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Abstract

INVESTIGATION INTO THE DEVELOPMENT AND FUNCTION OF THE
GASTROINTESTINAL TRACT OF ZEBRAFISH

Savanna Sheridan
B.A., Appalachian State University
M.S., Appalachian State University
Chairperson: Mary D. Kinkel, Ph.D.

This study aimed to further elucidate how the gastrointestinal tract of zebrafish
functions to better utilize the zebrafish model for studying intestinal motility disorders in
humans. Zebrafish share a high percentage of genes with humans and have similar yet more
simplistic gastrointestinal morphology allowing for relatively simple experimental designs.
An assay that allows for the comparison of healthy motility and altered motility was
developed. Using the intestinal transit assay that I developed with other lab members, I found
that it takes approximately four hours for nine days post fertilization (dpf) larval zebrafish to
empty their intestinal bulb when kept under normal conditions. Using trans-cinnamaldehyde
as a trpala agonist, [ was able to determine that activation of trpala increased the intestinal
transit rate in 9 dpf zebrafish. In the absence of other nutrients and using Nile red as a tracer,
trans-cinnamaldehyde was sufficient to increase the intestinal transit rate. In future studies,
the Kinkel lab aims to spatiotemporally map kita, anol, trpala, and trpalb to gain a better
understanding of the ion channels and receptors that regulate proper intestinal motility. The
zebrafish model may provide potential targets for therapeutics for various intestinal motility

disorders.
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Introduction

Millions of Americans are impacted by a multitude of intestinal motility disorders
including Hirschsprung’s disease, chronic intestinal pseudo-obstruction (CIP), and
inflammatory bowel disease (Burns, 2007; Parkman and Doma, 2006). While some intestinal
disorders have effective treatments that is not the case for all of them. Clinical studies have
linked a decrease in the number of interstitial cells of Cajal (ICC) to patients dealing with
CIP (Jain et al., 2003). Further defining the role of ICC and the genes involved in their
development and function will hopefully lead to new treatments.

Many studies have been conducted examining the development of the enteric nervous
system (ENS), intestinal smooth muscle (iISM), and interstitial cells of Cajal (ICCs).
Zebrafish provide a model system for studying the cells involved in proper intestinal motility.
It is already known that zebrafish have ~70% orthologous genes with humans and a similar
but more simplistic layout of the intestinal wall, making them ideal model systems (Figure 1)
(Howe et al., 2013; Wallace et al., 2005). Of disease-associated genes in humans, zebrafish
share ~85%, making them good models for studying pathology (Howe et al., 2013). There
are mutant lines of zebrafish that have been shown to mimic Hirschsprung’s disease and
CHARGE syndrome on a cellular and behavioral level (Cloney et al., 2018; Heanue et al.,
2016). While recent studies have made strides in elucidating how intestinal motility in

zebrafish develops, there are still many gaps in the knowledge.

About intestinal development and experimental design in different model species
In mammals, it is known that the iSM is controlled by signals from the ENS and ICC

(Roberts et al., 2010). The ENS is located in the gastrointestinal (GI) tract and is known to be
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Figure 1. A comparison of structures and cell types in the zebrafish and mammalian
intestinal wall. Modified from Frange (2018).

required for proper intestinal motility (Roberts et al., 2010). ICCs are the pacemaker cells of
the intestines and are proposed to relay messaged from the ENS to the iSM. The ENS is
composed of a myenteric plexus and a submucosal plexus. The myenteric plexus is located
between the smooth muscle layers of the intestine and the submucosal plexus is located
within the submucosa of the intestinal wall (Figure 1). The ENS signals to the iSM without
input from the central nervous system (Olden et al., 2008). By developmental week 14 in
humans, a network of ICC is present in close proximity to the myenteric nerve plexus, and
the circular and longitudinal smooth muscle layers have formed (Wallace and Burns, 2005).
By week 11 myenteric ganglia are observed in the outer layer of longitudinal smooth muscle
(Wallace and Burns, 2005).

Mice, chickens, and zebrafish have been used as model organisms to investigate the

maturation of intestinal motility. In mice and chickens, oral gavage has been used in



experiments to control the amount of content delivered to the GI tract (Padmanabhan et al.,
2013). The timing of intestinal transit can be measured by tracking how long it takes the
contents from the oral gavage to be excreted from the mice by using different dyes. Using
single-photon emission compute tomography with labeled active charcoal, the movement of
the intestinal contents can be tracked through the GI tract in vivo, which allows for a more in-
depth analysis of intestinal transit (Padmanabhan et al., 2013). However, these methods do
not feed the organisms their normal diet, which could be a confounding factor when
analyzing the data.

For chicks and mice, the intestines can also be dissected out and placed in an organ
bath for mechanical studies. However, these studies can be difficult to conduct after a certain
developmental timepoint due to the thickness of the tissue preventing enough oxygen
saturation (Chevalier et al., 2019). In mice, it appears that the development of intestinal
motility occurs in an anterior-to-posterior pattern (Roberts et al., 2010). In both mice and
chicks, the first intestinal motility observed appears to be myogenic meaning the contractions
originate within the iSM (Chevalier et al., 2017; Roberts et al., 2010). In mice on embryonic
day 13.5 (E13.5) myogenic patterned contractions traveling in both directions are seen in the
duodenum but they are not observed in the colon until E14.5 (Roberts et al., 2010). In the
mature GI tract, some retrograde contractions occur (Sarna, 2010). However, most
contractions are anterograde (Sarna, 2010). Myogenic patterned contractions have an
irregular pattern whereas neurogenic patterned contractions are rhythmic. Neurally mediated
contractions in mice appear later at E18.5 (Roberts et al., 2010). In chicks, on E12

contraction waves are observed in the circular smooth muscle and by E14 contractions were



seen in the longitudinal smooth muscle (Chevalier et al., 2019). The onset of contractions
appears to occur shortly after the iSM has differentiated (Chevalier et al., 2019).

Zebrafish provide an in vivo model for tracking intestinal transit time. Since the body
wall of zebrafish is transparent when they are young, they allow for more specific time points
of digestion and excretion to be tracked when compared to the other models. For example,
the time it takes the intestinal bulb to empty versus the mid-intestine to empty could be
tracked more readily in zebrafish. In zebrafish, techniques like gut transit assays and live
video imaging are used to study the development and function of intestinal motility (Ganz et
al., 2018; Holmberg et al., 2007; Uyttebroek et al., 2016). Field et al. (2009) used
fluorescently tagged polystyrene microspheres mixed with dry food to track intestinal transit.
However, the results of this study were highly variable, likely due to the indigestible material

and variance in how much each fish consumed. New techniques to further and more

accurately quantify intestinal functionality are being developed using data about the cellular

and molecular layout of the intestines of different model organisms.

Timing of the development of intestinal cell types and motility in zebrafish

Using immunohistochemistry, Wallace et al. (2005) found that enteric neurons first
differentiated at 72 hours post fertilization (hpf). Antibodies for HuC and HuD were used to
stain enteric neurons since they are only expressed in neurons. Formation of the circular
smooth muscle layer shortly follows ENS differentiation at 74 hpf but the cells do not appear

to be fully differentiated. Using transgenic fish Seiler et al. (2010) found that at around 74



hpf, few precursor cells are observed forming the longitudinal smooth muscle layer. They
targeted the gene sm22a-b to produce GFP- labeled smooth muscle cells. By 5 dpf (120 hpf),
axons of ENS neurons were observed running parallel to the longitudinal smooth muscle

(Seiler et al., 2010). According to Seiler et al., (2010), by 6 dpf all iSM appeared fully

Table 1. Structural development of the gastrointestinal tract.

Event Timepoints and Description

Highly proliferative until 74 hpf.

Epithelium proliferation Proliferation exponentially decreases by 120 hpf (Wallace et al.

2005).

Between 36 and 74 hpf, the enteric neuron progenitors surround the

intestinal epithelium (Wallace et al. 2005; Seiler et al. 2010);
ENS development
5 dpf: ENS axons found in the longitudinal smooth muscle layer

parallel to the muscle cells (Seiler et al. 2010).

Between 58 and 72 hpf, smooth muscle progenitor cells migrate and
proliferate to populate the entire length of the intestine (Wallace et

al. 2005);
Smooth muscle 72 hpf: Circular smooth muscle forms but appears undifferentiated,
differentiation some longitudinal smooth muscle is present but is undifferentiated

(Seiler et al. 2010).

By 144 hpf all smooth muscle cells appear fully differentiated
(Seiler et al. 2010)

Immunoreactivity of anol is first observed at 3 dpf.

By 5 dpfa 3D network of ICC is observable when staining with

ICC development anol antibodies (Uyttebroek et al. 2013).

Kita immunoreactivity is not observed until 7 dpf (Rich et al. 2013).
differentiated (Seiler et al., 2010). At 74 hpf, the intestinal epithelium was highly

proliferative and by 120 hpf proliferation exponentially decreased which was observed using
BrdU staining (Wallace et al., 2005). This information is summarized in Table 1.

Previous studies have examined the functional development of the intestines by
measuring the frequency, velocity, amplitude, and distance of contractions. All of the

previous studies have measured these parameters in zebrafish with an empty intestinal lumen.
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The information from these studies is summarized in Table 2. Spontaneous smooth muscle
contractions are first observed at 3.5 dpf (84 hpf) with caudal-to-rostral contractions
beginning at 4.5 dpf (108 hpf) (Kuhlman and Eisen, 2007). By 5.5 dpf (132 hpf) rostral-to-
caudal contractions appear (Kuhlman and Eisen, 2007). Regular directional contractions
appear before exogenous feeding starts (Shepherd and Eisen, 2011). The directional
contractions appear 2.5 days prior to the ENS signaling to the iSM, which begins at 7 dpf'in

zebrafish (Holmberg et al., 2007). This was determined by adding tetrodotoxin (TTX), a

Table 2. Functional development of the gastrointestinal tract.

Movement Timepoint and description

More information is needed to determine if frequency changes
through development:
4 dpf: 1.03 £ 0.22 and 1.29 + 0.19 per minute (Holmberg et al.,

) 2007).
Contraction frequency

6 dpf: 2.24 + 0.03 per minute (Ganz et al., 2018)

7 dpf: 2.45 £ 0.06 (Ganz et al., 2018) and 1.02 £ 0.13 to 1.07 £
0.12 (Holmberg et al., 2007).

Increases from 4 dpfto 7 dpf:
' ' 4 dpf: Distance traveled by a contraction was between 543.3 +
Contraction distance 49.6 um to 638.7+ 46.8 um (Holmberg et al. 2007).

7 dpf: Distance was between 685.1 + 45.9 um and 775.6+ 37.9 um

Decreases from 4 dpf'to 7 dpf:
At 4 dpf velocity of contractions were between 49.5 + 5.5 pum/sec.

Contraction velocity At 6 dpf the velocity was 42.9 = 19.3 um/sec (Ganz et al., 2018).

At 7 dpf, the velocity of contractions was between 27.8 £+ 3.6
um/sec (Holmberg et al. 2007).

Contraction direction matures:

Caudal-to-rostral contractions are first observed at 4.5 dpf
originating either at the anterior region of the mid-intestine or at
the anus (Kuhlman and Eisen, 2007).

Contraction direction At 5.5 dpf rostral-to-caudal contractions observed (Kuhlman and

Eisen, 2007)

Between 5.5- 6.5, dpf contraction waves originating in the
intestinal bulb appear peristaltic.

nerve blocker. On 7 dpf, TTX treatment started to have an impact on the duration of



contractions. Specifically, TTX is a voltage-gated sodium channel blocker which blocks
neuronal signaling. Based on this information I would predict that the ENS is likely not
required for proper peristalsis.

However, since the ENS is specific to the intestines it may be that the ENS can add
input to the ICCs and cause the strength of contraction to increase or decrease based on the
signals it is receiving. ICCs were not studied directly during these experiments. However,
there was some TTX-insensitive activity occurring which could be due to the activity of the
ICCs. The velocity of the contractions did not differ between the control group and treatment
group on 7 dpf (Holmberg et al., 2007).

Since directionality indicates coordination of contractions at 4.5 dpf, the ICCs are
likely signaling to the iSM by 4.5 dpf. Anoctaminl (anol) is a channel on the membrane of
ICC that is used to label these cells via immunohistochemistry (Uyttebroek et al., 2013).
Anol reactivity is first observed at 3 dpf (72 hpf) and a full 3-dimensional network of ICC is
formed by 5 dpf (120 hpf) (Uyttebroek et al., 2013). The development of the ICC network
seems to coincide with the onset of directional contractions which further supports the ICC’s
role as a pacemaker for intestinal motility. At 3.5 dpf, the spontaneous/nondirectional
contractions could either be myogenic or be originating in the developing ICC network.
However, kita immunoreactivity is not seen until 7 dpf which is unexpected since kita is
thought to be required for the proper development of the pacemaker function of ICC (Rich et
al., 2007). Kita is a receptor tyrosine kinase that is known to be a specific marker of ICCs.
When c-kit (the mammalian ortholog of kita) was first observed in the intestines, it was
found that knocking it down disrupted intestinal motility (Maeda et al., 1992). It could be that

anol enables the ICC to partially function but that both kita and ano1 are required for the full



function of the ICC to occur. It could also be that anol plays a role in the proper
development of ICCs as well. More research is needed to determine if the still developing
ICC network is able to signal to the iSM and if there is a developmental role for anol along

with its already known functional role.

Signaling between the different cell types of the gastrointestinal tract

Sanders et al. (2014) have proposed a functional unit called the SIP syncytium to
explain how intestinal peristalsis is controlled. This model attempts to explain how multiple
intestinal cell types interact to produce proper intestinal motility. The SIP syncytium stands
for smooth muscle, interstitial cells of Cajal, and platelet-derived growth factor receptor
alpha positive (PDGFR-o") cells. These are the core cell types thought to be involved in
peristalsis according to the SIP syncytium model. The hypothesis is that instead of the ENS
directly signaling to the iSM, it signals to either the ICC and/or to the PDGFR-a" cells,
which then relay messages to the iSM via gap junctions (Sanders et al., 2014). While there
has been a considerable amount of research on the iSM and ICC, the PDGFR-a" were first
found in the GI tract of mice in 2009 and their function has yet to be elucidated (Iino et al.,
2009). PDGFR-a" cells are fibroblast-like cells. Due to their proximity to ICCs and enteric
neurons, they are proposed to have a functional role in intestinal motility (Iino et al., 2009).
These cells are often referred to as fibroblast-like cells and are negative for c-kit
immunoreactivity and have not been investigated in the zebrafish GI tract (Iino et al., 2009).
In guinea pigs, the gap junction protein connexin 43 and c-kit have been stained in the same
regions of intestinal tissue suggesting that ICCs have gap junctions (Cousins et al., 2003).

Gap junctions were present between ICC and iSM in the circular smooth muscle layer which



further supports the model proposed by Sanders et al. (2014). The presence of gap junctions
supports the idea that the ICC and iSM make up a functional syncytium that allows for
regulation of peristalsis. Staining for gap junctions between iSM and ICC has not yet been

done in zebrafish.

Intestinal development in zebrafish

In zebrafish studies, techniques such as immunohistochemistry, in situ hybridization,
gut transit assays, and live video imaging are used to investigate how proper intestinal
motility develops. Immunohistochemistry and in sifu hybridization allow for the timing of
developmental events to be studied. These techniques are often paired with mutant lines to
understand how specific gene defects impact development (Heanue et al., 2016). In recent
studies, mutant lines and live imaging have revealed new insights into the role of ret for the
development of the ENS and intestinal motility. A better understanding of how different
genes impact intestinal development would allow for more target to different intestinal
diseases.

Ret is a receptor tyrosine kinase that has been shown to be required for the proper
development of the ENS. Since this receptor has been shown to be important in ENS
development, ref mutants can be used to study intestinal diseases in humans, like
Hirschsprung’s disease. Heanue et al. (2016) further established zebrafish ref mutants as a
model by tracking ENS development. They found that in wild-type zebrafish, by 4 dpf the
entire GI tract was populated by ENS neurons. However, in homozygous ret mutants, ENS
neurons were almost absent from the GI tract at 4 dpf. In heterozygotes, neurons were only

observed in the rostral mid-intestine. Time-lapse imaging was conducted on the homozygous



and heterozygous ret mutants. The zebrafish were embedded in agarose at 48 hpf and imaged
for 36 hours to examine the migration of ENS progenitor cells. Typically, zebrafish hatch
from the chorions prior to 72 hpf which means they have the ability to swim. This technique
requires the zebrafish to be immobilized until 84 hpf which could potentially inhibit healthy
development. These experiments indicate that the ref gene is necessary for the proper
development and migration of enteric neurons (Heanue et al., 2016).

In more recent studies, Ganz et al. (2018) utilized particle image velocimetry (PIV)
with spatiotemporal mapping (STMaps) with, what they qualified as, fasted and fed larval
zebrafish. PIV takes a set of images and analyzes them to create a set of velocity vectors
which can then be used to calculate parameters such as velocity, amplitude, and direction of
contractions. Ganz et al. (2018) compared zebrafish that were not fed for three days to those
that were fed over those 3 days. However, immediately prior to imaging, zebrafish that had
food in the intestinal tract were excluded from the study because the software could not
differentiate between movement of the intestinal wall and movement of the gut’s luminal
contents.

This experiment started at 5 dpf and imaging was conducted through 7 dpf. At 5 dpf,
no significant differences were observed in amplitude or frequency between the fasted and
unfasted siblings. Considering that zebrafish can have a nutrient-rich yolk sac up to 5 dpf'it is
not surprising that no differences were observed at this time point. In fed larvae, an increase
in the frequency of contraction was observed from 6 dpf to 7 dpf whereas the fasted larvae
the frequency remained roughly the same. At 6 dpf the amplitude of contraction was 1.4
times greater in the fed larvae and by 7 dpf the amplitude was 6.5 times greater in the fed

larvae. Since this is a crucial time in development, the observations could be a result of
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malnutrition in the zebrafish and not necessarily a lack of nutrient reception in the GI tract.
Currently, no solution to this issue has been defined.

When comparing the results of similar experiments from Holmberg et al. (2007) some
discrepancies can be found. The frequency of contractions observed by Holmberg et al.
(2007) at 4 dpf and 7 dpf were both lower than the frequency of contractions observed by
Ganz et al. (2018) at 6 dpfand 7 dpf. Each lab used the same general methods for
anesthetization and immobilization but used different techniques to analyze the data. Both
recorded data for 5 minutes but Ganz et al. recorded 5 frames per second (fps) whereas
Holmberg et al. recorded 4 fps. Uyttebroek et al. (2016), however, found very similar
contraction frequencies to those of Holmberg et al. (2007). Holmberg et al. (2007) analyzed
contraction from the middle of the swim bladder to the anus.

Holmberg et al. only conducted the experiments using zebrafish that had hatched
naturally whereas Ganz et al. do not state if this was the case for their procedure. It could be
the case that zebrafish that are able to hatch on their own at 3 dpf subsequently grow more
quickly than those that do not. Since it has been shown that the post-hatching development of
zebrafish more accurately corresponds with the body length of the zebrafish than it does with
the age of the fish (Parichy et al., 2009) this difference in experimental procedure could lead
to different results.

For these studies, intestinal motility was observed in larval zebrafish with empty
intestines. It is known that stretch and nutrients receptors are present in the GI tract, which
likely have a role in regulating intestinal motility (Won et al., 2005). By testing fish with
empty intestinal lumens instead of fish with contents in the lumen, the way the gut functions

in the presence of nutrients and stretch was not being observed. While Field et al. 2008 have
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published an intestinal transit assay with a bolus present, they used indigestible polystyrene
microspheres which may have impacted intestinal transit time. Therefore, it is important that
an intestinal transit assay that provides consistent results and can observe intestinal function
with a bolus present in the intestine be developed.

Comparison Between Cardiac Pacemaker Cells and ICC

Cardiac pacemaker cells

Since the pacemaker cells in the heart have been studied more in-depth than the
pacemaker cells of the intestines (ICCs) it may be useful to determine the similarities and
differences between them. For the heart to function properly and provide blood flow to the
entire body it is crucial that the pacemaker cells are functioning correctly. The pacemaker
cells in the heart keep the heart muscles contracting in a rhythmic pattern so that blood flow
can be continuously provided to the entire body. The electrical pathway of the heart flows
from the sinoatrial (SA) node to the atrioventricular (AV) node to the Bundle of His to
Bundle branches finally ending with the Purkinje fibers. In a properly functioning heart, the
SA node will be the pacemaker (Baruscotti et al., 2010). If the SA node becomes
dysfunctional, the AV node becomes the primary pacemaker for the heart (Dobrzynski et al.,
2003).

The length of the phases of action potential varies between the working myocytes and
the cardiac pacemaker cells. The rate of conduction within the SA and AV node is slower
than that of the cardiac myocytes due to the type of connexins that make up the gap junctions
they contain (Dobrzynski et al., 2013). This is a consequence of the different ion channels
present on the different cell types (Dobrzynski et al., 2013). There are five phases of

pacemaking potential: upstroke (phase 0), early repolarization (phase 1), plateau (phase 2),

12



final repolarization (phase 3), and diastolic depolarization (phase 4) (Figure 2B). The
upstroke phase is when the cell voltage rapidly becomes more positive. The early
repolarization phase occurs when the peak of depolarization has been reached and rectifying
currents become active. The plateau phase is a period when the cell voltage remains
relatively constant for a short period after the peak of depolarization is reached. The final
repolarization phase ensures that the cell voltage is reset to its resting membrane potential.
Finally, diastolic depolarization occurs which activates specific channels necessary for the
upstroke.

The pacemaking potential within the SA node is passed on to the AV node via
conducting fibers that travel through two pathways in the atria: the terminal crest and the
interatrial septum (Meijler and Janse, 1988; Moe et al., 1956; Spach et al., 1971). Summation
of the signals from both pathways is needed for the propagation of the signal to continue
(Watanabe and Dreifus, 1968). The refractory period, which is a time when another action
potential cannot be triggered, within the AV node is relatively long which helps ensure that
ventricular contraction does not occur prematurely (Dobrzynski et al., 2013). This allows the
ventricles to complete diastole, which is when the heart muscle is relaxed, before systole, or
contraction, occurs. Ventricular diastole allows the ventricles to fill with blood. If ventricular
diastole was cut short, it would prevent the heart from pumping blood as efficiently as
possible, so the refractory period of the AV node plays a crucial role here.

This pattern of contraction is ultimately controlled by a group of autorhythmic cells
referred to as pacemaker cells. Autorhythmic cells control the tempo of contraction in the
muscle that they signal to. In the heart, there are five main ionic currents that control SA

nodal function: Ca** T-type current (Icar), Ca®" L-type (Icar), K* current (Ix), funny current
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myocyte action potentials shown. B) The multiple ion channels, ionic currents and Ca?*-handling
proteins comprising the membrane and Ca*" clocks involved in pacemaking. During the
pacemaker potential, there is a voltage-dependent decay of outward currents, Ik rand Ik s (carried
by ERG and K,LQT1), and a voltage-dependent activation of inward currents: Ir (carried by
HCN1 and HCN4), CI™ current (carried by CIC?), Ic, (carried by Cay1.2 and Cay1.3) and Icar
(carried by Ca,3.1 and Ca,3.2). The Ca?* clock is also involved in pacemaking: there is an
activation of inward Inaca (generated by Na™—Ca?* exchanger, NCX1) in response to a spontaneous
release of Ca** from the SR via the ryanodine receptor (RyR2). Ca?" release from the SR also
occurs as a result of Ca**-induced Ca*" release in response to Ca*" entry into the cell via Icay and
Icat. The SR is replenished with Ca?* by reuptake of Ca?* via SERCA. Store-operated Ca?*
channels at the cell surface membrane also help to replenish the sarcoplasmic reticulum with Ca?".
From Dobrzynski et al., 2013.
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(I5), and Na*/Ca** current (Inaca) (Figure 2A). A Na* current (Ina) is present but has a much
smaller role in the upstroke phase and are not active during the upstroke. Hyperpolarization-
activated cyclic nucleotide-gated channel (HCN) 1 and HCN4 are responsible for what is
referred to as the funny current (/r) and are active during diastolic depolarization. These
channels open when the cell is hyperpolarized and allow Na® and K* to move into the cell
which causes the membrane potential to become more positive. Hyperpolarization is when
the membrane potential becomes more negative than the resting membrane potential. The
hyperpolarization-activated channels (HCN1 and HCN4) are active during phase 4 of the
pacemaking potential, which is also known as diastolic depolarization (Dobrzynski et al.,
2013).

Spontaneous calcium release and reuptake by the sarcoplasmic reticulum via the
ryanodine receptor (RYR2) and Sarco/endoplasmic reticulum Ca?* ATPase (SERCA),
respectively, control the Ca®* “clock” (Dobrzynski et al., 2013). In other words, this clock is
dependent on calcium recycling within the cell (Sherwood and Cengage Learning (Firm),
2013). The main ionic currents in cardiac pacemaking are the funny current and the Ca*"
current. Spontaneous release of Ca** from the sarcoplasmic reticulum triggers activation of
the Na*/Ca®" exchanger 1 (NCX1) during late diastole, right before upstroke (phase 0)
begins (Figure 2)(Bogdanov KY. et al., 2001). NCX1 brings 3 Na" ions into the cells for
everyone 1 Ca?" ion it takes out of the cell. This makes the membrane potential more
positive. The rising membrane potential leads to the opening of Ca,3.1 and 3.2 (Icar)
channels during late diastole as phase 4 begins,
which causes an inward Ca®" current (Figure 2). Thus, the spontaneous local influx of Ca**

(from the sarcoplasmic reticulum) induces a larger influx of Ca?* from the extracellular fluid,
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resulting in depolarization of the membrane. During the upstroke (phase 0) of the pacemaker
potential, Cay1.2 and 1.3 (/car) and Nay1.1 and Nay1.5 channels are activated (Figure 2).
Nay1.1 and Nay1.5 play a smaller role in upstroke than Cay1.2 and Cay1.3. Since it is mainly
Icar (long-lasting calcium channels) involved in the upstroke of the pacemaker potential, the
pacemaker potential upstroke occurs much slower than in the contractile myocardium, which
is mainly controlled by Ina+ which has a faster and larger conductance (Dobrzynski et al.,
2013).

Cay1.3 is more highly expressed than Ca,2.1 in the AV node than in the cardiac
myocytes. Several studies suggest that this is probably because Cay1.3 has a slightly more
negative activation threshold than Cay1.2 which may make it more suited for pacemaking
(Chandler et al., 2009; Greener et al., 2011; Zhang et al., 2000). Once the peak of the
pacemaker potential (the most positive voltage) is reached, Ik begins early repolarization
(phase 1) by providing an outward K" current (Figure 2). The channels active here are Ky1.4,
Ky1.5, Ky4.2, and K4.3. Simultaneously, Nay1.1 and Nay1.5 inactivate but Cay1.2 and
Cay1.3 remain active through the plateau phase (phase 2). ERG (ether-a-go-go channel) and
KyLQT1 (a voltage-dependent K* channel) are responsible for bringing the pacemaker cells
back to their resting potential which tends to be around -60 mV. They control what is
referred to as the delayed rectifier K* current (/x) (Monfredi et al., 2010). When this process
starts again, the ERG is inactivated as HCN1 and HCN4 become active once again.

The speed of conduction in different areas of the heart is also impacted by the type of
connexins present. Connexins are the proteins that makeup gap junctions and each type is
associated with different speeds of conduction. Gap junctions allow adjacent cells to

propagate signals to one another. In the SA node and AV node, the primary connexin (Cx)
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expressed is Cx45, which is a small conductance connexin (20-40 pS)(Coppen and Severs,
2002; Coppen et al., 1999). The highest expressed connexin in the working myocardium is
Cx43, which has an intermediate conductance (60-100 pS)(Shin Y. et al., 2006) (Shin Y. et

al., 2006). This allows for the contraction of the in the ventricles to occur rapidly.

How pacemaker potential results in action potential

Surrounding the SA node is the paranodal area. This is a transitional region is located
above the SA node and shares similar ionic channels with both the SA node and the atrial
muscle. This region communicates with the atrial muscle so that action potentials, and
therefore muscle contraction, occur (Aslanidi et al., 2011). Via both the terminal crest and the
interatrial septum, the action potential moves to the AV node. Since Cx45, a low
conductance connexin, is the main connexin making up gap junctions in the AV node, and it
is expressed at relatively low levels when compared to the ventricular muscle, the action
potential moves slowly from pacemaker cell to pacemaker cell within the AV node. The
action potential is conducted from the AV node to the atrial muscle via the His-Purkinje
system. The Bundle of His branches into the left ventricle and right ventricle leading to
Purkinje fibers on both sides of the heart. The Purkinje fibers rapidly conduct the action
potential due to an increase in expression of Nay1.5 and the presence of high and medium
conductance connexins, Cx40 and Cx43, respectively (Aslanidi et al., 2010; Atkinson et al.,
2011; Gourdie et al., 1993). The changes in the expression of both voltage-dependent
channels and gap junctions throughout the different cells and tissues within the heart allow
for different regions to conduct electrical waves at different times and at different speeds.

This system is insulated from the ventricular muscle so that the action potential can be
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carried to the apex of the heart and so the ventricular muscle contracts in a highly

coordinated, rhythmic pattern.

Evidence that interstitial cells of Cajal are autorhythmic

In 1911 Santiago Ramon y Cajal discovered the cells in the intestinal wall that are
now referred to as interstitial cells of Cajal (ICC). He concluded that these cells were a
subtype of neurons since the stain he was using was known to stain neurons. However, since
these cells were discovered they have been defined as Schwann cells, fibroblasts, and
neurons (Thuneberg, 1999). Author Keith in 1915 was the first to propose the branched cells
in the myenteric plexus as a pacemaker or nodal-like cells, as seen in the heart (Huizinga et
al., 2013). It was not until 1947 that Ambache was able to show evidence that this hypothesis
may be correct.

Ambache measured the electrical waves in the intestines and noticed a slow-moving
electrical wave that moved through the gut before contractions occurred. Through a series of
drug treatments, it was determined that the first electrical wave was not originating in the
muscle cells themselves but a network of cells adjacent to the muscle. One very likely
possibility proposed were the cells described by Ramon y Cajal which, at the time, were still
considered nerve cells (Ambache, 1947).

Faussone-Pelligrini et al. (1977) concluded that these cells were the pacemaker cells
based on histological findings using human tissue. They observed many similarities between
the ultrastructure of the cardiac pacemaker cells and the ICC such as a plethora of
mitochondria and a lack of contractile fibers. Due to the ICC having extensive smooth

endoplasmic reticulum (SER) and little rough ER (RER), they ruled out iSM, neurons, and
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fibroblasts for the identity of these cells. Although these data supported the hypothesis that
ICC are pacemaker cells, it was indirect evidence. Stronger evidence was provided by Suzuki
et al. (1986) who observed that a muscle layer lacking the ICC network also lacked the
electrical slow wave. These experiments were conducted on the small intestine (jejunum) of
cats.

Further evidence regarding the identity of the ICC was provided by experiments
showing that in mice lacking an enteric nervous system, slow waves persisted (Ward et al.,
1999). Since the electrical slow wave persisted in the absence of neuronal input there must be
other cells that they are originating from. When tetrodotoxin, a voltage-gated sodium channel
blocker that blocks nerve signaling, was added to the small intestine of a cat, slow electrical
waves were still detected (Ohkawa and Watanabe, 1977). By simultaneously recording the
mechanical activity of the circular smooth muscle cells (SMC) and the electrical activity of
the ICC in between the circular and longitudinal SMC of mice, Yoneda et al. (2004)
determined that the contraction of the circular SMC was synchronized with the plateau phase
of the ICC slow wave. This synchronicity was not impacted by the nerve blockers
tetrodotoxin or atropine. It was these types of experiments that demonstrated that ICCs are

not neurons.

Defining the slow wave

The slow wave is an electrical wave that moves through the GI tract prior to the
action potential and subsequent contraction of the SMC. It starts in the network of ICC and
then is propagated to the SMC via gap junctions (Daniel et al., 1998; Yamamoto, 1977). The

slow wave is initiated by a semi-rhythmic release of Ca** from the ER through the inositol
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1,4,5-triphosphate receptor type 1 (IP3R1) channel within a single ICC (Figure 3). The signal
that triggers the release of Ca?* from the ER has not yet been elucidated. This Ca®" release
triggers the opening of a calcium-activate chloride channel (CaCC), anol, on the plasma
membrane. Anol is highly expressed in ICC (Chen et al., 2007; Zhu et al., 2009). While
CaCCs were discovered in salamanders in 1982, it was only in 2008 that anol was
determined to be a CaCC (Bader et al., 1982; Schroeder et al., 2008; Yang et al., 2008).
Opening the anol channel allows CI ions to move out of the cell which increases the
membrane voltage of the cell (Figure 3). The efflux of Cl” produces spontaneous transient
inward currents (STICs) which in turn leads to spontaneous transient depolarizations (STDs).
Once the cell is depolarized, a voltage-dependent Ca>* channel (VDCC) on the cell
membrane opens causing an influx of Ca** leading to more Ca®" being released from the ER
(Figure 3). This influx of calcium is what controls the upstroke of the slow wave. This influx
of Ca®" into the cytoplasm of a single ICC from the ER and extracellular solution triggers
neighboring ICC to depolarize because the cells are electrically coupled via gap junctions
(Figure 3) (Cousins et al., 2003; Jiménez et al., 1999). These gap junctions are composed
primarily of Cx43, which is a medium conductance connexin (Jiménez et al., 1999). As the
Ca”* concentration within a single ICC increases, ions flow through the gap junctions to
electrically coupled ICC and cause depolarization, activating the VDCC on their membranes.
The reuptake of Ca** by the Sarco/Endoplasmic Reticulum Ca**-ATPase (SERCA) pump on
the ER membrane causes the end of a slow wave (Figure 3). The wave of muscle contraction

follows closely behind the slow wave of the ICC network.
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Figure 3. Proposed model of the interstitial cells of Cajal pacemaking mechanism. A) The ion
channels and corresponding ionic currents involved in the pacemaking mechanism. During the
pacemaker potential, there is a voltage-dependent decay of outward currents, Ix (K,1.1 and ERG)
and a voltage-dependent activation of inward currents: Ic, 1 (carried by Cay1.2 and Ca,1.3) and
Icar (carried by Ca,3.1 and Ca,3.2). The calcium-activated chloride channel anol has a high
current density during the slow wave. The inward Cl” replenishes the intracellular Cl- (carried by
NKCC1). The Ca?* clock is also involved in pacemaking: there is an activation of inward Inaca
(generated by Na™—Ca?" exchanger, NCX3) in response to a spontaneous release of Ca** from the
SR via the IP3R1. The SR is replenished with Ca?* by reuptake of Ca*" via SERCA. B) Summary
of the expression of the main ion channels contributing to the different phases of the ICC slow
wave. Data from human gastric antrum myocytes electrical slow wave. (Panel B is modified from
Blair et al. 2014)
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Comparing ICC slow waves to the slow waves in the cardiac pacemakers
While the heart pacemaker cells are said to be controlled by both a calcium “clock™

2+

and voltage “clock”, ICCs are proposed to be primarily controlled by a Ca”" “clock” (Joung
et al., 2009; Lakatta and DiFrancesco, 2009; Zhu et al., 2009). A model proposed by Sanders
et al. (2014) shows that the Ca>" released from the ER first triggers anol channels to open
which causes depolarization to begin. Then T-type VDCCs open. In ICC, depolarization is
what activates the necessary ionic currents for the upstroke phase of the slow wave to occur.
However, the intracellular concentration of Ca*" is what controls the slow wave (Zhu et al.,
2009). The ICCs propagate the slow wave to the iSM which can lead to action potential
occurring in the iSM only. In the heart, the exact process of how diastolic depolarization is
triggered is still not yet fully understood (Dobrzynski et al., 2013). This process in the ICC is
said to be stochastic but the exact mechanism that is controlling this flow does not appear to
be known yet (Blair et al., 2014). Both the ICC and cardiac pacemaker cells have a plateau
phase that follows the peak of depolarization but the plateau in ICC is much longer
(Dobrzynski et al., 2013; Zheng et al., 2020). The plateau phase in ICC lasts up to several
seconds while the cardiac pacemaker plateau lasts ~0.1 seconds (Dobrzynski et al., 2013;
Langton et al., 1989). Also, the length of the plateau phase of ICC can vary greatly between
different segments of the GI tract and also varies between species (Langton et al., 1989). The
longer plateau in ICC is most likely due to the long-lasting activity of anol. The resting
membrane potential of ICC is ~ -65 mV while cells in the SA node do not have a stable
resting potential due to the lack of certain K channels (Kito et al., 2002; Koh et al., 1998;

Monfredi et al., 2010). The peak voltage of depolarization in the cardiac pacemaker cells is

~35 mV while the peak of depolarization for ICC is roughly between -30 and -10 mV (Figure
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2; Figure 3) (Blair et al., 2014; Kito et al., 2005; Koh et al., 1998). The lower peak voltage in
ICC must be due to the different activation and inactivation threshold of the voltage-
dependent ion channels present on the membrane. In both the ICC and cardiac pacemakers,
after the plateau phase repolarization returns the membrane potential back to the start of the
slow wave, to begin again. The relatively low peak of the slow wave in ICC is interesting
since mainly ion channels and currents that increase the voltage within the cell have been
discovered. Therefore, it can be hypothesized that there are key ion channels yet to be
identified that are involved in hyperpolarization of ICC or that the expression levels of these
channels differ in these cells.

Many channels within ICC are similar to those found in the cardiac pacemaker cells.
An isoform of NCX is expressed in cardiac pacemaker cells, NCX1 (Bogdanov KY. et al.,
2001). The role NCX1 has in pacemaking of the heart is to remove Ca®" from the cell while
bringing Na" into the cell (Figure 2). NCX3 was observed to be closely associated with anol
on the ICC in the colon of mice (Zheng et al., 2020). However, during slow waves
in ICC, it has been proposed that NCX3 channels bring Ca®" into the cell instead of out of the
cell, as seen in the heart (Drumm et al., 2015). This contradicts the findings that when the
activity of NCX3 is blocked, the Ca®" activated CI" current increases. The change in the
directionality of NCX3 seems to be caused by changes in membrane potential and the ionic
gradient throughout the slow wave (Zheng et al., 2020). These findings indicate that NCX3
plays a role in removing Ca** from the cell (Zheng et al., 2020). If NCX3 is continuously
allowing Ca?" into the cell then Anol would stay active longer. Due to this, I hypothesize

that 1) during slow waves, NCX3 is in Ca?" entry mode; 2) NCX3 and ano1 are
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simultaneously active during the plateau phase, for Ca®" influx and ClI- efflux; and 3) when
repolarization is occurring, NCX3 shifts to Ca*" efflux mode (Figure 3).

CaCCs are known to have a major role in action potential waveform and anol is
currently proposed as the main ion channel controlling the pacemaking potential of ICC
(Kuruma and Hartzell, 2000; Zhu et al., 2009). When ano1 activity was blocked by niflumic
acid, spontaneous slow waves ceased both in intact muscle and in cell culture (Hwang et al.,
2009; Zhu et al., 2009). In the heart, HCN1, HCN4, and NCX1 are the main channels that
initiate the depolarization (Dobrzynski et al., 2013). Anol has not been shown to have any
role in the pacemaking potential of cardiac pacemaker cells. It has been shown that Cay1.2
has a role in proper pacemaking in the GI tract but it has not been determined if these
channels have a role in Ca®* transients in ICC (Drumm et al., 2019a; Wegener et al., 2006).
In heart pacemaker cells, both Cay1.2 and Cay1.3 are present. When Drumm et al. (2019)
determined that Cay1.3 are present on ICC. However, when blockers of Cay1.2 and Cay1.3
were added they had no impact on the Ca®" transients. It is likely that either these channels or
channels similar to them are present on ICC since their current density is lower than that of
Na' channels which would contribute to the slower upstroke when compared to the smooth
muscle. Through PCR experiments on mouse ICC, it was discovered that Ca,3.1 and Ca,3.2
are expressed which are both T-type Ca** channels (Zheng et al., 2014). In mice with Ca,3.2
channels knocked out, the upstroke velocity is decreased indicating an essential role for
Cay3.2 in proper pacemaking (Zheng et al., 2014).

Cardiac myocytes, cardiac pacemaker cells, and ICC are repolarized by an outward
K" current. ICCs express the K* channel Ky1.1, which has been colocalized with c-kit,

indicating its expression on ICC (Hatton et al., 2001). C-kit is a known marker of ICC. In the
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heart, the K" channels active during early repolarization are K1.4, K,1.5, K\4.2, and K\4.3
(Dobrzynski et al., 2013). Both in the ICC and the cardiac pacemakers ERG is found (Zhu et
al., 2003). In ICCs, when ERG K" channels were blocked it was found that the excitability of
the tissue increases which is measured by an increase in the slow wave duration (Zhu et al.,
2003).

The SCNS5A gene was shown to be expressed in human ICC via RT-PCR (Strege et
al., 2003). This gene encodes Nay1.5, which is a channel that is known to be also present in
cardiac pacemaker cells. Nay1.5 was activated mechanically with stretch in ICC from human
jejunum (Strege et al., 2003). When Nay1.5 channels on ICCs were blocked with lidocaine
the frequency of the slow wave decreased (Strege et al., 2003). In the heart, this channel is
active during the upstroke of the action potential (Monfredi et al., 2010). In the heart
mutations of this channel has been shown to result in cardiac arrhythmias and has also been
shown to be hereditary (Grant et al., 2002). It has been proposed that mutations found in ion
channels within heart pacemaker cells may cause similar pathologies within the GI tract
(Lyford and Farrugia, 2003).

A Na'-K"-CI" cotransporter (NKCC) was shown to have a role in proper intestinal
motility (Zhu et al., 2016). Subsequent studies using immunohistochemistry demonstrated
that NKCC was present on ICC (Zhu et al., 2016). The role of NKCC in pacemaking in the
gut appears to be replenishing the intracellular Cl- which is essential for the anol channel to
continue to remove Cl” from the cell (Zhu et al., 2016). Through a series of drug treatments
on ICC from the small intestine of mice it was determined that if NKCC is blocked,

pacemakers activity ceases (Youm et al., 2019). There have not been any NKCCs shown to
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be important in the cardiac pacemaking potential which indicates no role for anol in cardiac
pacemaking.

While there are many similarities in the types of channels present on both the ICC
and the cardiac pacemakers, the roles of the channels are not always the same. This was seen
with the NCX1 in the heart versus the NCX3 in the ICC and the directionality of the ionic
gradient. There are many gaps in knowledge for ICC function which makes it difficult to
compare with the better-studied cardiac pacemakers. However, our knowledge of the cardiac
pacemakers helps to elucidate what studies are needed to acquire a comprehensive picture of
how the ICCs generate the slow wave. For example, a full picture of the different ion
channels present on ICC would allow for more comprehensive studies for the treatment of
gut motility disorders. While numerous studies are being conducted to find treatments for
specific GI disorders/diseases, this work is limited by our current lack of understanding of
pacemaking in the GI tract.

Anatomically, the pacemaking conduction systems of the heart and GI tract vary
greatly. As mentioned earlier, in the heart the electrical wave starts in the sinoatrial (SA)
node, flows to the atrioventricular (AV) node, to the bundle of His, to the bundle branches,
and ends in the Purkinje fibers. As electrical waves travel through this system, they are
insulated from the cardiac myocytes. In the GI tract, the ICC network is found between the
circular smooth muscle and longitudinal smooth muscle. Since the ICC and iSM are closely
associated throughout the GI tract, it is important to study the tissues as a unit. Gap junctions
between ICC and iSM have been observed which likely means that the slow electrical wave
is being propagated through the gap junctions. It appears that the ICC network is not

insulated from the iSM like the conduction system within the heart is insulated from the
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cardiac myocytes. This means that as the slow wave is propagated through the network of

ICC the iSM will propagate a slow wave shortly after the adjacent ICC.

Structural and Functional Description of Anoctaminl

TMEM16 protein family members consist of 10 transmembrane proteins that were all
originally described as lipid scramblases (Yang et al., 2008). However, it has recently been
discovered that TMEM16A and TMEM 6B function as Ca**-activated CI" channels (CaCCs)
and do not have lipid scramblase activity (Caputo et al., 2008; Schroeder et al., 2008; Yang et
al., 2008). TMEMI16A has a role in multiple pathologies included breast cancer, stromal GI
tumors, and head and neck squamous cell carcinomas (Pedemonte and Galietta, 2014). In
mammals and zebrafish, TMEM16A is also known as anoctaminl (Anol) (Berg et al., 2012).
Anoctamins are known to have roles in neuronal excitability, iSM contraction, and excretion
from epithelial cells (Hartzell et al., 2005). In recent years there has been a spike in research
investigating Anol functional importance in the GI tract, specifically on ICC. The basic
structure of anol is a double-barreled homodimer with 10 transmembrane domains (TM) per
subunit (Le et al., 2019). Whether the channel is in the opened or closed conformation
depends on the binding of 2 molecules, PIP; and Ca**. TMEM16A and TMEMI16F are
currently the only members of the TMEM16 family of proteins that are known to be

regulated by PIP-.

The structure of Anol
Multiple structural analyses have identified key amino acid residues for the function

of TMEM16A. The hourglass-like shape of TMEM16A was determined using cryo-electron
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microscopy is shown in Figure 4 (Paulino et al., 2017a). There is a wide intracellular
vestibule that allows for CI"to enter the pore. The intracellular vestibule also provides Ca*"
access to the Ca®" binding sites. The middle region of the pore is referred to as the neck of the
pore. At its most narrow point, it is 2.5 A and ~20 A long (Paulino et al., 2017b). Then there
is the extracellular vestibule that allows the CI" to exit the channel.

The overall structure of the Anol protein does not differ significantly from other

TMEM16 proteins (Paulino et al., 2017a). However, the pore of ano1 differs significantly
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Figure 4. Mouse TMEM16A structure in a Ca?* bound state. The grey mesh shows the
ionic conductance pore of the protein. The blue spheres represent Ca* (Paulino et al.
2017a).
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with regard to its functions and its interaction with the hydrophobic layer of the cell
membrane (Paulino et al., 2017a). Through cryo-electron microscopy, it was determined that
the pore does not have regions that allow for interactions with the lipids in the cell membrane
as seen in other TMEM 16 proteins (Paulino et al., 2017b). Instead, the neck of the pore is
amphiphilic with no charged residues and this allows charged ions such as CI to pass
through with relative ease (Paulino et al., 2017b). Specific positive residues on the
intracellular and extracellular vestibule of the pore create a positive electrostatic environment
that is conducive to attracting anions such as CI” (Paulino et al., 2017b). If certain charged
amino acids are replaced with neutral amino acids the current of anol significantly changes.
For example, if arginine is replaced by alanine at the 515™ amino acid (R515A) the current-
voltage relationship is altered in both directions (Paulino et al., 2017a). From this
information, it can be concluded that specific residues are necessary for the energy barrier to
be low enough for CI” to enter and exit the pore without resistance.

Since this is a Ca*" activated channel, it requires Ca®" in order to shift to an open
conformation. Once the channel is triggered to shift to the open conformation CI” can pass
through. This pathway is modulated by M3 muscarinic receptors which are expressed on ICC
along with anol (Sanders et al., 2012). M3 muscarinic receptors are coupled with Gg/11 which
activates phospholipase C (PLC) (Sanders et al., 2012). When M3 muscarinic receptors are
bound by an agonist, such as acetylcholine, this G-protein coupled pathway is activated (Koh
and Rhee, 2013). Activated PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2)
into diacylglycerol and inositol-1,4,5-triphosphate (IP3) (Berridge et al., 2000). IP; is the
molecule that triggers Ca”* release from the ER by binding IP3 receptor type 1 (IP3R1)

(Berridge et al., 2000).
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Since it is known that Ca?" release from the endoplasmic reticulum (ER) through
IP;R1 is what activates anol, it could be assumed that activation of M3 upregulates slow
wave activity in ICC (Ward et al., 2000). This pathway requires the presence of PIP> which is
known to pool within different cellular compartments of the cell (Legate et al., 2012).
Supporting this, IP3R1 staining via immunohistochemistry showed that it colocalizes with
anol in dorsal root ganglia (Jin et al., 2013). It seems likely that pools of IP3 would be found
in areas where anol is present on the plasma membrane if they could be stained together.
However, an extensive search of the literature did not find any studies on this. Since IP3 is
diffusible it would be more feasible to stain for PLC since they are known to be found in the
same location. Since IP3R1’s substrate is a product of the hydrolysis of PIP», it is likely that
PIP; would also be located in the same region of the cell with anol. This hypothesis is further
supported by the data collected by Yu et al. (2019) and Le et al. (2019) showing that there are
binding sites for PIP> on anol. These studies support a model in which this pathway leads to
two conformational changes of anol in response to Ca®" binding and PIP: binding. To
determine how anol activation is controlled, interactions between phosphatidylinositol 4,5-
bisphosphate (PIP2) binding and anol were investigated using HEK293 cells. Yu et al.
(2019) engineered different anol mutants that replaced basic amino acid residues (lysine and
arginine) with a neutral amino acid (glutamine). When the activity of these mutants were
compared to the wild type in the presence of dioctanoyl phosphatidylinositol 4,5-
bisphosphate (diCg-PIP>) 20 mutants recorded a significant reduction in activity (Yu et al.,
2019). diCs-PIP; has a shorter acyl chain than PIP>. Neutralized residues that resulted in
>90% reduction in anol currents were considered critical and allowed the researchers to

define 3 electronegative pockets. To provide more evidence for PIP; binding sites on anol,
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molecular dynamic (MD) simulations were utilized. Briefly, molecular dynamic simulations
utilize the laws of motion in an algorithm to predict/model how atoms/molecules within a
system move and interact (Vlachakis et al., 2014). MD simulation is used to provide higher
resolution images for interactions between molecules that experiments cannot. There were
eight sites that were observed to interact with PIP> and three of those sites accounted for
84.3% of the interactions between PIP; and anol. The sites from MD simulation
topographically aligned with the three electronegative pockets identified which indicates that
PIP; binding is needed for the proper function of anol. These sites were located on
transmembrane domains (TM) 3-5. While MD simulations can pinpoint the exact interactions
between PIP; and anol it requires previous knowledge on the native structure of anol in live
cells which has not been fully defined yet (Yu et al., 2019). This means that in vivo
interactions might vary from those observed in MD simulations.

Le et al. (2019) also examined the importance of PIP; for anol function using
HEK293 cells. When anol is bound by Ca** for a prolonged period Ca*" desensitization
occurs and anol current becomes undetectable after 4-5 mins (Le et al., 2019). In the
presence of PIP,, the strength of the anol current was maintained at about half of its initial
current after five minutes of activation and becomes undetectable around 7.5 minutes. These
results indicated that PIP; binding to anol attenuates Ca** desensitization since in the
presence of 20 uM PIP; and 100 pM Ca>" it takes at least 2.5 minutes longer for the current
to become undetectable when compared to anol in the presence of only 100 pM Ca**. A
likely binding site for PIP> was found on TM 3-5 which matches up with the results of Yu et

al. (2019). The Ca** binding site was found on TM 6-8. The PIP; binding site was identified
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by a mutagenesis screening conducted in HEK293 cells that elucidated six key basic amino
acids in PIP; binding.

Mutagenesis was utilized by Le et al. (2019) and two locations for basic residues
identified to impact PIP, binding were the same as those identified by Yu et al. (2019). This
data indicates a possible location for PIP,. However, Le et al. (2019) state that at these
locations in the amino acid sequence lysine was being replaced while Yu et al. (2019) state
that it is arginine being replaced. Both studies were examining mouse anol structure which
would imply the same amino acids should be in the same location for both studies. However,
they used sequences from different databases to run the MD simulations. Though the amino
acids were different they are both basic residues so it may not have a significant impact on
the results of simulations.

Peters et al. (2018) determined that the conformation of anol depends on Ca?"
binding and voltage changes via MD simulations and patch-clamp electrophysiology
experiments using mouse Anol. TM 6 is a flexible helix and likely has a hinge point at the
640™ amino acid, which is a glycine (Peters et al., 2018). When a single Ca>"ion binds, ano1l
has a conformational change in TM 6 allowing some CI  to exit the cell (Figure 5B). Once
two Ca?" ions bind to the channel it fully opens (Figure 5). When PIP binds to anol it
stabilizes the open conformation and attenuates the desensitization that occurs when just Ca®*
is bound. When only PIP; or a single Ca®" is bound to anol it is partially open. Long-chain
PIP> had a more sustained impact on the current when compared to diCg PIP> (Le et al.,
2019).

The studies conducted by Yu et al. (2019) and Le et al. (2019) that used diCg PIP>

could have produced results that differed from those that used full-length PIP>. diCs PIP; is a
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Figure 5. Anol conformation with Ca?* and PIP, bound. A) Cross sectional view of Anol with PIP; and
2 Ca*" bound B) Proposed model for the conformational changes with different modulatory proteins
bound. TM 6 is proposed to hinge open when 2 Ca?* ions bind. PIP, binding prevents Ca* desensitization
allowing Anol to remain open longer (Le et al., 2019).

water-soluble short acyl chain PIP,. Due to the shorter acyl chain on diCg PIP, it is more
likely to be washed off of the membrane resulting in a more transient impact (Le et al. 2019).
When PIP> is bound to anol its acyl tail sits in a cavity of the dimer which helps stabilize its
interactions. When the tail is shortened, the interaction becomes less stable. To understand
the interaction more accurately between PIP; and anol in vivo I think that only full-length

PIP; should be utilized for experiments.
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Anol function in intestinal ICC

For the GI tract to efficiently digest food and absorb essential nutrients, coordination
of the iSM contractions in the intestinal wall is necessary (Singh et al., 2014). Electrical slow
waves that move through the ICC network control proper iSM contraction. Zhu et al. (2009)
were the first to provide evidence that the Ca*"-activated C1" current (CaCC) was likely a
result of anol function and controlled slow wave activity. They showed that CI" permeability
was abolished in the absence of Ca?" which also indicated that anol was likely controlling
the current being observed. The rate of energy transfer of the current produced by anol is 8
pS in HEK293 cells and Zhu et al. 2009 determine the CaCC in ICC from the small intestines
of mice was 7.8 pS which is a good indication that they were looking at the current controlled
by anol (Yang et al., 2008). When this current was blocked by niflumic acid (a chloride
channel blocker), a concentration-dependent decrease in slow waves was observed. This
provided more evidence that anol was controlling the slow wave.

Through experiments on the isolated small intestines of mice, anol was determined to
be necessary for the proper function of ICC (Hwang et al., 2009; Singh et al., 2014). Hwang
et al. (2009) removed the small intestine from anol knockout (KO) mice at postnatal day 0
and cultured it for 6-7 days. They found a complete loss of slow wave activity in the anol

1" mice had no difference in activity

knockout mice (Hwang et al., 2009). By contrast, ano
compared to anol™" indicating that only one copy of anol is required for proper function
(Hwang et al., 2009). Similar results were found by Sing et al. (2014). For these experiments,
small intestines from anol KO mice were maintained in an organ bath. Consistent with the

previous studies, slow electrical waves were absent. iISM contractions were non-rhythmic and

had lower amplitude (or force). In wild-type mice, spontaneous and coordinated Ca®" transien
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was observed, and in ano1 knockout (KO) mice spontaneous and uncoordinated Ca**
transients was observed (Singh et al., 2014). The function of anol is to control the slow wave
by coordinating Ca>" transients. Therefore, it makes sense that when anol is knocked out,
Ca’" transients is impacted. However, in the presence of nicardipine, an L-type Ca?" channel
blocker, slow waves persisted even though L-type Ca*>" channels are known to be present on
ICC (Drumm et al., 2017). When T-type Ca** channel blockers were added, a significant
decrease in slow waves was observed (Drumm et al., 2017). These results indicate the T-type

Ca?" channels are necessary for proper slow wave propagation (Drumm et al., 2017)

Function of Anol in the SIP syncytium

The SIP syncytium is hypothesized to be a functional unit that controls coordinated
slow waves and iSM contractions (Sanders et al., 2014). It is proposed that signals from the
enteric nervous system are sent to the [CC and PDGFRa+ cells via synapses. The signal is
then relayed to the iSM via gap junctions. The PDGFRa+ cells are fibroblast-like cells that
are poorly-understood (Iino et al., 2009). In 2011, PDGFRa+ cells were found to have a role
in relaying signaling from inhibitory neurotransmitters to iSM (Kurahashi et al., 2011).
Currently, ICCs are the main cellular network being studied to elucidate how proper
intestinal function is controlled.

As mentioned earlier, there are receptors that bind the neurotransmitter acetylcholine
which can activate the pathways that activate anol. Ca’* release from the ER is triggered
downstream of M3 muscarinic receptors being bound by an agonist. This Ca** release from
the ER is required for activation of anol. When anol is inhibited, electrical slow wave

activity decreases or ceases completely. Drumm et al. (2019) proposed that inhibition of slow
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waves may be due to nitrergic inhibition acting indirectly on ICC by preventing Ca*" release
events from occurring, therefore, preventing the activation of anol. Nitrergic inhibition is the
inhibition of activity that is triggered by neurons that release nitric oxide (NO). Baker et al.
(2018) investigated nitrergic signaling in ICC of the mouse small intestine. Using
fluorescently-activated cell sorting, they found that there were five downstream mediators of
nitrergic signaling that had higher expression in ICC when compared to all of the intestinal
cells examined (Baker et al., 2018). Because ICCs mediate signaling between the ENS and
the iSM, it has been hypothesized that NO acts indirectly on ICC (Drumm et al., 2019b). To
investigate how nitrergic inhibition impacts the slow wave, tetrodotoxin (TTX, a nerve
blocker) or L-NNA (an inhibitor of NO synthesis) was added to an intact, excised mouse
colons (Drumm et al., 2019b). Muscle contraction frequency and amplitude increased with
the addition of either of these molecules, indicating the NO has an inhibitory effect on ICCs
(Drumm et al., 2019b). This effect was canceled out by the addition of anol antagonists
showing that the downstream effect of NO is inhibition of anol activity. Though this
pathway inhibits anol, no direct evidence was provided to show that NO acts directly on ICC
since they are electrically coupled to the other cells in the SIP syncytium.

The way in which PDGFRa" cells receive and relay signals in the SIP syncytium
needs to be determined since it is likely that these cells were still present in the tissue
samples being tested. Since these cells are electrically coupled with ICC, it is possible that
the PDGFRo+ cells receive inhibitory input and relay that signal to the rest of the SIP
syncytium which leads to all the downstream results recorded in the ICC. It is also possible
that combined signaling from both ICC and PDGFRo+ is necessary for inhibition. While the

investigators had the necessary specific controls to compare against the neuron-ICC
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interactions, they did not have controls for the potential contribution of PDGFRa+ cells.
Currently, there is no evidence showing that PDGFRa+ cells have a role in nitrergic
inhibition, slow wave propagation, or iSM contraction.

While PDGFRo+ cells have not been shown to have a role in relaying signals from
nitrergic inhibition, they have been shown to have a role in relaying signals from purinergic
inhibition. Purinergic inhibition is the inhibition of activity by purines such as adenosine.
Purinergic receptors expressed on PDGFRa+ cells appear to have no impact on the Ca*"
transiency in ICC. The impact of purinergic regulation on anol function remains unresolved,
but it may not have a role in regulating anol since its activation or inhibition did not impact
Ca*" transiency in ICC.

Activation of the G-protein coupled pathway (GPCR) could be the mechanism for
autorhythmicity in ICC. When the GPCR is activated, this leads to the production of the
substrate IP3 via hydrolysis of PIP, by PLC, which is necessary for Ca** release via IPsR1
channels on the ER to occur. It has been shown that acetylcholine transmits excitatory signals
to ICC via M;3 receptors (Wang et al., 2003). These experiments were conducted by placing
the small intestines from mice in organ baths (Wang et al., 2003). The addition of the M3
receptor agonists carbachol and acetylcholine increased the frequency of slow waves in both
intact intestinal muscle and cultured ICC from mice (Kim et al., 2003). As with intrinsic slow

waves, the signal would then get relayed from the ICC to the iSM.

Anol function on other cell membranes vs. ICC membrane
Other cells that express anol include the smooth muscle cells and epithelial cells

within the airways, and smooth muscle cells in arteries (Bao et al., 2008; Bulley et al., 2012).
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The function of ano1 in different cell types varies. On the plasma membrane of both ICC and
smooth muscle in the airway and arteries, ano1 activation is tightly coupled with Ca>" release
from the ER (Jin et al., 2016). In ICC, the main Ca?" release channel on the ER is IP;R1
whereas in airway smooth muscle it is the ryanodine receptors (RyRs) (Bao et al., 2008). In
the ICC, anol is activated by Ca" release from the ER and may be supplied with Ca?* by
voltage-dependent Ca?* channels (VDCC) after Ca®* release from the ER begins. By contrast,
in cerebral artery smooth muscle, anol activation is coupled to Ca®" influx through non-
selective stretch-activated cation channels on the cell membrane (Bulley et al., 2012).

IP;R1, IP3R2, and IP3R3 are all expressed on smooth muscle cells that line the airway
(Wang et al., 2004). Although these receptors are expressed on these smooth muscle cells,
they have not been shown to be in close proximity to the anol channels that are expressed.
However, it is hypothesized that, within ICC, IP3R1 channels are in close proximity to anol
since the IP3R1 channel is proposed as the initial activation mechanism for anol (Ward et al.,
2000). Anol activity in smooth muscle, in general, is mediated by the agonistic
neurotransmitters noradrenaline, histamine, and endothelin via the upregulation of
intracellular Ca** release (Jin et al., 2016). Consistent with this, anol activity on airway
smooth muscle is increased by the addition of the synthetic nonselective muscarinic receptor
agonist methacholine (Huang et al., 2012). As in ICC, this is a G-protein coupled pathway
that ultimately leads to smooth muscle contraction by activation of anol (Huang et al., 2012).
This pathway has been identified as a potential target for treating asthma by applying
antagonists to reduce the frequency of muscle contraction (Danielsson et al., 2015).

Anol on epithelial cells lining the lumen of the GI tract and the respiratory tract has

been shown to modulate mucous secretion, unlike anol on ICC (Huang et al., 2012).
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Overproduction of mucous secretion is a feature of asthma, which further strengthens anol as
a target for treating asthma (Huang et al., 2012). Though the function of anol differs from
cell type to cell type, it is becoming obvious that this CaCC has a lot of potential as a target

in treating different diseases.

Trpal channels in the GI tract

TRPA1 channels are present in the GI tract of humans (Prober et al., 2008). There are
two paralogs of TRPA1 in zebrafish, trpala and trpalb (Prober et al., 2008). While this gene
is expressed in zebrafish it has only been studied in the head of zebrafish. It is important that
the expression patterns of these genes within the GI tract be determined for zebrafish. In
mammals, TRPA1 is known to increase intestinal motility in the presence of stimuli like
trans-cinnamaldehyde (Bellono et al., 2017). Since trans-cinnamaldehyde can be an irritant at
certain concentrations, the increase in intestinal motility occurs in order to protect the mucus
lining of the intestines (Bellono et al., 2017). It would be interesting to determine if there is a
concentration of trans-cinnamaldehyde that can increase intestinal motility without irritating
the GI tract. Zebrafish provide a useful model system to set up an experiment that could test

out this hypothesis.

Objectives of This Study

The purpose of this study was to gain a better understanding of how intestinal motility
is controlled. I had two main objectives: first, to develop an intestinal motility model and
second, to investigate how sensory receptors may influence ICC activity. I developed an

intestinal transit assay using zebrafish so that I could observe intestinal motility. To better
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understand ICC activity, I focused on stretch receptors and the Trpala nutrient receptor. I
demonstrated that activation of stretch receptors alone was not sufficient to simulate normal
intestinal motility. I also demonstrated that stimulating Trpala channels with the agonist

trans-cinnamaldehyde (TC) increases intestinal motility.

40



Materials and Methods
Husbandry

Zebrafish were approved for use by the Institutional Animal Care and Use Committee
at Appalachian State University (IACUC #19-02). Animals were all wild type, obtained from
a local pet shop. Adults were raised according to The Zebrafish Book: A Guide for the
Laboratory Use of Zebrafish Danio (Brachydanio rerio) (Westerfield, 2007). Water quality
was tested daily so the temperature was maintained at 27°C to 28°C, the pH was between 6.8-
7.2, and the conductivity was between 600-850 microsiemens. Fish were fed dry food at
9:00AM and 48-hour old brine shrimp (Artemia franciscana) at 3PM. The zebrafish were
kept on a 14-hour light cycle from 9:00AM to 11:00PM.

Larvae were obtained by crossing adults from the Kinkel/Bouldin Lab in the
Zebrafish Core Facility. Eggs and larvae were raised following the guidelines from Norton et
al. (2018). Once laid, eggs were transferred to a fishbowl with ~120 mL of E3 medium (5
mM NacCl, 0.17 mM KClI, 0.33 mM CaCl, 0.33 mM MgSO,) with the addition of 0.01%
methylene blue. On the day the eggs were collected they were bleached and thoroughly
rinsed with facility water. Once bleached, the eggs were sorted so that there were 50 eggs per
culture bowl. The bowls were placed in an incubator at 28.5°C until 5 dpf. On 3 dpf, the
embryos were manually dechorionated. On 5 dpf, the larvae were transferred to nursery tanks
with ~250 mL of E3 and were kept at ~28.5°C. From 5-9 dpf, the larvae were fed dry food
suspended in E3 at 9:00AM and 3:00PM and 24-hour old brine shrimp at 12:00PM. The dry
food was Golden Pearl (GP) Reef and Larval Diet (Brine Shrimp Direct). The food mix was
equal amounts of GP5-50 microns and GP50-100 microns suspended in E3 and stored at 4°C.

Brine shrimp were cultured at 12:00PM in a shrimp hatchery filled with ~725 mL of 30 g/L
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Instant Ocean salt dissolved in deionized reverse osmosis water. The hatchery was kept at

~26.5°C.

Intestinal Transit Assay—Basic Protocol

Larvae were acquired and raised following the guidelines previously stated until
3:00PM on 8 dpf. On 8 dpf, larvae were fasted overnight. To fast, larval tanks were changed
prior to the 3:00PM feeding and then fed as usual. At ~5:00PM tanks were thoroughly
cleaned using a wide-bore fire blasted pasture pipette to remove loose debris. Each tank was
filled with fresh E3 and siphoned down to ~250 mL 2-3 times to remove any remaining
debris. Tank lids and tanks were labeled “fasted”.

The following morning, 9 dpf larvae were fed 24-hour old brine shrimp at 9:00AM.
After feeding for 15 minutes, tanks were siphoned down so that the remained contents would
fit into a 100 mm Petri dish. Larvae were anesthetized with 0.4% tricaine and screened under
an Olympus SZX12 microscope or a Leica MDG41 microscope to sort for larvae that had
consumed a brine shrimp. A fish line probe was used to position the larvae lateral for better
view of the intestinal bulb. Larvae that had eaten a shrimp were placed in a fresh tank of E3
medium for recovery from anesthesia and were returned to the nursery. The new tank was
kept on a heating block to maintain 28.5°C unless otherwise stated. At specific time-points
after feeding, intestinal contents were imaged through the body wall of live larvae to track

gut transit.

Intestinal Transit Assay—Detection of Decreased Intestinal Motility
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The basic protocol described above was followed until after the larvae were sorted.
During the sorting process the experimental tank was kept on the countertop to maintain
room temperature E3. Once sorted, the experimental tanks were placed in a room
temperature water bath (~20°C) while the control tanks were placed back into the nursery set
to 28.5°C. Images were tank 3, 4, 6, and 7 hours after feeding began. A new tank was used

for each timepoint so now larvae were imaged twice.

Intestinal Transit Assay— Detection of Increased Intestinal Motility with Brine Shrimp

The larvae were raised following the basic protocol until the sorting process. Prior to
beginning the sorting process recovery tanks were set up with 250 mL of E3 medium. The
larvae with shrimp in the intestinal bulbs were placed in the recovery tank. The tanks were
placed back into the 28.5°C tabletop nursery. Experimental tanks were given 1.57 uL TC
(Sigma Aldrich, W228613) for a final concentration of 0.05 mM. For control tanks, 1.57 uL
of E3 medium was pipetted into the tank. Fish were imaged on both an Olympus SZX12

microscope and a Leica MDG41 microscope at 2, 3, 4, and 5 hours after treatment.

Intestinal Transit Assay—Detection of Increased Intestinal Motility with Nile Red

The larvae were raised following the basic protocol until 5 pm on 8 dpf. At 5 pm on 8
dpf tanks were siphoned down and fish were poured into a 100 mm Petri dish to be
anesthetized with 10-20 drops of 0.4% tricaine. The fish were then sorted into small
fishbowls containing 4.95 mL of E3 medium and 0.05 mL of 100X Nile Red (Sigma Aldrich,
N3013) in acetone stock solution (1,000 pug Nile Red/L acetone) to give a final concentration

of 10pg/L. The Nile Red stock solution was kept in the dark at 4°C. Each bowl contained 5
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larvae per 5 mL E3. The bowls were placed in an incubator set to 28.5°C overnight. The next
morning at 9 am, each bowl of fish was washed 3 times with E3 medium to remove excess
Nile Red. To wash the Nile Red off, 40-micron cell strainers were used to move the larvae
from one bowl of E3 to the next bowl of E3. After washing, the bowls were weighed and E3
was either added or taken out until the weight of the E3 was 5 g. This was done to ensure
that the final concentration was consistent from bowl to bowl. The bowls were then treated
with either 0.025 mM TC, 0.05 mM TC, or >1% DMSO in 0.5X E3 medium. The fish were
processed for imaging as described below. The TC solutions were diluted in E3 medium with
10% DMSO. The final concentration of DMSO was <1%. Imaging was conducted 6 and 24

hours after treatment.

Live Imaging

For live imaging with brine shrimp as the contents of the intestinal bulb, the larval
tanks were siphoned down so that the remaining E3 medium could be poured into a 100 mm
Petri dish. The zebrafish were anesthetized using 10-20 drops of 0.04% M tricaine added
drop wise with a Pasteur pipette. For live imaging with Nile Red as the contents of the
intestinal bulb, 3-5 drops of 0.04% tricaine was added drop wise with a Pasteur pipette. Once
anesthetized, larvae were transferred on to a 3% agarose gel mold (World Precision
Instruments) using a wide-bore fire-polished Pasteur pipette. The mold had small lanes in it
to help orient the fish laterally. The larvae stayed submerged in E3 medium during imaging.
A fish line probe was used to orient the larvae laterally. Temperature was maintained using
prewarmed 28.5 °C E3 medium and a heat block or by maintaining the dish on the bench at

room temperature (~20.0 °C). A Canon EOS Rebel T5i camera attached to an Olympus
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SZX12 microscope and a Canon EOS Rebel T51 attached to a Leica MDG41 microscope
were used to capture the images. For fluorescent imaging with Nile Red, a green light and

filter set with an excitation range of 510-540 nm and emission of 600nm was used

(NIGHTSEA).

Intestinal Dissection

Intestines were dissection from wildtype adult zebrafish following the guidelines
published by Eames-Nalle et al. (2017). Briefly, fish were euthanized with cryoanesthesia
followed by decapitation with CeramaCut® Scissors (Fine Science Tools). Specimen were
pinned semi-laterally to a dissection dish and a cut was made using Vannas spring scissors
(World Pression Instruments, 501777) along the ventral midline past the pelvic girdle. A two
perpendicular cuts were made at the caudal end of the incision into the axial muscle. The
flaps were open using forceps (Fine Science Tools, 11270-20) and the organs were removed
from the body cavity. The specimen remained submerged in E3 medium throughout the
dissection process. All organs, including the heart, gonads, liver, and swim bladder, were
removed to fully isolate the intestines. The intestine was cut into 3 segments: the intestinal

bulb (IB), the proximal region of the intestinal loop, and the distal small intestine and colon.

RT-PCR primers

The ada, apq4, and slc10a2 primers were designed using Primer-BLAST (Ye et al.,
2012) and were used as controls (Table 3). Expression of ada is specific to the IB, expression
of slc10a? is specific to the small intestine, and expression of apg4 is specific to the posterior

intestine (Lickwar et al., 2017; Tingaud-Sequeira et al., 2010). The anol primers were from

45



Jiang et al., (2018), the kita primers were from Rich et al., (2007), the trpala primers were
from Corey et al. (2004) and the #trpalb primers were from Prober et al. (2008) (Table 3).

The primers were confirmed using Primer-BLAST.

Table 3. RT-PCR primer sequences for spatiotemporal mapping of
expression throughout the gastrointestinal tract of zebrafish.

Name Sequence Expected
size (bp)
ada -ATTGGGCACGGATACCACA-3’ 161

-GCATGCCGTAGGCCTCATA-3

F: 5
R: 5’
aqp4 F: 5>-AGTCTGAGGAGGAATGACAAGC-3’ 267
R: 5’-GTTGCGATGGACAAGCCAAA-3’
F: 5

slc10a2 -ATCTGTGGTGGGAATCGTCC-3’ 143
R: 5’-GCGTTCTGCATGCCTGTTTC-3’
anol F:5’-CGAGAGCGGAGTATGAGTTTC-3’ 116

R: 5°-GGTCATGTAAGCTGGCATTCT-3"
kita F: 5'- GTTATCCCACTCCTCAGATCAAGT

-3 564
R: 5- TCACAGCTACAGTCATCACAGTGT
3

trpala  F:5-CAGGTGGCTTCAGCATCCA-3’ 1150
R: 5’-GGTTAGCTCTCGTTCCAGTG-3’

trpalb  F:5-CTTTTGCTGGCTTTCGGCTT-3’ 514

R: 5-TGTTCTTCTGCTTGTGCAGC-3’

Statistical analysis

Image] software was used to determine the fluorescence intensity of Nile red within

the intestinal bulb. The region of interest (ROI) was selected by hand. Microsoft Excel was

used to conduct student t-tests.
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Results
Cooling tank temperature results in slower transit.

In order to study intestinal function, a reliable intestinal transit assay that could
distinguish between a normal and altered intestinal transit time needed to be developed. Since
fish are poikilotherms whose metabolism rate is largely controlled by the external
temperature, a decrease in tank water temperature was used as a treatment. First, an effective
method for cooling the tanks to room temperature was needed. I asked whether transferring
tanks from the 28.5°C nursery to a room temperature nursery would cool the tank water
rapidly enough to decrease the temperature during the digestion phase. To test this, a tabletop
nursery at room temperature was set up alongside the 28.5°C tabletop nursery. Three tanks
with 250 mL of E3 medium and no fish were warmed to 28.5°C in the nursery. Once the
tanks reached 28.5°C they were transferred to the room temperature nursery. The time it took
for the tank medium to reach room temperature was recorded. It was determined that it took
approximately 50 minutes for the water temperature to drop to room temperature (~20.0°C)
(Figure 6). As shown in Figure 6, the tank water dropped by 2.5°C within 5 minutes of the
transfer and 4.5°C within 10 minutes. This relatively rapid decrease in temperature was
predicted to slow metabolism and therefore slow intestinal transit.

Once an efficient method for cooling the tanks was developed, an intestinal transit
assay comparing the transit time in larvae kept at room temperature (~20.0°C) to larvae kept
at 28.5°C was developed. However, a pilot study with 7 dpf larvae revealed that no larvae
would consume brine shrimp while at cool temperatures. Therefore, all subsequent
experiments allowed the zebrafish to feed for 15 minutes at their preferred temperature of

28.5°C before transferring the tanks to the cool nursery.
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Figure 6. The average time required for a tank at 28.5°C to reach room temperature
(~20.0°C). The data shown are the averages of three tanks per time point. Error bars
indicate standard deviation.

With the revised protocol, another pilot study was conducted on 7 dpf. For this study,
larval zebrafish were fasted overnight then fed brine shrimp at 9:00 AM the next morning
and allowed 15 minutes to feed at 28.5°C. Larvae were then anesthetized and sorted for those
that had consumed a brine shrimp. After 15 minutes of feeding, the experimental tanks were
moved to the room temperature tabletop nursery. This study was conducted to determine the
most efficient way to conduct imaging and the timepoints for imaging (Figure 7). This
revealed that the control larvae appeared to empty their intestinal bulbs around 4 hours after
feeding when kept at 28.5°C (Figure 7A), which is consistent with previous work. The larvae
kept at room temperature still had chyme and grey debris remaining in the intestinal bulb 4
hours after being fed. This showed that cooler temperatures lead to slower intestinal transit.
To determine how long it takes for the larvae at room temperature to fully digest the brine
shrimp another study was conducted but with the timepoints extended out to seven hours

after being fed.
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Figure 7. Imaging pilot study with 7 dpf zebrafish to test the impact of a cooler water temperature on
intestinal transit rate. The larvae kept in the warm water bath (A) had an empty intestinal bulb 4 hours
after feeding (n=1) while the larvae kept in the cold water bath (B) still had brine shrimp present in the
intestinal bulb (n=3). Live images. All larval heads are to the left of the images

Intestinal transit assay experiments with extended timepoints were conducted using
nine dpf larvae because a previous study in the Kinkel lab showed that approximately 60% of
larvae consumed a brine shrimp by this day of development. By contrast, only 20% of seven
dpf larvae consume a brine shrimp. The same protocol that was used for the pilot study was
followed here except that the larvae were fasted starting on eight dpf and imaged on nine dpf.
On nine dpf, imaging began three hours after feeding brine shrimp to the larvae. For the
larvae kept at 28.5°C, the intestinal bulb had gray debris remaining three hours after being
fed (Figure 8A). By four hours after feeding, the intestinal bulb was empty (Figure 8B). By
contrast, the larvae kept at room temperature still had brine shrimp left in the intestinal bulb
three and four hours after being fed (Figure 8C, D), consistent with the results using seven
dpf larvae. By six hours there was a small amount of gray debris remaining in the intestinal
bulb for the larvae kept at room temperature (Figure 8E). Seven hours after being fed the
intestinal bulb was empty (Figure 8F). These results show that cooled temperatures result in
slowed intestinal transit, as predicted, and that imaging the intestinal contents of live larvae is
feasible. These results also show that this intestinal transit assay can detect a difference

between normal and altered intestinal transit time.
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Figure 8. A decrease in water temperature leads to a decrease in intestinal transit rate. The warm
group was kept at 28.5°C during digestion while the cold group was transferred to ~20.0°C during
digestion. A) Three hours after being fed, some brine shrimp was present in the intestinal bulb (the
darker color in the intestinal bulb), n=26. B) Four hours after being fed, the intestinal bulb was empty
(n=13). C) Three hours after being fed, the intestinal bulb was full with brine shrimp (n=13). D) Four
hours after being fed, of brine shrimp was still present in the intestinal bulb (n=29). E) Six hours after
being fed, the intestinal bulb was mostly empty, with some traces of chyme remaining (n=29). F)
Seven hours after being fed, the intestinal bulb was empty (n=32). Live images at 9 dpf. All larval
heads are to the left of the images

Cinnamaldehyde causes an increase in intestinal transit rate

To activate the nutrient receptor trpala in the intestinal epithelium, the Trpal-specific
ligand TC was used. This agonist is known to stimulate gut motility in mammals (Bellono et
al., 2017). To determine if there was a concentration of TC that is sufficient to stimulate gut
motility in zebrafish, three concentrations of TC were tested. Larval zebrafish were fasted
overnight on eight dpf. They were fed brine shrimp at 9:00 AM the next morning and
allowed 15 minutes to feed. Larvae were then anesthetized and sorted for those that had

consumed a brine shrimp. The larvae were then treated with 0.05 mM, 0.025 mM, or 0.005
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mM TC. Controls were given E3 medium. As expected, the controls had largely completed
digestion within four hours of feeding. As shown in Figure 9A, A’, the intestinal bulbs
showed a small amount of chyme remaining, and some gray debris was visible in the
posterior intestinal bulb. By contrast, the group treated with 0.005 mM TC showed faster
intestinal transit. Figure 9B, B’ shows that within three hours after being fed, TC-treated
larvae had no visible chyme in their intestinal bulbs. Some gray debris is visible in the
posterior intestinal bulb. The group treated with 0.025 mM TC showed similar results (Figure
9C, C’). However, the group treated with 0.05 mM TC had a completely empty intestinal
bulb within 3 hours after being fed (Figure 9D, D’). This suggests that, like mammals,
zebrafish have Trpal receptors in their intestinal epithelium.

In order to get a larger sample size and for more timepoints another experiment was
conducted. Since the larval treated with 0.05 mM TC had empty intestinal bulbs after 3
hours, this concentration was used for the next set of experiments. After the larvae were
sorted for brine shrimp in the intestinal bulb, they were treated with 0.05 mM TC. Images
were taken two, three, four, and five hours after being treated. As observed in previous
experiments majority of the larval zebrafish from the control group had an empty intestinal
bulb four hours after being fed (Figure 10, Table 4). Majority of larvae treated with 0.05 mM
TC, had empty intestinal bulbs three hours after being treated (Figure 10, Table 4). This

indicates the TC increases the intestinal motility in zebrafish.

Nile red can be utilized to observe intestinal transit in the absence of nutrients
To allow for targeting the Trpal receptors, the non-nutritive tracer Nile red was used

to fill the intestinal bulb prior to TC treatment. The rationale was to observe the effects of
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Figure 9. Transcinnamaldehyde (TC) concentration pilot study using 9 dpf zebrafish. (A, A’) Four
hours after feeding, the control group had some chyme (pale orange/yellow color) remaining in the
anterior intestinal bulb and some gray debris in the posterior intestinal bulb (n=14). (B, B”) Three
hours after feeding, the group treated with 0.005 mM TC had empty intestinal bulbs except for some
gray debris remaining distally (n=24). (C, C*) The group treated with 0.025 mM TC similarly had
empty intestinal bulbs except for gray debris remaining in the intestinal bulb (n=17). (D. D) The
group treated with 0.05 mM TC had an empty intestinal bulb. The box in panel A indicates the region
of interest for panels A’-D’. Larvae imaged live, with heads shown to the left in all panels.

TC on the distended intestinal bulb in the absence of any other nutrients. Before conducting
these experiments, the concentration of Nile red needed to fill the intestinal bulb was
determined. Small fishbowls were set up with either 0.0314 uM or 0.314 uM Nile red. The
larvae were incubated in the Nile red for 16 hours and were then washed. Images were taken
30 minutes, four hours, and six hours after the wash. As shown in Figure 11, both
concentrations yielded similar results and, in both cases, the Nile red was easily observable
through the body wall. For both treatment groups, the intestinal tracts remained filled with
Nile red for at least six hours after washing off the treatment. The 0.0314 uM Nile red

concentration was determined to be sufficient for filling the intestinal bulb.
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Figure 10. Treatment with TC causes an increase in intestinal transit rate. On 9 dpf larvae were fed
brine shrimp and treated with E3 medium (control) or 0.05 mM TC 15 minutes later. For the control
group A) two hours after feeding there was chyme left in the intestinal bulb (orange) (n=22) B) three
hours after feeding there was gray debris remaining in the intestinal bulb with some chyme in the
mid-intestine (n=21) C) four hours after feeding the intestinal bulb was mostly empty with some gray
debris (n=12), and D) five hours after being treated the intestinal bulb was empty. For the group
treated with 0.05 mM TC E) two hours after feeding there was some gray debris remaining in the
distal part of the intestinal bulb (n=20) F-H) three, four, and five hours after feeding the intestine bulb
was empty (n=17 for 3 hours; n=17 for 4 hours; n=15 for 5 hours). All larval heads are to the left of
the images

Table 4. The impact TC treatment has on intestinal transit rate of 9 dpf larval zebrafish.
The timepoints are referring to the amount of time that passed after treatment with TC.

Chyme (%) Debris (%) Empty (%)
Control Treated Control Treated Control Treated
2-hour 95.5 7.2 4.5 21.4 0 71.4
3-hour 57.1 0 42.9 50.0 0 50
4-hour 50.0 11.0 16.7 23.5 33.3 64.7
5-hour 31.25 0 31.25 40.0 37.5 60.0




In addition to providing a strong signal for observing intestinal transit, Nile red
treatment also allows for imaging the contractions of the intestinal wall that occur in response
to stretch-sensitive receptors. As shown in the time series in Figure 12, distinct points of
constriction of the intestinal lumen can be observed.

Next, a pilot study was conducted to test whether TC treatment would elicit an
increased transit rate in the absence of other nutrients. To fill the intestinal bulb, fasted larvae
were incubated in Nile red for 16 hours starting at 5 PM on 8 dpf. After being washed on 7
dpf, the larvae were treated with either 0.05 mM TC or 0.025 mM TC and imaged six hours
and 24 hours after being treated. As shown in Figure 13, there was a significant difference in
the intensity of Nile red in the intestinal bulb six hours after treatment (control versus 0.05
mM TC, p <0.0005, control versus 0.025 mM TC, p < 0.005). At six hours after treatment,
there was no significant difference in fluorescence intensity for larvae treated with either

concentration of TC (p = 0.482).
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Figure 11. Concentration test for Nile Red dye. All larvae were incubated in Nile red medium for 16
hours before being washed and imaged. Larval zebrafish exposed to a low concentration of Nile red
(0.0314 uM), (A) 30 minutes (n=5), (B) 4 hours (n=5), and (C) 6 hours (n=3) after being washed of
excess Nile Red. A group of zebrafish kept in 0.314 uM Nile Red were also imaged (D) 30 minutes (n=5),
(E) 4 hours (n=4), and (F) 6 hours (n=5) after washing. All larval heads are to the left of the images.



Figure 12. Visualization of contractions using Nile red dye. The series of
images were taken of a single 9 dpf zebrafish 24 hours after being washed.
Red arrows indicate the area of the intestinal bulb that is contracting. All
larval heads are to the left of the images.
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Figure 13. Pilot study for detecting an increase in intestinal transit rate with the treatment of
transcinnamaldehyde (TC) using Nile red as a tracer. 7 dpf larvae were incubated in 0.0314 uM Nile red
for 16 hours then washed. After washing, larvae were treated with (A, A’) E3 medium (control), (B, B’)
0.025 mM TC, or (C, C’) 0.05 mM TC. (n=5 for all groups; only 1 trial was conducted). All images were
of 7 dpf zebrafish and taken 6 hours after the treatment was given. All larval heads are to the left of the

images. The student’s t-test showed p < 0.0005 for control versus 0.05 mM TC, and p < 0.005 for control
versus 0.025 mM TC.

Following the pilot study, the experiment was performed using nine dpf larvae and
observations were extended to 24 hours. First, the effects of 0.05 mM TC were tested. As
shown in Figure 14, there was a significant difference in the fluorescence intensity in the
intestinal bulb between the TC-treated larvae compared to the controls.

Statistical analysis showed that at 6 hours post-treatment, the TC group had significantly less
fluorescence than the controls at p < 0.0005. At 24 hours post-treatment, the difference
between treated versus control larvae was p < 0.005.

Next, the experiment was performed using 0.025 mM TC. As predicted by the pilot
study, this concentration was also effective, as shown in Figure 15. At six hours post-
treatment, the TC-treated group had significantly less fluorescence intensity than the control
group (p < 0.005). However, by 24 hours post-treatment, there was no difference between the
groups (p = 0.934). From this set of experiments, I conclude that in zebrafish as in mammals,

treatment with TC causes an increase in intestinal motility and thus faster intestinal transit.
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Figure 14. Treatment with 0.05 mM TC in the absence of other nutrients causes an increase in the
intestinal transit rate. Larvae were incubated in 0.0314 uM Nile Red for 16 hours and then washed. After
the wash, larvae were treated with (A, A’, C, C*) E3 medium (n=19 for 6 hours; n=20 for 24 hours) or
(B, B’, D, D’) 0.05 mM TC (n=19 for 6 hours; n=20 for 24 hours) with images being taken 6 and 24
hours after administration of the treatment. All zebrafish were 9 dpf when TC was administered. All
larval heads are to the left of the images. The student’s t-test showed p < 0.0005 for control versus 0.05
mM TC after 6 hours and p < 0.005 for control versus 0.05 mM TC after 24 hours. All larval heads are

to the left of the images.
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Figure 15. Treatment with 0.025 mM TC in the absence of other nutrients causes an increase in the
intestinal transit rate Larvae were incubated in 0.0314 pM Nile Red for 16 hours and then washed. After the
wash, larvae were treated with (A, A’, C, C’) E3 medium (n=19 for 6 hours; n=20 for 24 hours) or (B, B’,
D, D’) 0.05 mM TC (n=19 for 6 hours; n=20 for 24 hours) with images being taken 6 and 24 hours after
administration of the treatment. All zebrafish were 9 dpf when TC was administered. All larval heads are to
the left of the images. The student’s t-test showed p < 0.005 for control versus 0.025 mM TC, and p=0.934
for control versus 0.025 mM TC.
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Discussion

Zebrafish are continuously being developed as a model organism to study human
illnesses. The similar but simplistic layout of the zebrafish intestinal tract allows for
relatively simple experimental designs (Figure 1). Zebrafish also share a high percent of
genes with humans (Howe et al., 2013; Wallace et al., 2005). Gut transit assays have been
developed in a variety of models to study specific aspects of intestinal function. These
studies have been able to determine when coordinated and directional contractions appear.
However, these studies used tracers that were not a normal part of the model organism’s diet.
While these studies provided very useful information it is also important to understand the
functionality of the intestines in the presence of a natural food source. In order to do this, I
helped develop an intestinal transit assay that used brine shrimp as the tracer. Using this
assay, I was able to determine that temperature and the trpala agonist TC had an impact on

the intestinal transit rate of larval zebrafish.

Functional studies

By using a digestible meal and controlled meal size I was able to determine that 9 dpf
zebrafish typically empty their intestinal bulb within four hours of being fed. These results
greatly vary from those of Field et al. (2009) who found that it took from 6 to over 24 hours
for 7 dpf zebrafish to empty their intestinal bulb. Field et al. (2009) used dry food mixed with
indigestible fluorescent polystyrene microspheres. I used brine shrimp which is a normal part
of the zebrafish diet in the laboratory. Since larvae can digest brine it moves through the
intestinal tract at a more precise rate. In the Field et al. (2009) experiments, the larvae were

allowed to feed for one to two hours, and the amount consumed by each larva varied. By
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contrast, for my experiments, the larvae were given only 15 minutes to feed to narrow the
window of when digestion and excretion began. I have also previously shown that on 9 dpf
or prior to 9 dpf larval zebrafish only consume a single brine shrimp (not shown).

Once it was determined that the intestinal assay developed by our lab could produce
consistent results, I validated the assay by showing that it was able to detect decreased gut
motility. By cooling the E3 medium that the larvae were in I was able to slow down the
intestinal transit rate from 4 hours to approximately 7 hours after being fed. Since zebrafish
are poikilotherms the metabolic rate is dependent on the temperature of the environment that
they are in so it was expected that the intestinal transit rate would decrease when the
temperature was decreased (Vergauwen et al., 2010). In further tests done in collaboration
with others in the lab (not shown), treatment with MgSO4 showed that the assay was able to
detect increased gut motility. Thus, I concluded that the new assay was useful for studies of
intestinal function. It is possible that the Trpal has a role in the change in intestinal transit
time since in other model organisms, such as mice, it has been shown to be a temperature
sensor (Karashima et al., 2009).

Once it was determined that the intestinal transit assay developed by the Kinkel Lab
could differentiate between a normal and altered intestinal transit rate I sought to determine if
an agonist of Trpala would increase the intestinal transit rate. Trpala is a nutrient receptor
that is activated by the presence of TC. Taylor et al. (2017) previously used zebrafish to test
the impact of 10 mM — 40 mM TC. These experiments determined that 10 mM TC was
sufficient to reduce the amount of swimming done by the larvae. This was deemed a
nociceptive response. The concentrations used in the experiments I conducted were 200

times lower (0.05 mM) and 400 times lower (0.025 mM) than those used by Taylor et al.
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(2017) since the goal was to activate trpala channels without irritating the gut. However, it is
still possible that there is a nociceptive response occurring. Bellono et al. (2017) proposed
that TRPAT1 receptors protect the submucosa in the intestinal bulb by stimulating faster
intestinal transit in the presence of irritants, such as TC. However, these conclusions were
drawn from studies conducted only in mammals. Based on the results from the experiments
using brine shrimp as a meal, 0.05 mM TC was a high enough concentration to cause an
increase in the intestinal transit rate of 9 dpf zebrafish. The larvae that were treated with 0.05

mM TC emptied their intestinal bulb roughly 1 hour faster than the control group.

Trpala studies

To determine how TC impacts the intestinal transit rate in the absence of other
nutrients the fluorescent dye Nile red was used to fill the intestinal bulb. Zhou et al. (2014)
used Nile red to determine how different drugs impacted the intestinal rate, so I followed a
similar protocol with some minor altercations. I kept the larvae at a lower density to avoid
causing them any stress. I did this by keeping them in small glass fish dishes instead of 6-
well microplates. Treatment with Nile red alone enabled me to visualize intestinal
contractions in live larvae. It is hypothesized that Nile red will activate stretch receptor
without activating nutrient receptors. This suggests that activating stretch receptors may
result in peristalsis. However, the observed contractions may have been produced by the
migrating motility complex as part of normal inter-digestive phase contractions that occur
between meals. More trials are needed to determine if there is any difference in the rate or

directionality or timing of contractions between Nile red treated larvae and fasted larvae.
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After the larvae were incubated in Nile red for 16 hours at a density of 5 fish per 5
mL E3 medium they were washed. The larvae were then treated with either 0.05 mM or
0.025 mM TC. The results indicate that both 0.025 mM TC and 0.05 mM TC are sufficient
concentrations to increase the intestinal transit rate six hours after treatment. This was shown
by a decrease in the intensity of Nile red remaining in the intestinal bulb when compared to
controls. However, by 24 hours after treatment, only the larvae treated with 0.05 mM TC
showed a significant further decrease in Nile red fluorescence intensity when compared to
larvae imaged at six hours. These results indicate that 0.05 mM TC concentration has a
longer-lasting impact on intestinal motility than the 0.025 mM TC concentration.

Since Nile red is a nonabsorbable tracer that only activates stretch receptors within
the intestines it was expected that the transit rate would be slower when compared to brine
shrimp. Brine shrimp have multiple nutrients present that likely activate more sensory
receptors within the GI tract along with stretch receptors. The experiments I conducted
focused on the intestinal bulb. It is likely that that the expression of different receptors, such
as Trpala, within the intestinal bulb vary from the mid and distal intestine. If there are fewer
or no Trpala receptors in the intestinal bulb then that could partially explain why the motility
rate was much slower with the Nile red than with brine shrimp. Determining the expression

pattern of trpala will be important for determining if this is the case.

Expression pattern studies
The expression pattern of some genes within the zebrafish GI tract have already been
defined. The genes ada, slc10a2, and aqp4 are known to be expressed only in the intestinal

bulb, mid-intestine, and distal intestine, respectively (Table 3) (Thisse and Thisse, 2004;

62



Tingaud-Sequeira et al., 2010). These genes can be utilized as control genes when
determining the expression patterns of anol, kita, trpala, and trpalb using RT-PCR. Kita and
anol are known to be required for the proper development and function of ICCs (Rich et al.,
2013; Uyttebroek et al., 2013). The paralogs of the human gene TRPA1, Trpala and Trpalb,
are known to be activated by TC and mustard oil, respectively. Since there are known
agonists for these receptors the way in which they impact intestinal motility through possible
indirect signaling to the ICCs and smooth muscle can be studied. Further understanding of
the expression patterns of these genes should lead to a more comprehensive model for how
slow waves are controlled by ICC. These patterns could be determined by utilizing RT-PCR,
immunohistochemistry, and in sifu hybridization at different developmental timepoints.

An outstanding question in the field is what is the mechanism that controls the pace
of the slow wave in ICC. I propose that a negative feedback loop is initiated when PIP> is
hydrolyzed to produce the IP; that triggers Ca" release from the ER (Figure 16). PIP;
stabilizes the open conformation of anol but as PIP; is hydrolyzed, there is less PIP> present
to maintain the open state. Activation of phosphatidylinositol phosphate (PIP) kinases is
needed to produce PIP; by phosphorylating PIP (Legate et al., 2012). Simultaneously, a
positive feedback loopback loop is occurring with Ca**. As more Ca*" is released from the
ER, VDCCs open allowing an influx of Ca®" into the cell. However, as there is less PIP;
available due to it being hydrolyzed by PLC, the concentration of Ca** becomes irrelevant for
the activation of anol due to the Ca*" desensitization that occurs without PIP,. The
mechanism that leads to the activation of PIP kinases, and therefore replenishment of PIP>
stores, does not appear to be known. It is known that PIP kinases localize in different regions

of the cells and therefore PIP> has specific regions it pools in as well. Whether or not PIP>
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Figure 16. Proposed model for the mechanism that controls ICC slow wave frequency. A) Calcium release
results in partial opening of the anol transmembrane channel. Step 1. PIP, is hydrolyzed by phospholipase C
(PLC) producing diacylglycerol (DAG) and inositol 1,4,5-triphosphophate (IP3). Step 2. IP3 binding to
IP;R1 leads to the release of Ca?* from the endoplasmic reticulum. Step 3. Ca?* binds to anol causing it to
partially open. B) Calcium binding is stabilized. Step 4. PIP, binds to ano! stabilizing the interaction
between Ca®" and anol, allowing anot] to stay open. Step 5. As PIP; continues to be hydrolyzed by PLC, its
concentration dwindles and less is available for the stabilization of Ca?" and anol. C) Membrane potential
change. When Anol opens there is an efflux of negatively charged Cl- out the cells that triggers voltage-
gated Ca?* channels (VDCC) to open leading to an even higher concentration of Ca®"in the cell. As PIP; is
hydrolyzed there is less available to stabilize the interaction between Ca?* and anol which leads to Ca?*
desensitization. As this occurs anol closes and the cycles starts again.

pools are localized in regions where anol is expressed on the membrane of ICC does not
appear to be known. While the current evidence supports this hypothesis, some type of

immunostaining is still needed to provide direct evidence.
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Future Directions

A better understanding of what channels are present on the different intestinal cell
types and how those channels are controlled is needed. The experiments in this thesis laid the
groundwork for future studies of intestinal development and function. There are different
transgenic lines of fish that could potentially be used with particle image velocimetry (PIV)
to allow the software to focus on the intestinal wall when there is food in the intestinal
lumen. PIV allows for the amplitude, velocity, and frequency of contractions to be
determined using larvae that have empty intestines. 7g(sm22a-b: GFP) is a transgenic line
that fluorescently tags cells that have fully committed to being iSM cells (Seiler et al., 2010).
Combining this fish line with PIV could potentially allow for intestinal motility with a bolus
present to be tracked. PIV that uses wildtype zebrafish cannot distinguish between a bolus
and the intestinal smooth muscle. It may be possible to program the software to distinguish
between a bolus and the intestinal smooth muscle if there was more of a contrast between
them. Since contraction patterns are expected to be different between fish with empty
intestinal lumens and those with contents in their intestinal lumen, developing a technique
that allows both to be analyzed would allow for the whole picture of intestinal motility to be
captured (Won et al., 2005). If this technique is possible, when targeting different receptors
within the GI tract of zebrafish with various agonists and antagonists it would be possible to
tell precisely what is being impacted. In order to do this a more comprehensive
understanding of ion channel expression is needed.

What is known about the ion channels expressed on the ICC within the zebrafish GI
tract is extremely limited. While it is well known that anol is present on the ICC of zebrafish

no other ionic channels have been investigated (Uyttebroek et al., 2013). Many ion channels

65



have been well studied in the heart of zebrafish and could provide a starting point when
beginning this investigation in the intestines. Considering the similarities between the human
and zebrafish genome there is a high probability for many similarities in the ion channel
expression of ICC (Howe et al., 2013).

Though anol is one of the most highly studied channels on ICCs, there is still much
that needs to be understood before a full picture of the role anol plays in intestinal motility is
put together. ICCs are present in other organs such as the urethra and pancreas, however, the
presence of anol does not appear to be a research area of interest for these organs. By
contrast, there is a plethora of research examining anol in respiratory epithelium and smooth
muscle cells because of the potential for targeting this receptor to treat cystic fibrosis and
asthma (Danielsson et al., 2015; Ji et al., 2019). The current understanding of how anol
functions on ICCs in the GI tract supports that anol is important for proper intestinal
function. The signaling pathway/loop controlling activation and inhibition of ano1l has not
been defined yet and may provide a much-needed therapeutic target for treating a variety of

GI tract diseases.
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