being highly expressed in segments S1 to S5 while being less expressed in segments S6 and 

S7 according to the RT-PCR (Figure 16).  

 

 

 

Figure 16. vil1 expression pattern from S1 to S7 intestinal segments. 
The gene was highly expressed from S1 to S5. (Wang et al., 2010). 

Figure 15. Expression pattern of selected intestinal gene (lipf). Expression pattern of lipf 
gene based on microarray data and following the seven segments S1-S7 as shown in Figure 
6. The red area indicates positive high expression. The green area indicates low expression. 
(Wang et al., 2010). 
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In a separate study done by (Zhao et al., 2018), PIK3C3 was being studied as a cause 

for lethality with inflammatory bowel disease-like features in zebrafish. PIK3C3 is a class III 

phosphatidylinositol-3-kinase that catalyzes the production of phosphatidylinositol 3-

phosphate (PI3P) from PI, which is a critical component of the vesicular membrane. It was 

reported in the study that PIK3C3 deficiency in zebrafish suppresses PI3P synthesis in 

intestinal epithelial cells (IEC), induces a proinflammatory response in the intestine, and 

causes epithelial damage. Total RNA samples were prepared from whole, wild-type and 

transgenic zebrafish fish line (Tg(mpx:EGFP) and Tg2(mpeg1:EGFP)) at 6, 7, and 8 dpf, and 

the samples were sequenced using RNA-Seq. The RNA-Seq data revealed that villin 1 (vil1), 

an IEC-specific gene, was down-regulated in the pik3c3 transgenic fish line. Additionally, in 

situ hybridization analysis was performed which revealed that the expression of intestinal 

vil1 was reduced in the mutant larvae, as shown in Figure 17.   

There are many genes that may have a direct or indirect role in the normal 

functionality of the zebrafish intestine. In this review of the literature, I have explored 

candidate genes that were chosen based on their previously known expression in zebrafish or 

other organisms. I have learned about the spatial and temporal expression of these genes in 

the zebrafish intestine which could lead to further information about the normal function of 

the gut and could lead to investigations of intestinal motility diseases with specifics on where 

and how they may arise. 
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Objectives of This Study 

 The primary purpose of this research is to aid in the establishment of zebrafish as a 

model organism for intestinal motility disorders in humans. Using the literature, I identified 

candidate genes that are of interest based on their previously known expression in the 

zebrafish GI tract. I studied the spatial and temporal expression of these genes to learn more 

about their functional and anatomical aspects in the GI tract. To better understand the genes’ 

conservation with other organisms such as humans and mice, I aligned the DNA sequences 

of all three organisms using multi-sequence alignment tools. In order to study the motility of 

zebrafish GI tract, and to assist in the development of a gut transit assay, I performed a 

feeding behavior study to determine the age at which zebrafish larvae are mature enough 

after their fertilization to capture brine shrimp. A gut transit assay utilized this information to 

determine the best age to perform this assay at, which is a way to quantify the time it takes 

Figure 17. In situ hybridization of 8 dpf larvae with a vil1 probe. 
pik3c3 mutants compared with wild-type zebrafish. Red arrow points to 
vil1 expression in the intestine. Numbers indicate larvae with the 
indicated phenotype/total analyzed. (Zhao et al., 2018). 
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for food and waste products to pass through the whole GI tract of a zebrafish from feeding to 

clearing. The results of this study and its research will contribute to the overall knowledge of 

gastrointestinal diseases, and may contribute to the development of either new or enhanced 

medical and surgical cures related to patients diagnosed with gastrointestinal diseases.   
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Materials and Methods 

Zebrafish Husbandry 

Zebrafish (Danio rerio) were maintained according to standard procedures 

(Westerfield, 2000), and were housed and maintained in the Appalachian State University 

vivarium. To conduct experiments on larval zebrafish including the feeding behavior study, 

adult zebrafish were bred by having several male and female in breeding tanks, and fertilized 

eggs were collected. Eggs were transferred into a glass dish filled with 120 mL of E3 

medium (containing 0.17mM KCl, 0.33 mM MgSO4, 0.33 mM CaCl2, 5 mM NaCl) with 

0.01% methylene blue. The eggs were bleached to prohibit fungal growth at around 24 hours 

after the eggs’ fertilization. Eggs were bleached with a solution of bleach and facility water, 

and rinsed with facility water three times. The bleached eggs were then transferred and 

separated into 50 eggs per bowl containing fresh E3 medium and maintained at 28.5oC in an 

incubator 

Beginning at 5 dpf, larval zebrafish were transferred to fish tanks and raised in a 

tabletop nursery, following the protocols described in Norton et al., 2019. Briefly, wild-type 

zebrafish larvae were raised in tabletop nurseries using larval tanks containing 280 mL of E3 

medium and 50 zebrafish per tank kept at approximately 28oC. The larval tanks were cleaned 

using a siphoning method which involves partially replacing the E3 medium to remove 

waste. Siphoning occurred daily approximately 15 minutes before 9 a.m. and 3 p.m. Feeding 

included both dry food Golden Pearl (GP) and Larval Diet (Brine Shrimp Direct), and newly-

hatched brine shrimp (Artemia franciscana). Dry food was given to each tank at 9 a.m. and 3 

p.m. while brine shrimp were given at 12:00 p.m. daily. At 21 dpf, the larvae were moved to 

the fish room with recirculating water at the Appalachian State University animal facility. 
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Until the zebrafish reached adulthood, they were fed dry food at 9 a.m. and 3 p.m., and 48-

hour brine shrimp cultures at 12:00 p.m. Once they became adults, they were fed dry food at 

9 a.m. and 48-hour brine shrimp at 3 p.m. All procedures were approved by the Institutional 

Animal Care and Use Committee (IACUC) at Appalachian State University. 

Candidate Gene Analysis 

 Candidate genes were identified by searching for previously identified genes in the 

literature using the Unigene database from the National Center for Biotechnology 

Information (NCBI). Default settings were used to search each gene of interest. EST profiles 

were analyzed to obtain the desired gene expression of the cDNA. After the identification of 

the candidate genes, a database search was done on each of the accession numbers to further 

learn more about them. 

Multiple Sequence Alignment 

Candidate genes were analyzed using Clustal Omega to compare and differentiate 

between zebrafish, Homo sapiens, and Mus musculus. The DNA sequence for each candidate 

gene was obtained from the nucleotide NCBI reference sequence database. The sequences 

were then uploaded and aligned using the Clustal Omega MSA tool. 

Primer Design  

Primers to be used for RT-PCR of candidate genes were designed using NCBI 

Primer3 and BLAST. Using the default settings in Primer3, introns were excluded, and the 

primer search was performed. Table 2 shows a list of primers for RT-PCR. 
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Table 2. Primers for the genes of interest. All primers are  
oriented 5’-3’. 

Gene Primer sequence Size (bp) 

apoa1F CCA ATT TGT TCC AGG CTG AT 233 
apoa1R CAA CTG GGT GGA GAT GGT CT 
   

aqp3F TCC CTG ATT GTG TGC ATC CT 156 
aqp3R TCC AAA ATC TCG AGC TGG GT 
   
ctsl1F TGA GTG AGC AGA ACC TGG TG 152 
ctsl1R GCA GGA TTC ATC CTT TCC AA 
   
cfl1F TGT TGA CGG TCT TCA ACG AG 

199 
cfl1R CAA TCA TTG GGA GGA AGC AT 
   
fabp2F CAA CGT GAA GGA AGT CAG CA 163 
fabp2R TAC CTT TCC GTT GTC CTT GC 
   
lipfF GTC GAC CCC TCC ACT TTA CA 175 
lipfR CCC CCA GAT AAA ATC CAG GT  

   
vil1F AGG AGA AGC AGA GGT GTG GA 238 
vil1R CTG CAC CGG TTC TCC ATT AT  

 

Larval Feeding and Anesthesia  

 After overnight fasting to clear gut contents, larvae were fed in the morning dry food 

mix that is free of colored supplements such as Spirulina.  This ensured that the gut contents 

could be distinguished from brine shrimp. At noon, larvae were fed brine shrimp. After 15 

minutes, larvae were anesthetized by gradually lowering water temperature to approximately 

13-17℃ using ice made of E3 medium (containing 0.17mM KCl, 0.33 mM MgSO4, 0.33 mM 

CaCl2, 5 mM NaCl). This allowed the larvae to be immobile for short periods, allowing 

imaging to be completed.  
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Live Imaging of Intestinal Contents 

Anesthetized larvae were transferred to an agarose mold made from 3% agarose in E3 

medium. A wide bore fire-polished Pasteur pipet was used for the transfer. Larvae were 

submerged in warm E3 medium. Larvae were imaged using an Olympus SZX12 stereoscope 

and a Canon 70D camera. Imaging involved capturing the whole intestine of each larva 

whether it had captured a shrimp or not. Immediately after imaging, larvae were returned to a 

tank of fresh, 28.5oC E3 medium and monitored for swimming behavior. The study was 

conducted from 6 dpf to 15 dpf. . If a larva captured shrimp, this was noted and counted for. 

Finally, the percentage was determined for each age group based on whether a larva captured 

a shrimp or not. 
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Results 
 

Candidate gene expression patterns  

 Understanding the anatomy and physiology of the gastrointestinal tract is crucial 

for studies of digestive diseases. Learning about the genes that are expressed in the GI tract 

and how their expression provides functionality to the GI tract with regard to motility, 

digestion, and absorption is of utmost important.  

 Part of my research is identifying candidate genes that are relevant for 

understanding normal gut motility. This is done by using literature searches to identify 

intestinal genes of interest that were previously identified to be expressed in the zebrafish GI 

tract. I have identified several candidate genes from the literature. These genes are listed in 

Table 3 below.   
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Gene Name Gene 
Symbol Definition/Function Intestinal Expression Stages 

Apo-
lipoprotein 1 
 
 

apoa1 
 
 
 

Main protein component of 
HDL:  
Cholesterol metabolism  

Adult intestinal cells,  
anterior segments 
(by qPCR, RT-PCR) 

Embryonic to 
6 dpf; adult 

Aquaporin 3 
 
 
 

aqp3 
 
 
 

Water channel protein in 
large intestine:  
Fecal dehydration 

Intestinal cells  
(by qPCR, RT-PCR) 

Adult 

Cathepsin L1 
 
 

ctsl1 
 
 
 

Lysosomal cysteine 
protease: Roles in fluid 
phase pinocytosis and 
transport of protein across 
gut epithelia 

Intestinal cells, posterior 
segments  
(by qPCR, RT-PCR) 

Adult 

Cofilin 1 
 
 
 

cfl1 
 
 
 

Actin-binding protein:  
Mediates dynamic 
stabilization of actin 
filaments by inhibiting  
depolymerisation 

Adult intestinal cells, 
posterior segments (by 
qPCR, RT-PCR) and 
microarray; different 
intestinal epithelial layers   
(by in-situ hybridization)  

Embryonic to 
early larval (0-
72 hpf); adult 

Fatty Acid 
Binding 
Protein 2 

fabp2 
 
 

Intracellular protein: 
Transport of fatty acids in 
the small intestine 

Intestinal cells, anterior 
segments (by qPCR, RT-
PCR) and microarray 

Adult 

Triacyl-
glycerol 
lipase  
 

lipf 
 
 
 

Gastric acidophilic lipase: 
Digests lipids 

Intestinal cells, whole 
segments (by qPCR, RT-
PCR) and microarray 

Adult 

Villin 1 
 
  

vil1 
 
 

Crossfilament protein: 
Links microfilament core 
to the inner side of the 
microvillus membrane 

Larval epithelial cells (by 
RNA-Seq); Adult intestinal 
cells, anterior segments (by 
qPCR, RT- PCR) and 
microarray 

Early larval (3-
9 dpf), adult 

Table 3. Genes of interest expression patterns. The location data and function refer to 
what is known for zebrafish intestinal tissues including spatial and temporal expression 
patterns. 

Sources: apoa1,(Otis et al., 2015); (Wang et al., 2010); aqp3, ctsl1, lipf, (Wang et al., 2010); cfl1,(Lin et 
al., 2010) ; (Wang et al., 2010); fabp2, (Venkatachalam et al., 2013); (Wang et al., 2010); vil1, (Wang et 
al., 2010);(Zhao et al., 2018). 
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 The results show that while some of the candidate genes were found to be 

expressed at the embryonic to larval stage, other genes are expressed later at the adult stage. 

This implies that some gut functions are absent in the early larvae but becomes apparent 

when the larvae becomes an adult. Thus, motility could be indirectly affected if a gene is not 

expressed early on at the larval stage. In order to explore if the same genes have similar 

sequences as in humans and mice, a multiple sequence alignment was done next. This could 

lead into exploring if these genes have possibly the same functions, and are expressed at 

similar stages in different organisms. 

Multiple sequence alignment (MSA) shows degree of similarity 

 To determine the conservation of the candidate genes across multiple organisms, I 

compared the sequences for humans (Homo sapiens), mice (Mus musculus), and zebrafish 

(Danio rerio). This study involved the research and identification of the nucleotide sequences 

of each gene for each of the organisms to compare DNA sequences to better understand how 

the gene sequences are conserved across the three organisms, and thus better understand their 

relationships. To do this step, Clustal Omega was used to compare the sequences using 

multiple sequence alignments. I was able to obtain the multiple sequence alignments for 

apoa1, aqp3, ctsl1, cfl1, fabp2, lipf, and vil1 candidate genes, shown in Appendix A. The 

results in Table 4 below indicate that the percent identities of the seven genes of interest 

across the three organisms were between 62% and 86% for each gene when their sequences 

were compared.  
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Gene Name Gene 
Symbol Percent Identify  

Apo-lipoprotein 1 
 
 

apoa1 
 
 
 

75.07% 

Aquaporin 3 
 
 

aqp3 
 
 
 

62.48% 

Cathepsin L1 
 
 

ctsl1 
 
 
 

76.76% 

Cofilin 1 
 
 

cfl1 
 
 
 

86.29% 

Fatty acid binding 
protein 2 

fabp2 
 
 

72.06% 

Triacyl-glycerol lipase  
 

lipf 
 
 
 

77.86% 

Villin 1 
 
  

vil1 
 
 

79.39% 

Table 4. Multiple sequence alignment percent identity. The nucleotide 
sequences of each gene were aligned across three organisms: humans (Homo 
sapiens), mice (Mus musculus), and zebrafish (Danio rerio). The percent 
identity was identified for each alignment. Results obtained from NCBI and 
Clustal omega. 
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 From the results of the multiple sequence alignments, I was able to conclude that all 

seven candidate genes are conserved across the three organisms. In future studies, it would be 

important to identify these genes expression’s location using the identified sequence-specific 

primers in the GI tract of zebrafish using reverse transcription-polymerase chain reaction 

(RT-PCR). This would allow researchers to compare the genes’ expression locations with 

their known functions to better understand their role in the gastrointestinal motility in 

zebrafish and humans. 

 Given the results from the multiple sequence alignments, it can be concluded that 

studying these candidate genes in zebrafish would be important to understand their possible 

role in intestinal motility. Therefore, a gut transit assay would be a foundation to be able to 

test a normal versus an abnormal intestinal motility in zebrafish. To be able to conduct a gut 

transit assay, the optimal zebrafish age needs to be determined. The best approach to 

accomplish this is a feeding behavior study. Some of the candidate genes are not expressed in 

the early larval stages as mentioned previously as part of this research, therefore it would be 

crucial knowing if their absence would alter the GI tract’s motility.     

Feeding behavior study results 

  For the purposes of better understanding the function of the GI tract, zebrafish were 

used as a model to investigate the time it takes from feeding to clearing the intestine for 

normal wild type zebrafish. The results of the passage time can then be compared to a mutant 

zebrafish with a mutation in a specific gene of interest. This experimentation is known as a 

gut transit assay. This assay helps in the understanding of normal and abnormal motility of 

the GI tract.  
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 Brine shrimp were used as a meal because it is a normal and digestible meal for 

zebrafish that can be easily detected under the microscope when it is consumed due to the 

transparency of zebrafish larvae and the ingested brine shrimp’s orange color. In order to 

conduct a gut transit assay, the earliest and most efficient age at which zebrafish larvae are 

mature enough to capture brine shrimp needs to be determined.  Several feeding behavior 

experiments were conducted for comparative purposes of the different feeding behavior 

results. The experiments were focused between 6 and 15 dpf. Earlier than 6 dpf, the larvae 

are too immature to be able to capture brine shrimp (Clift et al., 2014). At noon each day, 

larvae were fed brine shrimp. After 15 minutes, fish were anesthetized by gradually lowering 

water temperature using ice, then imaged under the microscope. Larvae were scored as to if 

they captured or did not capture brine shrimp as indicated by the appearance of orange gut. 
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Figure 18. Larval zebrafish shrimp capture ability. A) The averages of the 
four experiments are shown individually. Sample sizes ranged from 30 to 50 
larvae (see Table 6). B) The average percentage of larval zebrafish that 
captured brine shrimp across four separate feeding behavior studies combined 
in the lab. Error bars indicate standard deviation.    
 

To investigate the shrimp capture results more closely, four independent experiments 

including my experiment and three additional similar experiments by three other persons in 

the lab were conducted and were plotted separately, as shown in Figure 18A. Sample sizes 

ranged each dpf from 30 to 50 larvae as shown in Table 5. Experiment 1 shows that at 9 dpf, 

more than half of the larvae captured shrimp. Experiment 2 had similar results. However, 

experiments 3 and 4 were both under fifty percent at 9 dpf. For instance, experiment 3 
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showed only a 43% shrimp capture rate and experiment 4 showed 36%. Additionally, the 

overall shrimp capture success was lower in experiments 3 and 4 in the earlier dpf range 

before 9 dpf.  

Figure 18B demonstrates the average percentage of larval zebrafish that captured 

brine shrimp across the four separate feeding behavior studies. At 9 dpf, all four experiments 

converged at an average of fifty percent of the percentage of larvae that captured brine 

shrimp. Additionally, at 9 dpf the precision of the results noted by the standard deviation was 

smaller than at 6, 7, 8, and 10 dpf. This smaller deviation suggests that the results for the four 

experiments agree that 9 dpf is the earliest day at which a gut transit assay could be 

conducted with a reasonable shrimp capture success rate. 

 

Table 5. The sample sizes used in the four feeding behavior 
experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

DPF Experiment  
1 

Experiment 
2 

Experiment 
3 

Experiment 
4 

6 50 -- 48 30 

7 50 35 50 48 

8 50 37 47 51 

9 50 32 47 42 

10 50 38 47 -- 

11 50 43 47 -- 

12 31 41 40 -- 

13 31 39 34 -- 

14 25 40 40 -- 

15 26 44 38 -- 
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Discussion 

 The ultimate goal of this research project was to aid in the understanding of 

gastrointestinal motility diseases and to help establish zebrafish as a model organism for such 

diseases, and their etiologies. This study identified candidate genes that may be directly or 

indirectly involved in GI tract motility, and a defect in one or more of these genes might 

make the GI tract dysfunctional as seen in IBS and Hirschsprung’s disease. The candidate 

genes identified from the literature were found to be conserved with humans using the 

multiple sequence alignment studies, thus verifying them as possibly involved directly in GI 

tract function or dysfunction.  This study also established a suitable age of larval zebrafish 

for conducting a gut motility assay using live, intact larvae. This assay can be used in the 

future to study gut motility by monitoring GI tract movements from feeding to emptying.  

Candidate gene expression patterns 

 The gastrointestinal tract involves many different cell types that vary in anatomy and 

physiology. Differential gene expression is observed in specific intestinal cell types in 

zebrafish (Otis et al., 2015). The spatial location of where a gene is expressed is crucial to the 

proper function of each region of the GI tract. Consistent with this, the identified genes from 

the literature showed specific segmental expression in the adult zebrafish GI tract. Some of 

the candidate genes were expressed mainly anteriorly in the intestine, others posteriorly, 

while others were expressed throughout the whole intestine (Wang et al., 2010). This 

different expression might correspond to specific cell types that have different roles in gut 

function including motility. For example, genes that are expressed mainly anteriorly, in the 
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intestinal bulb might be more involved in functions related to digesting a meal. Genes that 

are expressed posteriorly, in the colon, likely have roles in nutrient absorption.   

 Temporal information is important for giving rise to specific cell types with specific 

functions at a specific point in time during the zebrafish larval development. Therefore, it can 

be learned that if a gene is not expressed in zebrafish until the adult stage, certain cell types 

with specific functions will not be detected in the gastrointestine, and thus cannot contribute 

to specific function such as smooth muscle movements, also known as peristalsis allowing GI 

tract motility. Therefore, a motility dysfunction in the GI tract will depend on specific 

mutations in specific genes.  

Feeding behavior study results 

Gut transit assays allow us to study the peristaltic movements of the digestive system. 

Ideally, we can study motility from the time food is consumed until the time it is cleared as 

waste products. This would allow us to observe the effects of specific mutations on the 

peristaltic movements of the gastrointestinal tract. In order to develop a gut transit assay 

using larval zebrafish and a controlled meal size, the earliest age at which zebrafish larvae 

are mature enough to capture a brine shrimp needed to be determined. Therefore, I conducted 

a feeding behavior study to determine at what age most larvae could capture a brine shrimp.  

The feeding behavior study results shown previously in figure 20 involved four 

independent trials of the same experiment, conducted by four different people. It is worth 

noting that the overall shrimp capture success was lower in experiments 3 and 4 for larvae 

younger than 9 dpf, compared to the results for experiments 1 and 2. This difference in 

results could be because different people used different strategies for delivering shrimp to the 

tanks. Later tests of this (not shown here) determined that this was the case. For experiments 
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1 and 2, the shrimp were delivered to the tanks in a zig-zag fashion from front to back. By 

contrast, in experiments 3 and 4, the shrimp were delivered to the center of each tank. It was 

noticed that experiments 1 and 2 had a better shrimp capture success rate than experiments 3 

and 4 during the early days of the experiments from 6 dpf to 12 dpf. From this, we propose 

that immature larvae tend to swim less towards the brine shrimps. There are several possible 

reasons for this such as their inability to swim fast at this age to compete with other larvae, or 

their vision along other senses are not fully developed, or the possibility that they are not 

used to brine shrimp at this age. Thus, the capture rate is lower. However, as the larvae’s age 

increase, so too does their brine shrimp capture rate because they are swimming rapidly 

towards the meal at this age with possibly more mature visual and olfactory senses. In 

support of this claim, at 12 dpf and beyond, the experiments coincide with each other 

regardless of the feeding method used. The conclusion of the feeding behavior study showed 

that at 9 dpf, all four experiments converged at an average of more than fifty percent of the 

percentage of larvae that captured brine shrimp. Therefore, 9 dpf would be the earliest day 

for efficiently conducting a gut transit assay using brine shrimp as a meal. 

Multiple sequence alignment (MSA) shows degree of similarity 

 The ultimate goal of this research is to study gastrointestinal (GI) motility disease 

such as Hirschsprung’s disease, and Irritable bowel syndrome (IBS) using live organisms 

with the possibility of applying findings and concepts to the human GI tract. As a result, 

surgical and pharmaceutical treatments could be found and applied. In the case of this 

research, zebrafish was used as a model organism to study such diseases. However, in order 

for scientists to use information found in this research, such as the identified candidate genes 

from the literature, the link that connects both organisms, humans and zebrafish, needed to be 
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identified. In the case of genes identified as expressed in the GI tract of zebrafish, the same 

genes would ideally show conservation with human genes. My multiple sequence alignments 

showed the genes to be between 62 to 86% conserved across humans, mice, and zebrafish. 

This similarity suggests that further study of these genes that are known to be expressed in 

the zebrafish GI tract will provide useful insights for understanding gut function. Future 

research on these genes may reveal connections with gut motility, digestion, and absorption, 

and can therefore be directly beneficial to aid the research of GI tract motility diseases in 

humans. For instance, if a gene is found to be mutated and results in loss of function in the 

zebrafish intestine, it can be said that this could be the case with the conserved gene found in 

humans. This assumption could be further explored with additional research. 

 

Future Directions 

Intestinal Transit Assay 

 To study gastrointestinal motility diseases, zebrafish is used as a model organism. 

The transparency of a zebrafish gut allows the ability to carefully monitor the passage of 

food and waste products. Mainly, motility comprised by several peristaltic movements is 

studied. The lab has developed the idea to use an intestinal transit assay which allows us to 

monitor the duration it takes for a bolus to travel from feeding to clearing in the zebrafish 

gut. The feeding behavior studies allowed the identification of the best day post-fertilization 

of zebrafish to conduct such an assay. The objective of such an assay is study the duration it 

takes for a bolus to travel the gut in wild type normal zebrafish and compare it to a mutant 

zebrafish with knocked down specific gene. This will aid in the overall research of 

gastrointestinal diseases.  
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Previous gut transit assays from published studies showed that it took 1 hour to feed 

the zebrafish, and up to 24 hours or more to completely excrete the waste products (Field et 

al., 2009). These studies used plastic florescent beads mixed into the meal and the beads 

could have caused constipation in the fish (Field et al., 2009). Therefore, it is suggested that 

this assay be repeated using digestible meals such as brine shrimp that the fish consume in 

their habitat.  

Dissection 

In order to more thoroughly understand the seven candidate genes and their role in the 

gastrointestinal tissue of zebrafish, the GI tract can be dissected out, the various anterior-

posterior regions of the gut can be separated, and nucleic acids can be isolated (Eames Nalle 

et al., 2017). The dissection should follow the different anatomical regions of the GI tract to 

isolate four segments:  intestinal bulb, intestinal loop, small intestine, and the colon. This will 

allow isolation of RNA samples from each of the major regions of the intestine. RT-PCR 

could then be performed using gene-specific primers. 

RT-PCR  

 In order to perform RT-PCR, cDNA will be reverse transcribed from each RNA 

sample (Bustin, 2004). A set of PCR primers has already been designed for each of my 

candidate genes. The purpose of this future direction is to determine which anatomical 

segment of the gut expresses the genes of interest. Previous gene expression work from 

(Wang et al., 2010) had dissected the zebrafish intestinal tract into seven equal-length 

segments. While this approach resulted in a useful gene expression map, it ignored 

anatomical distinctions between the major regions of the gut. Therefore, potential functional 

differences cannot be clearly determined from the previous work. Dissecting the zebrafish 
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intestine based on anatomical landmarks will allow future researchers to better understand 

gene function.  
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Appendix A 

Multiple sequence alignment, apoa1. The first line in each bundle of sequences is for 
humans (Homo sapiens, HS). The second line is for Mice (Mus musculus, MM). The third 
line is for Zebrafish (Danio rerio, DR). The asterisks under each bundle of sequences signify 
DNA bases are identical. Program: Clustal Omega. 

 

Apolipoprotein 1 (apoa1) 
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Appendix B 

Multiple sequence alignment, aqp3. The first line in each bundle of sequences is for 
humans (Homo sapiens, HS). The second line is for Mice (Mus musculus, MM). The third 
line is for Zebrafish (Danio rerio, DR). The asterisks under each bundle of sequences signify 
DNA bases are identical. Program: Clustal Omega. 

Aquaporin 3 (aqp3) 
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Appendix C 

Multiple sequence alignment, ctsl1. The first line in each bundle of sequences is for humans 
(Homo sapiens, HS). The second line is for Mice (Mus musculus, MM). The third line is for 
Zebrafish (Danio rerio, DR). The asterisks under each bundle of sequences signify DNA 
bases are identical. Program: Clustal Omega. 

Cathepsin L1 (ctsl1) 
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Appendix D 

Multiple sequence alignment, cfl1. The first line in each bundle of sequences is for humans 
(Homo sapiens, HS). The second line is for Mice (Mus musculus, MM). The third line is for 
Zebrafish (Danio rerio, DR). The asterisks under each bundle of sequences signify DNA 
bases are identical. Program: Clustal Omega. 

Cofilin 1 (cfl1) 
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Appendix E 

Multiple sequence alignment, fapb2. The first line in each bundle of sequences is for 
humans (Homo sapiens, HS). The second line is for Mice (Mus musculus, MM). The third 
line is for Zebrafish (Danio rerio, DR). The asterisks under each bundle of sequences signify 
DNA bases are identical. Program: Clustal Omega. 

Fatty Acid Binding Protein 2 (fabp2) 

 



71 
 

 



72 
 

 



73 
 

 



74 
 

 

 

 

 

 

 

 

 



75 
 

Appendix F 

Multiple sequence alignment, lipf. The first line in each bundle of sequences is for humans 
(Homo sapiens, HS). The second line is for Mice (Mus musculus, MM). The third line is for 
Zebrafish (Danio rerio, DR). The asterisks under each bundle of sequences signify DNA 
bases are identical. Program: Clustal Omega. 

Triacylglycerol lipase (lipf) 
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Appendix G 

Multiple sequence alignment, vil1. The first line in each bundle of sequences is for humans 
(Homo sapiens, HS). The second line is for Mice (Mus musculus, MM). The third line is for 
Zebrafish (Danio rerio, DR). The asterisks under each bundle of sequences signify DNA 
bases are identical. Program: Clustal Omega. 

Villin 1 (vil1) 
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