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The gastrointestinal (GI) tract plays a key role in maintaining homeostasis, regulating
digestion, microbiota environment, and has bidirectional communication to the brain.
As such, dysregulation of the system leads to serious functional gastrointestinal
diseases (FGIDs) that affect over a quarter of the world’s population. A significant
impediment in designing FGID therapies that can address many of these diseases is the
lack of a clear method to visualize the impact of such therapies. In this dissertation, I
have tackled this problem by designing surgical methods to visualize the upper and
lower GI tract in vivo through the use of window technologies.

The first technology used a titanium window and an implantable 2-pronged insert that
stabilized the intestine. A graphene electrode was fused to the borosilicate glass
surface, with electrodes leading to a recording platform. Using transgenic mouse
models, I was able to both image enteric nervous system (ENS) activity, while also
recording local field potentials (LFP) emanating from the surface of the gut. This
provided the first ever glance into the enteric changes of a living mouse, and how it
changes over the course of several weeks.

This technology was then explored further as I created a novel metal 3D-printed
surgical window that allowed the live animal imaging of the colon. To overcome the
vast expansion of the colon, a ferromagnetic steel implant was designed to press the
colon to the gut surface without causing blockage of food passage and a novel gut
motility image analysis pipeline was used to isolate individual neuron in ganglia. This
was used to visualize the impact of a variety of sacral nerve stimulation (SNS)
electrotherapies on the colon. SNS is a widely used medical technique to treat FGIDs,
but this is the first system that can provide instant feedback with high spatiotemporal
resolution on the efficacy of the therapy.
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CHAPTER ONE
Introduction

1.1 The lower gastrointestinal tract
1.1.1

Introduction

The lower gut is, at its most basic, an 8-meter long tube that stretches and meanders its
way from the mouth to the anus. It’s 32 m^2 epithelial surface forms one of the key
interfaces between the body and the outside world, while also detecting, absorbing,
and distributing nutrients throughout the body1. To effectively execute these functions,
it has evolved into an intricate system of cell types, control mechanisms, and
specialized regions, all of which directly communicate with the brain via the enteric
nervous system, which is often called the “Second Brain” for its complexity and
importance. As such, dysregulation in the system has been found to be associated
with many common diseases, from inflammatory bowel disease (IBD) to diabetes.
New developments in surgical technology, microscopy, and animal models are finally
allowing researchers to get insight into the system dynamics in vivo to visualize and
test the efficacy of new therapies.

1.1.2

Gastrointestinal diseases

FGID/IBS
Disruption of the gastrointestinal system often results in chronic illness and is
incredibly widespread, with up to 1/4th of the American and European population
estimated to have a functional gastrointestinal disorder (FGID), which includes
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chronic abdominal pain, fecal incontinence, functional nausea, and other similar
conditions2. Such disorders are surprisingly common and costly, with 17% of
adolescents in the US experience abdominal pain on a weekly basis, with 8% seeing a
physician for abdominal pain every year3. Most gastrointestinal diseases are difficult
to diagnose due to the similarity of symptoms, range of intensities, and lack of
sufficiently precise diagnostic equipment.

One of the more common FGID diagnoses is irritable bowel syndrome which affects
10-15% of people in the developed world and manifests as an oversensitivity of the
enteric nervous system (ENS) which results in diarrhea or constipation and is often
associated with depression and chronic fatigue, among other symptoms. Though the
underlying causes are not known, it is suspected to be caused by infection, intense
stress, and/or genetic predisposition. These symptoms can also be affected by diet,
microbiota composition, and medication. This variability leads to difficulty in
isolating a single diagnosis, so these diseases are often lumped together and result in
repeated visits to the physician and difficulty prescribing the correct medication for
the precise condition.

IBD/UC/Crohn’s
Other common gastrointestinal diseases include autoimmune gastrointestinal
disorders, which have a more understood method of action than IBS, but are just as
hard if not harder to treat. IBD is a primary autoimmune gastrointestinal disease,
characterized by the over activity of the immune system in the gut, leading to

2

symptoms such as diarrhea, severe cramps, and bleeding. IBD affects over 1.5 million
people with over 70,000 new diagnoses every year, and its prevalence has been
steadily rising in developed countries, with models showing that the prevalence of the
disease will continue to increase in the near future4-7. It is primarily divided into
Crohn’s disease (CD) and ulcerative colitis (UC). The former causes the development
of localized ulcers throughout the gastrointestinal tract while the later primarily targets
the colon with an even distribution of inflammation across the entire endothelial layer
and usually begins to express symptoms in 30-40 year-olds8. Inflammation causes a
breakdown of the critical barrier function of the gut, leading to increased infections
from gastrointestinal microbiota9. It also leads to increased pressure on neurons by the
dense immune population, resulting in chronic pains and cramps and further reducing
control on gastrointestinal functions. To makes things more complicated for
physicians, even when IBD is in remission it often invokes IBS-like symptoms,
leading to further difficulty in diagnosis10.

Colorectal Cancer
Another common gastrointestinal disease is colorectal cancer, which is the third most
frequent form of cancer (it causes 9.7% of all cancers excluding non-melanoma skin
cancer) and has the fourth highest mortality rate of any cancer at 771,000 deaths in
201311,12. While many factors such as hereditary, lifestyle choices, as well as stress
and diet have shown to have shown to be attributable between 16-71% of all colorectal
cancers in the US13. Additionally, mortality rates are fairly low for cancers in early
stages. Stage 1 cancer has a near perfect 5-year survival rate, but that drops as the
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cancer develops, with survival rates dropping to 92%, 71%, and 10% in stages 2, 3,
and 4, respectively14. As such, understanding how the disease develops and being able
to catch it in early stages is crucial to lowering the resultant mortality rate.

1.1.3

GI Physiology

Small Intestine
In order to develop treatments for the myriad of diseases targeting the gastrointestinal
tract, it is important to first dissect the regions of the gastrointestinal ecosystem in
detail (Fig 1.1). The lower gastrointestinal tract is primarily divided into two regions,
the small intestine and large intestine/rectum/anus, the former of which is further
divided into the duodenum, jejunum, and ileum. These sections combine for about 6.5
m of the overall GI tract and combine stomach acids containing chyme with digestive
juices and bile from the pancreas and liver, respectively, to break down proteins, fats,
and carbohydrates for absorption. This is done through the secretion of enzymes, such
as lipase, trypsin, and chemotrypsin, and regulating gastrointestinal pH from 2 found
in the stomach’s gastric acid to 5 in the duodenum and up to 7 in the jejunum and
ileum. The ileum in particular has a set of Payer’s patches that form an interface with
the lymphoid system and are a hub for leukocytes to interact with the intestinal flora.
The small intestine itself is very flexible and mobile within the gut, being held
together loosely by connective tissue and serosa attaching it to the rest of the
abdominal cavity and supplying it with nutrients.

4

Colon/Rectum
Downstream of the small intestine, the chyme is passed into the colon which is
responsible for most of the water absorption from the chyme to prepare it for transition
to the rectum and anus for excretion. Unlike the small intestine, it is much shorter and
requires greater expansion due to the solid pellets that pass through its length.
Importantly, it also contains over half of the gastrointestinal flora that are responsible
for digesting much of the remaining nutrients and biosynthesis of essential molecules
such as vitamins K and B12. This highly active population of approximately 10^14
bacteria can often be seen as its own organism that is responsive to body stimuli and
even responds by releasing neurotransmitters such as acetylcholine (Ach) and
serotonin (5-HT). They have been notoriously difficult to study due to high subject-tosubject variation, but new ribosomal 16S and other sequencing technologies have
opened the door to microbiome exploration, leading to an explosion of articles (4/5 of
all articles published on gut microbiota have been within the past 5 years) attempting
to understand the vital population15. These commensal colonies can be extremely
beneficial, but also make the colon a prime target for sepsis and infections which can
worsen many diseases that already have a large impact in the colon.

5

Figure 1.1 Structure of the gastrointestinal tract. Image courtesy of Thibodeau et al16.
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Layers of intestine
To protect the body from the host of microbes, both the small intestine and the colon
contain a set of layers in the gut. It starts with the mucosa that lines the intestine,
which is made up of the mucous epithelium, lamina propria, and muscularis mucosae.
It creates a barrier with tight junctions that can regulate bacterial passage out of the
gut. The mucosa is regulated by Lgr5-labeled fast cycling stem cells that are found in
the intestinal crypts that are able to replace the epithelial lining every 3-5 days17.
These are particularly susceptible to radiation and oxidants that can induce
dysregulation of the Notch positive feedback self-renewal system leading to colorectal
cancer or other gastrointestinal lining disorders18,19. This niche is also a common entry
point for invasive bacterial populations, such as adherent invasive E.coli (AIEC), that
seek to pass through the tight junctions and escape the gut to wreak havoc by causing
sepsis-like symptoms20. Fortunately, the next layer, composed of the submucosa, adds
additional protection by hosting the submucosal plexus of neurons that regulate
glandular secretions and a population of dendrites, microfold cells (M cells) in ileal
Peyer’s patches, and other immune cells tasked to be sentinels for invasive bacterial
species. This is further surrounded by the muscularis layer that contains the
longitudinal muscle-myenteric plexus (LMMP) that controls gut peristalsis followed
by the serosa which envelops the gut and acts as an interface to the rest of the body via
the mesentery. Together these layers have grown to respond to intestinal food stimuli
while also regulating microbiota populations, safe food passage and metabolism
through the entire length of the lower gastrointestinal tract.
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1.1.4

Common gastrointestinal disease treatments

Antibiotics/Probiotics/fecal transplants
Gastrointestinal research has been on the backburner of medical research for many
years, with many breakthroughs happening only in the past few years21. The treatment
plan for most FGIDs has been standardized in recent years, mostly due to the difficulty
of discerning the diseases and its impact on specific targets within the gut and less due
to the efficacy of treatment. The first line of defense to combat most FGIDs are
antibiotics and probiotics, such as ciprofloxacin, metronidazole, azithromycin, and
rifaximin22. Over 25 diseases or syndromes have been linked to an altered intestinal
microbiome, so modulation of the gastrointestinal environment can have dramatic
impacts on clinical efficacy23. Furthermore, increased gastrointestinal stress and
inflammatory response often weakens the barrier function and mucosa in the gut,
resulting in bacterial invasion of the submucosa. By suppressing the bacterial
population, it removes pathogenic bacteria such as Bacteroides fragilis by
metronidazole or gram negative bacteria by frontline drugs like ciprofloxacin or
rifaximin that could potentially cause sepsis or infections24. However, antibiotics often
have detrimental effects by decimating beneficial flora and affecting immune system
development or contributing to bacterial resistance in surviving bacterial
populations25,26. Probiotics avoid this issue by focusing on expanding existing
bacterial colonies to stabilize the gut flora. They can be found in common foods and
supplements and have shown to have a significant impact on gastric pain, reducing
flatulence, and lowered immune response over placebo in certain cases of IBS27. Their
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low occurrence of side effects and efficacy has turned them into a $36 billion industry
in 2015 and the market is growing28.

In recent years probiotics have taken a more radical (and gross) turn by introducing
fecal microbiota transplantation. Rectal implantation of fecal bacterial colonies from
healthy patients into sick patients have been first shown to have an impact in 198329.
Since then shown to achieve clinical remission in 22% of patients with UC and over
60-100% remission in patients with CD, with a mean improvement rate of remarkably
at 87-90% shortly after treatment30-32. However limited safety studies have been
conducted on FMT and prolonged monitoring studies have shown reoccurrence of
inflammation and sometimes no change of negative symptoms in 54% of patients
across 3 months after initial treatment33. More research is still being performed to
understand which donor colonies have greatest beneficial impact on diseases,
hopefully reducing the rates of relapse and any side effects.

Amino-salicylates/Anti-inflammatory
The second line of treatment of FGID usually targets the inflammatory pathway and
immune system. Non-steroidal anti-inflammatory drugs (NSAIDs), such as aspirin and
ibuprofen, and COX2 selective inhibitors are used by over 60 million Americans daily
and are effective at combatting inflammatory symptoms34. By decreasing the
symptoms, it leads to an increased quality of life and decrease of pain associated with
FGIDs. Their main limitation is occasional long-term gastrointestinal toxicity in the
form of ulcers (2-30%)35, dyspepsia (10-20%)36, or erosions leading to bleeding.
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These lead to over 100,000 hospitalizations due to gastrointestinal dysfunction on a
yearly basis37. There are studies showing 17-28% relapse rate of disease symptoms
within 9 days of drug ingestion, showing that the effects are transient and continued
use of drugs is required despite the danger of potential side effects38.

Biologics/corticosteroids
One of the last lines of drug-based therapies are usually corticosteroids and biologics
that target specific pathways. Corticosteroids, such as budesonide or beclomethasone,
have been in use to treat gastrointestinal inflammation for over 50 years when a single
dose of cortisone was shown to cause UC remission39. They have a high rate of
efficacy with over 84% of patients responding positively to treatment. However they
have a high rate of inducing dependence, with only 32% of CD patients and 48% of
UC patients are able to maintain remission without continued use of corticosteroids
after 1 year40. Prolonged usage produces severe side effects such as increased blood
pressure due to fluid retention and weakened immune system. Studies have also shown
that while effective for local flare ups, there is no difference over placebo over long
term treatment41. This is why biologics such as bethanecol and tegaserod are preferred.
They target specific gastrointestinal pathways (cholinergic and 5-HT pathway,
respectively) which reduces the potential body-wide impacts that can be found with
other treatments. By regulating pathways responsible for gastric motility, they can
stabilize a lot of symptoms associated with IBD/IBS, though not usually sufficient to
combat all symptoms due to the limited scope and limited number of drugs available42.
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Surgeries
When drug therapies are shown to be ineffective, often the only remaining approach is
surgery or other highly invasive techniques. 30-40% of patients with CD and 20-30
patients with UC require surgeries at some point in their lifetime43. Surgeries have the
potential to remove inflamed regions associated with UC, but usually not effective at
other gut-wide diseases. Crohn’s disease spreads in patches across multiple regions in
the gut, so a single surgery might remove an inflamed node, but another might arise
soon after. Furthermore, surgeries can potentially exacerbate diseases that already
have an overactive immune system or ENS by causing scarring, leading to a 25-35%
recurrence rate within 5 years and a 40-70% recurrence rate within 15 years44.
However often it is the only option due to development of obstructive fistulas or
obstructions that affect about 17% of patients which would otherwise be fatal45.
Current treatments emphasize a mix of post-operative anti-inflammatory anti TNF-a
medication to reduce the risk of scarring, but clinical trials have shown mixed results
and more research is required to optimize the efficacy of these combinations43,46.

Electrotherapy
The latest development in gastrointestinal treatment that has grown increasingly
popular in recent years has been targeted electrotherapy where a peripheral nerve is
stimulated with low amplitude currents to selectively stimulate specific organs,
avoiding non-specific effects. Though it was explored as early as 400BC by the
ancient Chinese and later by the Romans using electric torpedo fish47,48, electrotherapy
was brought into Western scientific culture in 1860 when a German scientist
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stimulated peripheral nerves with direct current to reduce pain sensation in the
extremities49. However, it took another hundred years for it to come into medical
practice, when Wall & Sweet applied eight 0.1ms pulses of 100Hz to patients, which
showed a reduction of neuropathic pain for over half an hour after stimulation in half
of the patients50. They postulated that “gates” in spinal neurons opened and closed to
regulate nociceptive (pain sensation) and non-nociceptive input. By stimulating the
small fibers responsible for nociceptive sensations, they thought that they would be
able to relieve the pain sensations associated with them51. While there is no single
mechanism to explain the impacts of nerve stimulation, it has been shown to block cell
membrane depolarization to prevent axon signal propagation, lower the signaling rate
of hyperexcitable neurons, increase GABA release while decreasing glutamate and
asparate neurotransmitter release, and blocking nociceptive c-fiber excitation52.
Importantly, it has been shown to be an effective pain relief therapy with as many as
50,000 new patients with peripheral nerve stimulators implanted every year53.

The vagus nerve and the sacral nerve directly innervate the gastrointestinal tract, so
they have been a prime target of peripheral nerve stimulation therapy with the goal of
alleviating FGID symptoms. Though the mechanism is still not fully known, vagus
nerve stimulation (VNS) and sacral nerve stimulation (SNS) are believed to be able to
activate the acetylcholine anti-inflammatory pathway in the gut, which would reduce
inflammatory response in IBD54-56. They are both currently being tested in clinical
trials for efficacy, but show promise in preclinical experiments. However, this method
still requires much refinement to increase specificity of targeting and much greater
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understanding about the complicated matrix of neuronal and glial cells that make up
the enteric nervous system (ENS) that are being directly affected by this therapy.

1.2 The Enteric nervous system
1.2.1

ENS neuron structure and classification

ENS layers in the gut
The enteric nervous system is an intricate network of ganglia and neurons with an
estimated 200-600 million cells that permeate the walls of the gastrointestinal tract
that act as sensory nodes to detect activity in the gut while also controlling muscular
contractions and hormone secretion signaling57. They are primarily found in circular
layers in the outer myenteric plexus (MP) and inner the submucosal plexus (SMP).
The former forms a continuous mesh continuing up to the esophagus while the latter is
found only in the lower GI tract58. There are also series of neurons running between
the main layers and into the endothelial layer that are much more dispersed.

Though there are over 17 types of enteric neurons, they are most often grouped into
main functional categories of intrinsic primary afferent neurons (IPANs, sensory
neurons), motor neurons, and interneurons59. In summary, IPANs/sensory neurons
makeup 10-30% of enteric neurons and serve as the sensory interface, reacting to
contractions and neurotransmitters in the luminal content to signal to the central
nervous system (CNS)60. Motor neurons are the efferent terminals that execute the
directives from connecting neurons, resulting in muscle contraction/relaxation,
secretion, and vasodilation. Interneurons act as connecting fibers that transmit

13

information, though can also be involved in local motility control by secreting Ach or
NOS, among other neurotransmitters61.
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Figure 1.2 Physical morphology of the three primary Dogiel neuron types. Image
courtesy of Wood et al62.
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Neuron signaling (Type 1/Type 2)
Aside from functionality, enteric neurons are also divided by signaling profiles. These
profiles were first identified by Aleksandr Stanislavovic Dogiel in 1899, in which he
attempted to correlate electrophysiological properties of ENS neurons with shape63.
This resulted in classifying them into 7 classes (Dogiel Type 1-7), though the majority
fall into the following 3 classes61 (Fig 1.2):
Dogiel Type 1: Short and fat neurons with 4+ dendrites that connect to the
musculature.
Dogiel Type 2: Long and thin neurons that connect different ganglia.
Dogiel Type 3: Multipolar neurons that that have extensive branching and taper at the
endings.
Importantly he found that 70% of Dogiel type 2 neurons show electrophysiological
after-hyperpolarizations which Dogiel type 1 neurons lack, showing a distinction in
firing patterns between neuronal subtypes64. Later additional firing patterns would be
identified with monophasic and biphasic shapes and up to 3 more Dogiel neuronal
sub-groups would be identified. These neuronal subgroups would later be loosely
associated with motor neurons for Dogiel type 1 neurons and sensory neurons for
Dogiel type 2 neurons65. The discovery of enteric neuronal subtypes was revolutionary
at the time, but the lack of in vivo technology limited the understanding to single
neuron activity and categorization without appreciation of the close interactions of
neurons and surrounding cells.

Neuron interaction with immune system and microbiota
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With over 70% of the entire immune system located within the gut (specifically in the
gut-associated lymphoid system), the ENS acts as an essential feedback mechanism to
regulate immune response66. In the epithelium, bacteria and other small molecules that
transit through the barrier are detected and absorbed by M cells and brought to gutassociated lymphoid tissue. M cells are phagocytosed by macrophages and or interface
with DC cells, which in turn can stimulate the nerves through catecholamine (CCh)67.
In response, neurons can reduce inflammatory response through Ach release, or use
neuromodulin U to initiate an active type 2 cytokine response68. It has also been
shown that these enteric neurons can also polarize intestinal macrophages via the b2
adrenergic receptor to induce an active response to infections69. These mechanisms are
examples from a larger interconnected feedback network that show that proper
analysis of the gastrointestinal network is incomplete without a fully active enteric and
immune system to respond to perturbations.

ENS GI diseases
Considering the complexity and constant activity of the ENS, it makes sense that
gastrointestinal diseases would have a significant impact on enteric neuron growth.
IBS has a direct link to ENS since it manifests through a hypersensitive nervous
system in the gut. The overexpression of neurotransmitters such as 5-HT from both
neuronal and non-neuronal cells in IBS patients causes a hyperactive response to daily
stimulations70. This causes an increased innervation of the submucosal plexus of
excitatory choline acetyltransferase and vasoactive neurons, while at the same time a
decrease in nitric-oxide-synthase inhibitory neurons71. Similarly, IBD patients also
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have chronic pain caused by an hyperexcited ENS, a sharp restructuring of motor
circuits caused by increased ENS plasticity and growth, overexpression of
neurotransmitters, and changes in surrounding glial cells72. This change in enteric
signaling even spreads to non-inflamed regions, causing further instability as the
symptoms progress.

ENS in non-GI diseases
Due to the inter-connectivity of the body, the ENS has a direct impact on other
diseases not usually associated with the gut. For example, as people age from 30-60
years old it has been shown that there is a loss of about 1/3 of all enteric neurons in the
colon, altering the network activity73. The particular reduction in Intestinal Cells of
Cajal (ICCs) reduces the ability to regulate smooth muscle contractions in the gut as
people age74. In Parkinson’s disease, it is shown that deposits of alpha-synuclein, a
hallmark of Lewy body formation in Parkinson’s, can be isolated in the ENS and EEC
cells75. This is currently being studied to see if it can be used as an early hallmark of
Parkinson’s development. Similarly, diabetes patients also show a dramatic loss of
inhibitory enteric neurons, with almost a complete loss of nitrogenic function in later
stages of diabetes76. Simultaneously there is a dramatic overexpression of excitatory
neurons in diabetic models, leading to over 70% of diabetes patients experiencing
FGID-like symptoms77,78. Such dramatic impacts show that despite the relative
specialized locale of the ENS, it can have profound impact on the body’s wellbeing
beyond the gut walls.
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1.2.2

Enteric neuron dynamics and detection methods

Fast waves/Slow waves
Enteric neurons have a unique electrophysiological language that they use to relay
information via the multi-layered gastrointestinal structure to other parts of the gut and
brain. This usually starts with IPANs, which gather sensory information and pass it
along using fast waves to synaptically connected interneurons60. This often induces a
release of 5-HT from either EECs or 5-HT interneurons by increasing upstream
tryptophan hydroxylase, which would further induce contraction of the intestinal
muscles and further propagate the fast waves79. As a counter to the sensory and rapid
moving fast waves, slow waves propagate in the anterograde direction down the
gastrointestinal tract to promote chyme motility. They are generated by the ICCs to
control local smooth muscle rhythms80. This peristalsis is usually induced by the
introduction of chyme into the lumen, which the slow waves are able to propagate by
creating contraction behind the bolus usually associated with acetylcholine (Ach)
release, while simultaneously relaxing the muscle ahead of the bolus by releasing
nitric oxide synthase (NOS) and 5-HT, among other neurotransmitters and
vasodilating hormones81. Though controlled by the brain, this pathway has been
shown to continue to function independently of the brain when all connections are
severed. In between digestive cycles, the gut also propagates pattern called the colonic
migrating motor complex (CMMC) every 3-4 minutes (0.8mm/s) that contracts the gut
to remove remaining debris and promote absorption of the nutrients into the mucosa
by mixing the luminal contents82. These are all supplemented by a much rarer
phenomenon (7-10 times a day), the high-amplitude propagating contraction (HAPC),
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which stimulates strong contractions and the excretion of the contents83.

In vitro/In silico models of neuron analysis
To study the activity of enteric neurons, it is often easiest to remove all surrounding
variables, as done by Dogiel over a century ago63. By performing in vitro experiments,
enteric neurons can be cultured in dishes to observe dynamics while simultaneously
implementing traditional patch clamping and other electrophysiological techniques.
The simplest method to do so would be to extract neural precursor cells from live
animal tissues, but this does not come without a challenge. The technique is non-trivial
because the gut contains a multitude of bacteria, fungi, and fecal matter that
contaminate the setup. That is why most researchers prefer to extract the myenteric
plexus surrounding the gut to extract a high density of neurons, avoiding penetration
of the gut84,85. These cells can survive for several days post-extraction and grow, but
do not proliferate, which is often sufficient to prove electrophysiological properties.
However recent studies have identified Nestin+ enteric neuron proliferative cells
(ENPCs) that can replenish these cellular arrays. They form neurosphere-like bodies
that then differentiate and proliferate into other neuronal cell types with fibronectin
induction86. These are then further combined with different scaffolds or intestinal
organoids to further replicate the intestinal multitiered environment87.

Ex vivo models of neuron analysis
Due to the synergistic quality of the ENS with the rest of the gut, isolation of the
neural population often results in inaccurate skewed cellular morphology and limit the
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types of conclusions that can be drawn from in vitro experiments. To maintain
gastrointestinal structure, much of the experimentation has been done in ex vivo
scenarios, where the gut is removed from the intestinal cavity, while preserving the
total GI tract. Instead of risking the puncture of enteric neurons, studies instead focus
on the vagal or sacral neurons extending from the gut which are connected with
sensitive gold or platinum electrodes88,89. Enteric neurons are instead recorded using
local field potential (LFP) sensing proximity electrodes which can be attached or
wrapped around the intestine. These are often then extended to in vivo studies, with
wired or wireless electrodes extending out of awake animals90,91. While having
extremely high recording rates, these multi-electrode arrays often lack the
spatiotemporal resolution to visualize which neurons are firing and electrodes cannot
attach to individual neurons due to the constant gastrointestinal motion in the gut,
though it does provide a unique insight into the ENS dynamics of awake animals that
are unavailable otherwise.
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Figure 1.3 The parasympathetic system (pink) connecting between the CNS (peach)
and the spine via the vagal and sacral/pelvic nerves. Sympathetic nociceptive nerves
(blue) connect to the spine via thoracic nerve pathways, but are not commonly used
for FGID electrotherapy. Image courtesy of Uesaka et al92.
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1.3 Gut-brain connection
1.3.1

Vagus nerve signaling

The vagus nerve (cranial nerve X) is the longest nerve of the parasympathetic nervous
system and contains over 40,000 individual axons and connects the brain to the heart,
lungs, spleen, liver, and upper gastrointestinal tract/small intestines (Fig 1.3)58. In
relation to the gut, it allows for the control of gastrointestinal secretion and
inflammatory response regulation, while at the same time providing afferent
information regarding micronutrient and metabolite levels in the gut such as glucose,
leptin, and CCK which in turn regulate hunger93,94. Therefore, it has been a prime
target for vagal nerve electrotherapy that is already approved for treatment of epilepsy
and depression, where electrode cuffs are placed on the vagus nerve and induce
stimulation of the gastrointestinal tract and spleen. By attenuating TNF production in
the spleen and activating the acetylcholine anti-inflammatory pathway in the gut, it
can cause an overall reduction in inflammation95-97.

1.3.2

Sacral Nerve signaling

The sacral/pelvic parasympathetic nerve originates from the spinal sacral root and
travels through the sacral foramen to innervate the bladder and lower GI tract. It
provides an alternative afferent and efferent signaling pathway to connect the gut to
the brain, as opposed to using the vagus nerve. It also has been shown to reach further
down the gastrointestinal tract than the vagus and does not affect vital organs, such as
the lungs or the heart. Therefore it has been of interest for electrotherapy, first
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attempted by Tanagho and Brindley in 1977 to stimulate bladder emptying98,99. Since
then it has been FDA approved for both fecal incontinence and retention100. It has been
shown that stimulation induces changes in motility in the colon, but more research is
ongoing to optimize the electrode placement and current stimulation parameters to
target selective colon/bladder regions and reduce side effects.

1.3.3

Peripheral nerve tracing

Rabies/Herpes tracing
To optimize region targeting with electrotherapy it is important to understand the
connectome of the stimulated neurons. To do so, fluorescently tagged viral techniques
have been invaluable in labeling neurons, which are then spread through synapses to
downstream connected cells. First shown in 1990, they have since developed using
herpes simplex virus (HSV-1), rabies, and adeno-associated viruses101. The HSV-1
enters the cell by binding to the heparan sulfate proteoglycans on the cell surface and
fuses the viral envelope with the cell membrane, releasing the retroviral package that
are transported retrogradely into the nucleus102. Virus production in the nucleus and
assembly in the cytoplasm (8-16 hour replication cycle) causes impairment of protein
synthesis, leading to cell pathogenicity103. HSV-1 has the benefit of spreading from
initial neuron to neighboring cells in the anterograde and retrograde direction, but it
retains much of its pathogenicity despite being modified to hold the fluorescent
carrier, often causing localized inflammation and neuronal death within 2-3 days post
infection104,105. Since its introduction it has been mostly phased out in favor of the
modified rabies virus, also known as SADdG because it’s envelope glycoprotein rabG
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can be replaced with a fluorophore106,107. The replacement prevents spread of rabies
over multiple synapses because it cannot construct a new viral envelopes in new cells,
thus limiting the rabies spread through a single synapse. Recent developments have
further improved on the virus, allowing it to spread not only in the classical retrograde
direction, but also in the anterograde direction108, as well as reducing its toxicity to
allow for neuron survival post infection109, though production remains difficult and
more research is needed on neuronal labeling patterns.

AAV tracing
A more classical approach to neuronal tracing has been to use the adeno-associated
virus. It was first identified as a contaminant in adenovirus cultures, it was soon found
to be safer to use than the full virus itself110. It contains a 4.8 kB circular DNA vector
that the protein shell can introduce into the infected cell nucleus. Unlike the rabies and
herpes virus complexes, it does not assimilate into the genome of the infected cell,
giving it flexibility with regards to the type of packages that need to be delivered111,112.
This gives it expression specificity post cell infection, which made it invaluable in
biomedical research, while also removing the toxicity that would affect other viral
strains. Additionally, the different protein coats give different serotypes more
specificity for different neuron pathways, with AAV1 and AAV5 being most effective
for ENS infection113,114. This has also been adapted to neuron connectome study by
introducing a pan-neuronal human synapsin (hsyn) promoter which can allow for
selective neuron tracing115, and calcium sensitive GCaMP molecule to identify
calcium influx caused by action potentials116. Further limitations, such as introducing
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Cre-dependent expression profiles, can further restrict AAV virus infection and
provide a clear picture of viral labeling117. While extremely modular, the lack of
specificity of AAV targeting, low retention rate, and unequal infection rates into
different neuron subtypes limits the use of AAVs for sensitive studies.

Retrograde dye tracing
The safest and most traditional way of process tracing has been done using fluorescent
dyes, which have been around since 1970118. Some of the more common dyes
currently used are Fast Blue (FB), Fluoro-Gold (FG), and Fluro-Ruby (FR), dependent
on required excitation and emission wavelengths. FB is an aqueous tracer that has
clear staining of cytoplasm and dendrites and can persist for over 6 months after initial
absorption by the neuron. Fluoro-Gold is similar to FB, but the yellow hue often
overlaps with traditional autofluorescence and it has been shown to be toxic with high
doses of FG. FR is a dextran based conjugate that has shown to be effective, but has a
predilection for damaged neurons, so it is traditionally used in nerve regeneration
studies119.

1.4 Live imaging of GI
1.4.1

Live animal imaging review and challenges

The full scope of gastrointestinal interaction can only be assessed using a model
animal. Mice are usually considered the optimal animal model to use due to their
availability, size (15-35g), long history of backcrosses (since 1930) and high
replication rate (20 day gestation), but other animals such as rats and pigs are common
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due to their larger size (which is key when testing medical implants) and anatomical
similarities to humans120. However, the range of over 50,000 mice with modified
alleles, such as those with neuronal calcium indicators, allow for advanced neuron
imaging and tracing techniques which would otherwise be difficult in other mouse
models121.

Despite the usefulness of the murine models to study the gut, it faces the issue of
variability between mice, age, sex, experimental conditions, and even the researchers
that implement the experiments have shown to have an impact on animals122,123. This
is especially critical when studying the gastrointestinal tract because of the immense
differences in microbiota between mice that cannot be compensated for by selective
inbreeding124,125. Furthermore, continuous monitoring of animals is difficult to do
because many detection techniques require terminal endpoints to obtain samples. The
only method to accommodate such hurdles is to increase mouse numbers,
compensating for the variation with a larger sample size. While this is effective, it is
costly and requires euthanasia of many animals to obtain significant information and
repeated experiments to adjust for unexpected conditions or results.

1.4.2

Modern live animal imaging techniques

Endoscopy/colonoscopy
There are several non-terminal techniques that can be used to monitor mouse
gastroenterological activity. The most straightforward would be a mouse endoscope,
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that gives a visual insight into the gastrointestinal lumen126-128. Mouse models are
adapted from ureteroscopes, such as the Olympus URF-V, or can be custom built.
Fiber optic cables facilitate flexible tubing with fluorescence analysis to analyze colon
cancer growth in the mucosal layer or colonic inflammation. This has since also been
updated to record Raman spectroscopy to record different tissue types of labeled
tissues, which has been especially useful to indicate cancer129,130. Confocal endoscopes
aid in high resolution imaging131 while multiphoton microscopy techniques have also
been adapted to murine endoscopes to allow for deep tissue imaging132,133. While these
techniques allow for deep, repeated insight into the colon, it can be difficult to identify
the same location and it does not accommodate for the movement and contraction
happening in the colon.

Whole animal fluorescence microscopy
Trans-dermal imaging is also feasible in murine models of gastrointestinal diseases.
Unfortunately, fluorescence often gets dissipated through dense tissue as it travels out
of the body, so gastrointestinal fluorescence imaging usually has low resolution134,135.
This is partially ameliorated by using hyperspectral imaging due to the deeper
penetration of the far-red spectrum (600-1000 nm) because it is poorly absorbed by
fluorescence quenching molecules like hemoglobin, melanin, and cytochromes136,137.
However, there is still natural diffusion in the tissue, leading to only a few mm of high
resolution depth. Luminescence has preferred as of late instead of fluorescence to view
colonic activity because it contains less natural background expression, creating a
greater contrast138,139. Recent studies have even shown micron scale resolution in the
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brain in vivo, but commercially available systems do not have that level of signal-tonoise and resolution and still suffers from issues with tissue diffusivity140. It is also
hampered by the need to inject luciferin to initiate the luciferase reaction, so
insufficient delivery might hamper very tight cells or cells in a difficult to reach area.

MRI/CT
Magnetic resonance imaging (MRI), coherence tomography (CT), ultrasound have
provided the new frontier in animal imaging. They are non-invasive and can be used
repeatedly to track changes in cellular physiology. However, they are limited by the
types of markers used to label the cell types. Traditional fluorescent labeled antibodies
and contrast agents cannot reach all areas within the body evenly and contrast agents
also have unequal distribution, especially when studying dense, poorly vascularized
tissue like tumors141,142. Injected agents also have a shortened half-life in vascular
circulation that would require continuous additional injections to increase their time in
circulation without inducing toxicity to the body at high doses. Lastly, many of these
techniques suffer from insufficient resolution to differentiate single cells within the
body143. Increasing resolution require multiple angles or modified cage to reduce the
artifacts and increase signal-to-noise, which in turn increases the time necessary to
perform a single scan or limits size of specimen144. Scanning an entire animal requires
multiple days, which leads to changes in animal physiology and prevents a lot of live
animal imaging at that resolution. However, innovations in compressed data
processing have allowed researchers to under sample imaging data without losing any
precision by analyzing the inherent patterns in the dataset and removing null voxels.
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This accelerates the recording process by ten-fold, opening the door for high-precision
analysis of whole animal physiology145-148.
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Figure 1.4 Locations of possible intravital window locations on a mouse. Image
courtesy of Karreman et al.149
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1.4.3

Surgical windows for live animal imaging

Cranial window
To overcome the obstacle of tissue light dispersion, the natural solution was to remove
the tissue altogether and replace it with a transparent substance. An acute window was
first explored in 1928 wherein needles held a glass in a metal circle over the brain of a
live mouse to monitor cranial circulation150. By removing a portion of the skull, it can
be secured to the skull to prevent any motion. This was later evolved into a chronic
window by securing the implant to the skull using dental acrylic, in which the mouse
brain could be imaged in vivo over the course of several months151. The brain’s semiimmune-privileged environment prevents inflammation and the lack of muscle
prevents motion152,153. New developments in deep tissue imaging using two-photon
and three-photon microscopy have allowed for insights dynamic processes in the
brain154,155. Furthermore, the transparency of the window allows for targeted light
stimulation of the brain as well, facilitating targeted activation of specific brain
regions using channelrhodopsin labeled cells or direct laser stimulation156. This
technology has been gradually expanding over the year to include updates in
microscopy techniques, such as angled two-photon microscopy157 and waveform
corrections158, to remove fluorescence artifacts and allow for deeper imaging. Further
developments in skull thinning are also occurring in parallel, allowing for innate
structure while still having effective light penetration, though the point spread function
decreases significantly after 50um compared to similar imaging done with a
window159,160. These gradual improvements show how new techniques take advantage
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of the brain’s ideal location for intravital imaging, and make it ideal testing ground for
the development of new technologies that can later be applied to other parts of the
body as well.

Spine window
Since the advent of the cranial window, the technology has been adopted to other
regions as well (Fig 1.4). The spinal window uses titanium clamps to fix a scaffold
around the left and right side of the spine, while the top of a vertebrae bone is
removed, exposing the spinal cord. Different techniques use a mixture of silicone,
epoxy, and cement to secure the glass window and avoid the formation of air bubbles
that would induce the formation of fibrotic tissue. Such windows allow the mouse to
continue to move without hindrance for several months161,162. This is sufficient time
to induce injury and monitor recovery in a single mouse without adjusting for mouseto-mouse variability. Special external scaffolds are also required to fix the window in
place and minimize movement caused by breathing163. While more difficult to image
than the brain due to the range of motion of the spine, the vertebrae provide an ideal
foothold for window foundations and for testing new techniques for combating
abdominal movement during imaging.

Other windows
Since the advent of the cranial window, intravital windows have been increasingly
used on other portions of the body, but all face the problems of accessibility and tissue
movement. Dorsal skinfold windows have particularly been useful in stem cell and
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cancer biology, allowing for the isolation of a patch of skin and tracking of subdermal
tumor growth, in part because the skin is easily accessible and, when stretched, does
not offer much movement164. Other windows, such as lung165 and cardiac windows166
have also been developed. They adapt to breathing and heartbeat motion by
synchronizing the recording frame rate to that of the organ due to its repetitive nature.
High frame rate provided by multiphoton microscopy allows effective signal detection
despite losing frames due to motion. They use the rib cage as scaffolding to fix the
location of the window. Abdominal windows are also being developed, but are
combatting the heightened risk of sepsis, non-repetitive contraction, and adjustment
for expansion due to chyme167-170. However, this technology is still fairly new and,
combined with novel microscopy techniques, can lead to a revolution in understanding
of live animal gastroenterological processes.

1.5 Aims of this dissertation
The aims of this dissertation are to visualize the spatiotemporal activity of the
gastrointestinal environment in vivo. Chapter Two details the development of novel
abdominal window technology that, when combined with a graphene sensor, allows
for simultaneous electrical and visual analysis of the intestine and the enteric nervous
system in live mice. Chapter Three describes the application of this window to study
neuronal development and apoptosis, as well as using it to study intestinal crypt
dynamics in the intestine in vivo. Chapter Four details the modification of this
abdominal window to view the spatiotemporal dynamics of the colon, and the impact
of peripheral nerve electrotherapy on the colon environment. Chapter Five analyses

34

the use of diffusion tensor MRI to study the peripheral nerve connections to the gut in
whole animals. Chapter Six details the development of a dynamic time warping
algorithm for the analysis and identification of enteric nerve signaling.
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CHAPTER TWO

Simultaneous optical and electrical in vivo analysis of the enteric
nervous system

2.1 Introduction
The ENS contains the largest population of neurons in the peripheral nervous system,
5 times the amount in the spinal cord, and is often referred to as the ‘second brain’ due
to its autonomous functions1. Organized into two types of ganglia, the myenteric and
submucosal plexuses, the ENS is composed of motor neurons, sensory neurons, and
interneurons, and it is responsible for regulating vital functions such as gut motility
and homeostasis2,3. Damage to the ENS is associated with inflammatory bowel disease
(IBD), irritable bowel syndrome (IBS), and other functional gastrointestinal disorders
(FGIDs)4-6, which affect one quarter of the world’s population and result in over 21.7
million hospitalizations and $141.8 billion in costs each year7,8. ENS dysfunction
often accompanies systemic conditions such as obesity and diabetes, and emerging
evidence suggests a link between Parkinson’s disease and the ENS9-11.

Compared to the central nervous system (CNS), less is known about the ENS circuitry
and its electrophysiological dynamics. For example, although ENS dysfunction is
known to be associated with diseases like FGIDs, the exact electrophysiology is less
clear12,13. As opposed to the brain and spinal cord, which can be imaged via cranial
and spinal windows and recorded via implantable electrodes14-16, a major limitation in
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deciphering the ENS circuitry is our inability to optically image or electrically record
ENS activities in live animals. Particular challenges for ENS recording include: the
peristatic movements of the intestine, high background noise associated with
surrounding longitudinal and circular muscles, lack of a fixed surface (e.g., the skull or
spine) to stabilize the device and maintain good contact, and the highly immunogenic
GI environment that interferes with ENS activities (in contrast, the CNS is much more
immune tolerant towards foreign substrates)17-19. Gut movement also makes it
extremely challenging to track the same groups of enteric neurons over multiple
imaging sessions. Furthermore, given our limited knowledge about the ENS
electrophysiology and high background noise, it is important to develop capabilities of
simultaneous optical/electrical recording to take advantage of available transgenic
reporter mice to validate and interpret recorded data.

The ENS has been imaged previously in an acute setup, where the intestine was
brought out of the abdominal cavity, and the mouse was euthanized after the imaging
session20. This method has several limitations if being applied to ENS recording: (a)
the external environment and stretching the intestine out of the abdomen create
artifacts due to ENS sensitivity to mechanical and chemical stimuli; (b) the imaging
duration is limited; and (c) this setup does not allow chronic monitoring over an
extended period, which is important for understanding ENS-related physiology in
health and disease.

An intravital abdominal window was previously developed to image intestinal
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epithelial stem cells21. In this setup, the intestine was glued to the coverslip on the
window, which was also kept in place by glue. However, the glue causes substantial
local inflammation, which could interfere with ENS activity, and makes this approach
ill-suited for studying ENS. Other factors also make this approach impractical for
chronic (repeated) studies of the ENS. The tendency of coverslip breakage hinders
repeated imaging sessions and prevents integration of electrical recording devices.
Peristaltic movements often cause the intestine to break off from the glue and detach
from the window. Adhering the intestine to the window can cause intestinal
obstruction or chronic inflammation, leading to high-mortality rates, fibrosis, and
mucus buildup, preventing repeated measures of the ENS function over the course of
the experiment.

To overcome these limitations, a 3D-printed insert is designed and surgically
implanted into the animal to stabilize the intestine without blocking its motility
functions. Through a customized abdominal intravital window, we manage to
chronically image the same location in the mouse gut over several days and observe
neuronal firing using the transgenic Pirt-GCaMP3 mice. By further integrating a
transparent graphene sensor into the window, we demonstrate the ability to perform
concurrent optical and electrical recording of ENS activity, with high spatiotemporal
resolution to detect waveforms of single action potentials from individual enteric
neurons. We use these novel capabilities to analyze the effects of various chemical and
biomolecular stimuli and optogenetic manipulations on the gut, showing that such in
vivo, real-time detection methods provide unique information necessary for the
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understanding of gut functionality in vivo.

2.2 Methods

Ethics statement
All animal procedures were reviewed and approved by the Cornell University
Institutional Care and Use Committee (protocol no. 2010-0100 and 2015-0029) and
were conducted in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals, published by the NIH.

Animal models
Pirt-GCaMP3 mice were generated previously22. The Wnt1-cre:tdTomato mice were
generated by crossing Tg(Wnt1-cre)11Rth Tg(Wnt1-GAL4)11Rth/J (Jackson
Laboratory: 003829) with Ai14 (Jackson Laboratory: 007914). The Nos1creERT2:Chr2 mice were generated by crossing B6:129S-Nos1tm1.1(cre/ERT2)Zjh/J
(Jackson Laboratory: 014541) with Ai32 (Jackson Laboratory: 012569). Gene
expression was induced in Nos1-creERT2:Chr2 mice by tamoxifen IP injection at 75
mg kg-1 daily for five days.

Graphene sensor manufacturing
Graphene was grown in a chemical vapor deposition (CVD) system on copper
substrate and transferred using poly(methyl methacrylate) (PMMA) to a quartz
substrate23. The chip was then patterned with interconnects and a photoresist layer,
using standard fabrication techniques at Cornell NanoScale Science and Technology
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Facility (CNF). Gold interconnects are protected with a layer of photoresist, and they
connect exposed contact pads to the exposed graphene electrodes (Fig. 2.8a-d). The
electrode array (Fig. 2.8e) consists of 9 graphene electrodes, ranging from 50 µm by
50 µm to 500 µm by 500 µm.

Graphene sensor and window integration
Eight via holes (250 µm diameter) were cut through the borosilicate glass (10 mm
diameter) using a laser (VersaLaser VLS3.50). The graphene device was mounted on
the glass with transparent epoxy (Hardman Epoxy, 04004). Stranded copper wire
(Cooner Wire, CZ1101-A) carry the signal off chip and through via holes in the
window. Copper wire was fixed to gold contact pads using conductive epoxy (MG
Chemicals, 83302-21G). Finally, transparent epoxy was used to protect and insulate
the copper-gold interface. The transparent epoxy was also used to seal the copper wire
in via holes to maintain separation between the internal and external environments
during surgical implantation (Fig. 2.9).

Recording from the graphene sensor
The electrical potential was recorded by two identical graphene electrodes of the array.
From the copper wires, the signal was delivered to a differential AC amplifier (A-M
Systems, 1700) at a 20kHz sampling rate, where it received a 100X gain and bandpass filter between 300 Hz and 5 kHz. Following amplification, the signal was
processed using data acquisition board (NI, BNC-2110) and software (NI, Signal
Express).
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Chronic abdominal window surgery
We used adult mice ranging from 6–12 weeks of age. Animals were anesthetized with
isoflurane (4% vol/vol induction with 2–3% maintenance) and eye ointment was
applied. The abdomen was shaved and cleaned with povidone iodine and ethanol (70%
vol/vol in water). After a local injection of bupivacaine (0.1% wt/vol in saline, 0.1 mL
mouse-1) and atropine sulfate (0.05 mg kg-1), a circular incision (7 mm) was made into
the skin over the mouse abdomen followed by a circular incision (4 mm radius) into
the muscle wall, which was prepared inside of skin incision. During all procedures
when the mouse was under anesthesia, body temperature was maintained at 37.5°C by
a thermostatically regulated heating pad, and 0.1 mL of glucose (5% wt/vol in
physiological saline) was applied every hour. A sterile, 3D printed insert was
implanted into the surgical site. A portion of the intestine was moved on top of the
insert. The insert was fixed in place with sutures attached to the abdominal muscle.
The abdominal window was placed over the incision site, and the ring was attached to
the surrounding skin by using instant adhesive (Loctite 406). For surgical procedures
involving the sensor, the graphene chip had been adhered to the secured coverslip
prior to the procedure. Once the adhesive had been secured, a 20 mm band of selfadhering vet wrap (3M VetWrap) was wrapped around the abdomen to prevent
damage to the surgical site while the mouse is awake and to protect the wire
connections. After the surgery, the animal was removed from anesthesia and allowed
to recover. Subcutaneous injections of dexamethasone sodium phosphate (0.2 mg kg-1)
(American Regent, Inc.) and ketoprofen (5 mg kg-1) (Fort Dodge) were given every 24
hours for 3 days following surgery.
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In vivo multiphoton imaging
In vivo imaging was conducted on a Zeiss LSM880 confocal/multiphoton inverted
microscope. Fluorescence emission was collected in two different channels: 505–545
nm wavelengths for FITC and GFP detection, and 560–650 nm for tdTomato
detection. GFP excitation wavelength was 900nm, and simultaneous FITC and
tdTomato excitation wavelength was 1000 nm. Excitation was performed by an
InSight DeepSee laser. A 10x/0.5 air EC Plan-Neofluar objective was used to visualize
the cells in vivo. Mice were anesthetized with isoflurane (4% vol/vol with 2–3%
maintenance), and eye ointment was applied. Vet wrap was removed to expose the
glass window, and the mice were placed on a 3D printed imaging stage. To visualize
the vasculature, 50 µL of FITC-Dextran dye (Sigma-Aldrich) was injected retroorbitally. After the imaging was completed, mouse abdomens were rewrapped in fresh
vet wrap to prevent scratching. Imaging was performed once every other day to allow
the mouse time to recover between imaging sessions.

Chronic chemical and 470 nm light stimulations
Post-surgery, mice were anesthetized with isoflurane (4% vol/vol with 2–3%
maintenance), and eye ointment was applied. Vet wrap was removed to expose the
graphene sensor and copper wires. The copper wires were connected to the amplifier.
Chemical stimulation consisted of IP injection of either 100µM acetylcholine (SigmaAldrich), 100 µM bethanechol (VWR), 10 µM serotonin (Fisher), 133 µM tegaserod
(Santa Cruz Biotech), 1µM Tetrodotoxin citrate (Abcam), or saline (Fisher), in 50 µL
quantities. Tetrodotoxin (TTX) was applied to 3 mice in a terminal procedure. For the
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oral drug treatment, mice were given 200µL of 133 µM tegaserod (Santa Cruz
Biotech) via oral gavage. Mice were not exposed to more than 4 chemical stimulations
in a single procedure and stimulation procedures were done at least 2 days apart to
allow the mouse to recover. Light stimulations were executed using an AURA light
engine at 230 mW. Stimulation consisted of 470 nm light for 15 seconds through the
abdominal window and graphene electrodes. Electrical recording consisted of 2
minutes of background activity, stimulation, followed by at least 2 minutes of poststimulus activity. Oral gavage required a 3 minute delay between the pre-stimulus and
post-stimulus recording to allow for proper tegaserod administration via oral gavage.
After the imaging was completed, mouse abdomens were rewrapped in fresh vet wrap
to prevent irritation. Only one electrical recording session was performed every two
days to allow the mouse to recover between procedures.

Statistics
Healthy mice, between 6–12 weeks of age, were selected at random for experiments.
Each recording session (replicate) was conducted in a new animal each time, except
for chronic recording. Recordings were repeated in 4 different animals for each
chemical stimulation (acetylcholine, bethanechol, serotonin, or tegaserod), with a total
of 20 recording sessions in distinct animals. Recordings with tetrodotoxin application
were repeated in 3 different animals. Chronic recordings were compared between
responsive and non-responsive animals recorded on days 1, 3, and 5. 470 nm
stimulation experiments were repeated in 4 NOS1-creERT2:Chr2 mice and 4 wild-type
mice. P-values were determined using paired, one-sided t-tests.
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Data Analysis
Electrical data was analyzed in MATLAB to identify spikes. For consistency between
recordings, a lower threshold was determined using a minimum SNR. An upper
threshold was also used to filter out artifacts in the signal caused by violent
perturbations due to stimulation. The code was not changed between analyses of
experiments to maintain consistency and prevent bias.

Once spikes had been identified, the effect of each stimulant was determined by
calculating the percentage of spikes occurring before and after the stimulus in each
recording. For consistency, the time window being analyzed before the stimulus is the
same length of time being analyzed after the stimulus. This time window is at least 2
minutes for all recordings.

Optical data was analyzed in ImageJ software. Mean gray value was calculated for
regions containing dynamic GCaMP fluorescence. The mean gray value, proportional
to the amount of fluorescence, was used to determine the relative activity level during
the optical recording.

The data that support the findings of this study are available from the corresponding
author upon request.

2.3 Results / Discussion
In vivo imaging using abdominal window
We designed a customized window to overcome the limitations found in earlier
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window designs. We started by surgically inserting a window into the fascia and skin
layer of the mouse abdomen. The window uses thermally-resistant, borosilicate glass,
which is also much less susceptible to damage and less likely to break than
conventional glass coverslips. Below the window, a 3D printed insert holds the
intestine in place while providing support and prevent ischemia (Fig. 2.1). Unlike a
chemical adhesive, the implant is not adhered to the intestine, minimizing
inflammation. Meanwhile, it can be tightened to reduce tissue movement without
blocking proper digestion functions and peristalsis, extending the lifetime of the
mouse. In other applications, such as intravital cranial and spinal windows, implants
are placed at locations inaccessible to the mice, but abdominal windows are subject to
constant scratching. We therefore developed a protocol using vet wrap to prevent the
mouse from damaging the window, which substantially prolonged mouse survival and
avoided inflammation. The mice implanted with the window consistently live up to 3
months, until they are euthanized for humane reasons.

We demonstrated that it is possible to image the ENS in vivo using this setup. Wnt1cre:tdTomato mice were chronically imaged with inverted multiphoton microscopy
(Fig. 2.1a). In this transgenic strain, enteric neurons and other neural crest progeny are
labeled with tdTomato24,25. The grid-like myenteric plexus formed by individual
neurons is clearly visible through the transplanted abdominal window. To track the
same set of enteric neurons on different days, FITC-dextran was injected retroorbitally into the mouse to stain the vasculature, which served as a reference roadmap
to locate the same region of the ENS (Fig. 2.1b-e and Fig. 2.7). During subsequent
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imaging sessions, we were able to identify the same neurons using this vasculature
roadmap. The plexus and vasculature morphology remained largely unchanged 11
days after the implantation surgery.

Detection of ENS activity via graphene electrodes
To perform simultaneous electrical recording, we needed to integrate electrodes onto
the abdominal window. The electrical recording device needs to be: (a) transparent to
allow imaging through the device, (b) inert and biocompatible to minimize fibrosis
and inflammation, (c) highly sensitive to detect ENS action potentials (APs) from
background noise, and (d) durable for long-term chronic monitoring. To meet these
stringent requirements, we developed a graphene-based electrode array that can be
integrated onto the abdominal window to measure electrical activities in the ENS.
Consisting of a carbon sheet one atom thick, graphene offers unique advantages as a
transparent material with superb conductivity (zero bandgap), biocompatibility (an
inert surface), and strength (Young’s modulus higher than diamond and 207 times
stronger than steel by weight)26,27.

The chip contains 9 graphene electrodes, ranging from 50 µm by 50 µm to 500 µm by
500 µm. Graphene was grown on a copper substrate via a vertical cold-wall CVD
system and was transferred onto a transparent quartz surface. Gold interconnects, 150
nm thick, were evaporated onto the surface and protected by insulating photoresist that
left the contact pads exposed (Fig. 2.8). To integrate the graphene sensor onto the
abdominal window for surgical implantation, a piece of borosilicate glass, containing
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eight via holes, 250 µm diameter, was inserted into a titanium ring and fixed in place
by a horseshoe spring. The graphene chip was then secured to the borosilicate glass
using transparent, insulating epoxy. Wires were threaded through the glass and
secured to the connection pads using silver epoxy. The glass via-holes and connection
pads were sealed using transparent insulating epoxy to protect the connection (Fig.
2.9).

The integration of graphene sensor and abdominal window provides us with the
capability of simultaneous optical imaging and electrical recording in live mice. We
surgically implanted the device into Pirt-GCaMP3 mice such that the customized 3D
insert held the small intestine in contact with the exposed graphene electrodes without
disrupting digestive and motility functions (Fig 2.2a-d). Through the transparent
graphene sensor, the inverted multiphoton microscope was able to track activation of
individual neurons in the myenteric plexus, which were fluorescently labeled via their
genetically encoded GCaMP3 indicator for Ca2+ ion flux22 (Fig. 2.10).

We then performed simultaneous optical and electrical recording to track activated
neurons in the myenteric plexus of Pirt-GCaMP3 mice. The timing of multiphoton
microscopy and the electrical recording apparatus are synchronized by a timing gate.
Bursts of activity in GCaMP3 fluorescence (measured by multiphoton microscopy)
and in electrical potential (measured by the graphene sensor) maintained high
synchrony in vivo (Fig. 2.2e). The synchrony between electrical recording and optical
imaging validates the mutual dependence between electrical potential spikes and the
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GCaMP fluorescence associated with APs. The combined optical/electrical
measurements confirmed that our integrated abdominal device was indeed capable of
capturing ENS APs, which is important given our limited knowledge about the ENS
and the noise from the surrounding muscle layers. Compared to optical imaging, the
sensitive graphene sensor provides much higher temporal resolution with greater
signal-to-noise ratio (SNR), which allowed us to examine the detailed biphasic
waveforms of ENS APs (Fig. 2.2f).

ENS activity in response to chemical stimulations
ENS activities are spatiotemporally regulated by various neurotransmitters. For
instance, the majority of the serotonin in the human body is produced in the GI tract to
regulate intestinal movements28,29. However, there was previously no means of
studying real-time ENS response to these neurotransmitters in vivo. As proof-ofconcept, we used the integrated device to study ENS response to acetylcholine and
serotonin. Repeated optical imaging and electrical recording in distinct animals
demonstrated that GCaMP3 fluorescence and electrical potential consistently followed
the same trend upon delivery of acetylcholine or serotonin, consistent with activation
of enteric neurons (Fig. 2.3a-d). The electrical potential measured by the graphene
sensor showed a faster deactivation rate than GCaMP3 fluorescence, highlighting the
relative slow response kinetics of GCaMP relative to electrical potential. Our data
suggest that optical imaging with GCaMP3 technology provides better spatial
resolution for tracking AP location, whereas electrical measurement provides higher
temporal resolution to track AP dynamics. The integrated device combines both to
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provide a more comprehensive picture of ENS spatiotemporal activities in real-time in
live animals.

There are a range of FDA-approved small molecule drugs that act via acetylcholine
and serotonin receptors. Bethanechol targets muscarinic acetylcholine receptors,
which can increase GI muscular tone and urinary retention30,31. Tegaserod is an
agonist for the serotonin receptor 5-HT4 to stimulate GI motility and peristatic
reflexes, which could relieve bloating and constipation associated with IBS32.
However, acetylcholine and serotonin also activate other receptors that the drugs do
not target (e.g., nicotinic acetylcholine receptors).

We compared ENS responses to acetylcholine, bethanechol, serotonin, and tegaserod,
which were delivered via intraperitoneal (IP) injections. Experiments were designed to
record 2 minutes of unperturbed activity before the chemical stimulation and an
additional 2 minutes to observe post-stimulus activity. Compared to the phosphatebuffered saline (PBS) control, both native transmitters and the drugs were capable of
increasing activity in the ENS (Fig. 2.4a-d). The graphene sensor captured detailed
waveforms of the activated APs (Fig. 2.4e-h). Quantification of repeated recordings in
different mice confirmed an increase in the number of spikes when stimulated by
either neurotransmitter or agonist drug (Fig. 2.4i, Fig. 2.11, 2.12 and Table 2.1).
Chronic recordings of the same ENS regions over 5 days showed that activities of
enteric neurons were either consistently responsive or non-responsive to the serotonin
stimuli (Fig. 2.13). Application of tetrodotoxin (TTX), which blocks voltage-gated
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sodium channels, consistently suppressed measured ENS activities in vivo (Fig. 2.14).

to stimulate ENS activities (Fig. 2.15).

ENS activity in response to 470 nm light stimulations
The transparent integrated device also enables us to take advantage of optogenetic
technology. In optogenetic mice, light can be applied through the abdominal window
and the transparent graphene sensor to stimulate light-gated ion channels, and
subsequent ENS responses will be recorded by the graphene sensor. For proof-ofprinciple, the device was surgically implanted in Nos1-creERT2:Chr2 mice. A 470 nm
light stimulus was applied onto the small intestine through the abdominal window and
transparent graphene sensor (Fig. 2.5a). In these mice, incident 470 nm light opens
genetically modified Ca2+ channels, activating neuronal NOS positive GABAergic
neurons, which produce nitric oxide that acts as a neurotransmitter to effect neurons,
the interstitial cells of Cajal (ICCs), and muscle (Fig. 2.5b)33,34.

To demonstrate 470 nm light inhibition in the nitrergic neurons in the NOS1creERT2:Chr2 animals, recordings were designed to have 5 minutes of unperturbed
activity prior to a 15 second 470 nm light stimulation, followed by an additional 5
minutes of recording to observe post-stimulus activity. We found that stimulation at
470 nm in Chr2-expressing mice reduced spontaneous activity in naturally active
regions of the ENS by 83.66% (Fig. 2.5c-d, Fig. 2.16 and Table 2.2). In contrast, the
same 470 nm incident light stimulation had little effect in wild type mice, which do
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not express the genetically modified Ca2+ channels. Repeated 470 nm light stimulation
approximately 6 minutes apart in chronically implanted Nos1-creERT2:Chr2 mice
yielded a decrease in inhibition efficiency, as activities had not fully recovered from
the previous stimulation (Fig. 2.17). It should be noted that since NOS1 expressing
neurons also commonly co-express other neurotransmitters, such as VIP, further
studies are needed to interpret the physiological basis of these results. Nevertheless,
the experiments provide proof of principle for the ability to detect change in ENS
activity by targeting specific cell type.

Collectively, we demonstrated simultaneous optical/electrical recording of the ENS in
real-time by developing an integrated abdominal implant device. The recording can be
repeated in live animals carrying this device. Characterization of the ENS response to
neurotransmitter/chemical stimuli and optogenetic manipulation was demonstrated.
The device has the potential to aid our understanding of the ENS, its role in diseases,
and its interaction with infection, inflammation, microbiota, and the gut-brain axis.
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Figure 2.1 In vivo chronic multiphoton microscopy of ENS with abdominal
window.
Schematic of in vivo multiphoton microscopy. (b-e) Day 2, 5, 8 and 11 after
abdominal surgery, respectively, of in vivo multiphoton imaging in Wnt1cre:tdTomato mice. The ENS is labeled with tdTomato (red), and the vasculature is
labeled with FITC-dextran (green). Scale bar, 100 µm.
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Figure 2.2. Simultaneous optical/electrical recording in vivo using integrated
graphene sensor and abdominal window.
(a) Schematic of in vivo optical/electrical recording. The graphene sensor is in close
proximity to the small intestine, within the titanium ring of the surgical implant. (b)
Mouse with integrated graphene sensor and abdominal window, several days after
abdominal window implantation surgery. (c) The implantable abdominal window
integrated with the graphene sensor. (d) Graphene electrode implanted in PirtGCaMP3 mouse. One graphene electrode (500 μm by 500 μm, white box) in contact
with the surrounding nerves (green, identified with white arrows) and surrounding
collagen tissue (blue). Scale bar, 100 µm. (e) Simultaneous multiphoton microscopy
and electrical potential (E.P.) recording in vivo, in Pirt-GCaMP3 mouse. GCaMP3
fluorescence (green) and electrical potential (blue) are plotted, with absolute value of
each signal normalized to 100%. (f) A high temporal resolution waveform of an in
vivo recorded AP.
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Figure 2.3. Unpaired analysis of fluorescent and electrical potential response to
chemical stimuli.
(a) Frames from time-lapse recording of GCaMP3-expressing nerves during serotonin
stimulation. The activated nerves fluoresce (green) due to stimulation, before fading
back to low fluorescence levels. Scale bar, 50 µm. (b-d) Average GCaMP3
fluorescence (green) and average percentage of electrical recording (blue), after (b)
acetylcholine, (c) serotonin, or (d) PBS stimulations plotted relative to the time of
stimulation (n=3 and 5 for GCaMP3 and electrical potential respectively; error bars
show standard deviation (s.d.)). Stimulus was applied at time 0 (red dashed line).
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Figure 2.4. Electrical response to chemical stimuli in vivo.
(a-d) Neural response to in vivo stimulation by (a) acetylcholine, (b) bethanechol, (c)
serotonin and (d) tegaserod. Stimulus occurs at 120 seconds (red dashed line), and the
electrical potential (black) and spikes (red circles) are plotted over time. (e-h)
Waveforms of representative APs from above recordings (blue box) are shown at
higher temporal resolution. (i) The effect of chemical stimulation is compared between
acetylcholine, bethanechol, serotonin, tegaserod and a PBS control group. The average
percentage of spikes that occur before stimulation (green) and the average percentage
that occur after (blue) are plotted for each group (n=4; error bars show s.d.). One sided
t-test was used to determine p-values (p<0.05, 0.01, 0.005, and 0.001 are represented
by 1, 2, 3, and 4 stars respectively). All repeats consisted of recordings lasting 240
seconds, with stimulation at 120 seconds. Measurements of individual recordings used
to calculate the average percentages are shown in Fig.2.12.
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Figure 2.5. Optogenetic application of integrated graphene sensor and abdominal
window.
(a) A schematic for in vivo stimulation of Nos1-creERT2:Chr2 mice with 470 nm
light. (b) Mechanistic schematic for 470 nm inhibition in Nos1-creERT2:Chr2 mice.
(c) Representative in vivo recording with 470 nm stimulation in Chr2 expressing mice.
470 nm light stimulation occurs at 300 seconds (red dashed line). Electrical potential
(black) is plotted over time. (d) The effect of in vivo 470 nm light stimulation is
compared between Nos1-creERT2:Chr2 mice (Chr2) and wild type mice (WT). The
average percentage of spikes that occur before stimulation (green), and the average
percentage that occur after (blue) are plotted for each group (n=4; error bars show
s.d.). One sided t-test was used to determine p-values. Only data 120 seconds before
and after stimulation are analyzed during repeats.
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a

b

c

d

Figure 2.6 Mouse surgery using 3D printed stabilizing insert.
(a) 3D printed insert designed to fix intestine in place and prevent ischemia. (b) 3D
printed insert implanted underneath the intestine of an anesthetized mouse with sutures
attaching the insert to the abdominal muscle layer. (c) Titanium window placed over
the surgical opening with the insert visible through the window. (d) Titanium window
is permanently adhered to the skin.
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a

b

c

Figure 2.7 Wnt1-cre:tdTomato mouse chronic study.
(a-c) Images of the ENS from 5, 7 and 9 days after surgery, respectively. Mice were
implanted with the abdominal window on day 0. The same location in the vasculature
(green) and the same set of nerves (red) are shown for each day. Scale bar, 100 µm.
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Figure 2.8 Graphene electrode fabrication.
(a) Graphene is transferred onto a transparent quartz surface from a copper substrate.
(b) Gold is evaporated onto the graphene layer to serve as interconnects (150 nm
thick). (c) Photoresist is applied to preserve the gold interconnects. (d) The graphene
and gold contact pads remain exposed. (e) Schematic of the chip layers and
organization. (f) The graphene chip inside the titanium ring.
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Figure 2.9 Graphene electrode integration with abdominal window.
(a) The titanium ring, horseshoe spring, borosilicate glass containing eight via holes
(250 µm diameter), and graphene sensor. (b) The borosilicate glass is inserted into the
titanium ring and fixed in place by the horseshoe spring. (c) The chip is secured to the
borosilicate glass using transparent, insulating epoxy. (d) Wires are threaded through
the glass and secured to the connection pads using conductive, silver epoxy. (e)
Connection pads are sealed using transparent, insulating epoxy, to protect the
connection. (f) The integrated graphene sensor and abdominal window. Scale bar, 5
mm.
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b

c

Figure 2.10 Time lapse recording of GCaMP3 nerves stimulated with serotonin.
(a) Initial level of GCaMP3 fluorescence, without stimulus. (b) GCaMP3 fluorescence
activates in nerves (green) during serotonin stimulation. (c) Nerves show a high level
of fluorescence after serotonin stimulation. Scale bar, 50 µm.
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Figure 2.11. Spike count before and after stimulation.
Number of spikes before (green) and after (blue) stimulation from each recording with
acetylcholine, bethanechol, serotonin, tegaserod, or PBS stimuli. Each pair of green
and blue bars represents the measured number of spikes before and after stimulation
from the same recording session.
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Supplementary Figure 7

b

a

Figure 2.12. Extended recordings of enteric neuron stimulation.
Neural response to in vivo stimulation by (a) bethanechol and (b) tegaserod beyond 2
minutes after stimulation. Stimulus occurs at 120 seconds.
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Supplementary Figure 8
a

b

c

d

e

f

g

Figure 2.13. Chronic in vivo recordings over 5 days.
(a-c) Representative activated responses to serotonin on day 1, 3 and 5, respectively.
(d-f) Representative limited or no responses to serotonin on day 1, 3 and 5,
respectively. (g) Neural activity before (green) and after (blue) serotonin stimulation
over 5 days with cases of activated response and no response (n=5; error bars show
s.d.); p-value determined by one sided t-test.
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Figure 2.14. Enteric neuron inhibition with tetrodotoxin. Neuron firing was
inhibited through treatment with 1mM tetrodotoxin (TTX). (a) TTX application
occurs at 120 seconds (red dashed line), and the electrical potential and spikes are
plotted against time. (b) The average percentage of spikes that occur before
stimulation (green), and the average percentage that occur after (blue) are shown (n=3;
error bars show s.d.). One sided t-test was used to determine the p-value. (c) Number
of spikes before (green) and after (blue) TTX stimulation in distinct mice.
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Figure 2.15 Oral gavage of Tegaserod.
Mouse was treated with 200mL of 133 µM tegaserod via oral gavage, with enteric
electrical potentials recorded. (a) Electrical potential recorded in mouse without
stimulus. (b) Electrical potential recorded after treatment of tegaserod via oral gavage.
There is a 3 minute delay between the two recordings for gavage.
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Figure 2.16. Spike count before and after 470 nm stimulation.
Number of spikes before (green) and after (blue) 470 nm stimulation in Chr2expressing mice and WT mice. Each pair of green and blue bars represents the
measured number of spikes before and after stimulation from the same recording
session.
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Supplementary Figure 12
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Figure 2.17. Repeated 470 nm stimulation of Chr2-expressing mice.
(a-c) Stimulation of Nos1-creERT2:Chr2 mice with 470 nm light while recording
electrical potential. Consecutive stimulations, lasting 15 seconds each, approximately
6 minutes apart (10:54:00, 11:01:25, 11:06:42) show a decrease in the effectivity of
NOS1 inhibition.
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Table 2.1. Data summary for chemical stimulation.
Change in spikes due to chemical stimulant application in vivo. Recordings lasted for
240 seconds, and all stimulations occurred at 120 seconds. Acetylcholine,
bethanechol, serotonin, and tegaserod had a significant increase in spikes (n=4,
p<0.005, 0.005, 0.001 and 0.05 respectively), while the addition of PBS did not have a
significant change in spikes (n=4, p>0.1).

Supplementary Table 1
Supplementary Table 1: Data summary for chemical stimulation.
Stimulant

Acetylcholine

Bethanechol

Serotonin

Tegaserod

PBS

Pre-stimulus

8.01%

10.48%

1.67%

18.95%

56.57%

Post-stimulus

91.99%

89.52%

98.33%

81.05%

43.33%

Standard dev.

8.03%

8.15%

2.89%

12.01%

7.07%
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Table 2.2. Data summary for 470 nm light stimulation.
Change in spikes due to light stimulation in vivo. Nos1-creERT2:Chr2 mice and
C57BL/6J mice (WT) were used as experimental and control groups respectively.
Recordings lasted 240 seconds, and the light stimulus was applied at 120 seconds, for
a duration of 15 seconds. The Nos1-creERT2:Chr2 mice showed a significant decrease
in spikes (n=4, p<0.005) after 470 nm light stimulation, while the control mice showed
no significant change in activity (n=4, p>0.1).

Supplementary Table 2
Supplementary Table 2: Data summary for 470 nm light stimulation.
Mouse strain

Nos1-creERT2:Chr2

C57BL/6J (WT)

Pre-stimulus

91.83%

51.15%

Post-stimulus

8.17%

48.85%

Standard dev.

11.45%

10.22%
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CHAPTER THREE

Applications of the abdominal window

3.1 Adult enteric nervous system in health is maintained by a dynamic balance
between neuronal apoptosis and neurogenesis

3.1.1

Contribution

This work was the result of a collaboration between myself and Dr. Subhash Kulkarni
at Johns Hopkins University. As one of the middle authors on the paper after Dr.
Kulkarni, I applied the abdominal window described in Chapter 2 to the study of
neural growth and apoptosis in the gut to validate the lineage tracing, staining, and in
vitro data with in vivo data. Multiphoton microscopy was done with the help of
Michael Anderson in the lab of Dr. Xinzhong Dong.

As such, this chapter will include data related to my contributions to the manuscript.

3.1.2. Introduction
The enteric nervous system (ENS) controls or regulates vital gastrointestinal functions,
including motility, secretion, local immunity, and inflammation, and represents the
largest collection of autonomous neurons outside of the brain1. Disorders involving the
ENS are common and major contributors to the health burden throughout the world2.
Although the ENS is constantly exposed to mechanical stress3, as well as potential
environmental threats from luminal contents4, it is not known how the numbers of
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enteric neurons in the healthy adult small intestine remain remarkably constant for
most of adult life5. Although continuous production of new neurons in the gut would
appear to be needed to offset the observed apoptosis-mediated neuronal loss6, such
neurogenesis has been remarkably difficult to demonstrate and in vivo enteric
neurogenesis in adults remains highly controversial7-10. A second and related
conundrum in this field has been the inability to confidently determine if a true enteric
neural precursor cell (ENPC) exists in the gut, despite ample demonstration of stemcell like behavior (self-renewal and multipotency) in vitro of cells isolated from
embryonic and adult intestine using a variety of markers7-9,11-23. In this study, we have
resolved these controversies by successfully identifying the ENPC capable of rapid
neurogenesis in vivo to keep up with what we show to be a high rate of ongoing
neuronal apoptosis in the adult small intestine. Furthermore, unchecked proliferation
of these precursor cells leads to an intestinal phenotype that resembles human
ganglioneuromatosis, a disorder of intestinal dysmotility seen in patients24. Our results
indicate a remarkable rate of turnover of adult neurons in the small intestine and
provide a unique paradigm for understanding the ENS in health and disease.

3.1.3

Methods

Chronic abdominal windows and intestinal scaffolds were surgically implanted into
the abdomens of NOS1-creERT2:tdtomato animals that were previously induced with
tamoxifen, according to the methods described previously25. The small intestines of
the mice were imaged using a two-photon laser scanning microscope (Scientifica) with
a Chameleon Ultra II laser (Coherent) tuned to 920 nm (25–65 mW output power).
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Live images were acquired at 512 × 512 pixel resolution using either a 20× waterimmersion objective lens (1.0 NA; Olympus) or a 16× water-immersion objective lens
(0.80 NA; Nikon). The mice were anesthetized with 3–4% isoflurane and Purelube vet
ointment was applied to the eyes. While under 1.5–3% isoflurane, mice were placed
on a heated stereotaxic platform with the ventral window exposed. Hydrophobic
Vaseline was applied to the titanium window edge and water was added on top of the
window glass for the objective lens. Mouse vasculature was used as a reference point
for locations in the gut. Identical locations were identified using a BFWCAMXM
camera (Scientifica) and imaged with a z-axis of 5–10 μm for 2 consecutive days
following the surgery. The result images were converted into 2D projection images
(using Fiji) to completely represent all of the elements in the z-plane in a 2D image.

3.1.4

Results

In live NOS1-creERT2:tdTomato mice that were induced before surgery with
tamoxifen, we observed a loss of labeled neurons within a 24-h period, accompanied
by robust remodeling of neural networks due to neuronal turnover needed to maintain
myenteric neuronal counts (Fig. 3.1). This accompanies extensive evidence of this
remodeling neural networks over several days, though I did not contribute to those
experiments.

3.1.5

Discussion/Conclusion

Although neurogenic cells have been shown to exist in adult murine and human gut,
the demonstration of their stem-cell like behavior has been mainly restricted to in vitro
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experiments7,12,13,22,26-29. Until now, most studies have suggested that
there is no adult enteric neurogenesis in vivo in the healthy gut7-9,30. However, in the
presence of ongoing neuronal loss and degeneration, as shown in a recent report31, we
do not know how adult myenteric neuronal numbers can be maintained for
much of the adult life. Given the conflicting reports on this topic in the literature5,6,3236

, it was first important to rigorously establish and quantify apoptosis in adult enteric

neurons. The use of multiple protocols for testing the presence of apoptotic neurons
allowed us to confidently prove a high rate of myenteric neuronal
apoptosis in the healthy gut.

Our study shows evidence of a robust and rapid turnover of adult enteric neurons from
identifiable neuronal precursors that can be tracked over time with the abdominal
window technology, allowing the progressive tracking of neurons in individual mice
for the first time. These findings have considerable scientific and clinical significance.
Reliance on this mechanism to maintain neuronal numbers in the presence of ongoing
apoptosis may render the ENS at risk from disturbances in this process. For example, a
recent study shows that the anticancer chemotherapeutic agent 5-FU, a thymidine
synthesis blocker that targets cycling cells, causes a reduction in populations of adult
myenteric neurons37. Similarly, reports of increased apoptosis in myenteric neurons in
adult mice with high-fat diet-induced obesity36 are not always associated with a
corresponding loss of myenteric neurons, suggesting active replacement38. In another
case of clinical and physiological relevance, aging is associated with both decreased
presence39 and proliferative potential of ENPC, as well as increased neuronal
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apoptosis31, which together could account for the observed reduction in neuronal
numbers with age40. These reports can now be better understood in a construct where
the ENS is dynamically maintained by a balance between apoptosis and neurogenesis.
Furthermore, as we have shown, targeting genetic mutations in the identified ENPC
has the potential for developing novel models of human disease. Therefore, by
identifying the participating cells and their molecular profile, our study provides a
scientific foundation to study the pathogenesis of disorders of motility, as well as
therapeutic targets for the same.
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Figure 3.1. ENS growth in vivo. A 2D projection of 3D images captured using live
animal two-photon microscopy [(i) time 0 and (ii) time 24 h] from the same region of
the myenteric plexus of NOS1-creERT2:tdTomato mouse that was induced with
tamoxifen before the imaging shows the disappearance of a tdTomato+ nitrergic
neuron (green arrow) within 24 h. The image also shows (white arrow) the appearance
of new projections from a tdTomato+ neuron that rapidly extend to form new network
connections within 24 h, showing the robust plasticity of neuronal networks in the
myenteric ganglia. (Scale bars, 10 μm.)
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3.2 Intestinal crypts recover rapidly from focal damage with coordinated
motion of stem cells that is impaired by aging

3.2.1

Contribution

This work was the result of a collaboration between myself and Dr. Jiahn Choi. As the
second author on the paper after Dr. Choi, I assisted with initial window
experimentation, mouse colony management, ablation experiments, and discussion of
results, Dr. Choi was the lead developer of the window, operated the custom ablation
laser and microscope, and organized the story.

As such, this chapter will include data related to my contributions to the manuscript.

3.2.2

Introduction

The rapid regeneration of the intestinal epithelium is enabled by fast-cycling Lgr5+
intestinal stem cells (ISCs) crowded into the base of the crypt41-43. ISCs are not only
limited in number and location, but also arranged in a specific pattern. ISCs expressing
Lgr5 are intercalated between Paneth cells, which are secretory cells with antibacterial
functions. This organization results in a ‘soccer ball-like’, mosaic pattern in which
Lgr5+ ISCs form a continuous network that surrounds each Paneth cell44. In the
healthy crypt, this alternating pattern is persistent despite frequent cell division and
migration42,45, but the dynamics of how this architecture is maintained is unknown.
Aging is one of critical factors which gradually decreases the functionality of stem
cells, including diminishing the self-renewal ability of stem cells, which impairs the
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balance between stem and differentiated cells. Aging also weakens cellular functions,
such as mitigating reactive oxygen species and DNA damage46. However, how aging
affects specific behaviors such as the patterning of intestinal crypt still not known.
To investigate the robustness of the patterning and its maintenance in vivo, we ablated
individual cells in the crypt with high-pulse-energy femtosecond (fs) laser ablation and
imaged the real-time dynamics of recovery with multiphoton microscopy47,48. Such
accurate manipulation is not achieved by current methods of radiation, chemical
treatment, or genetic ablation of specified lineages49,50 9,10. Surprisingly, after
ablation of a small number of cells, migration of neighboring cells was sufficient to
reestablish cellular contacts and the alternating pattern in the crypt base within hours,
before any cells divided. In addition, we observed coordinated motion of the cells at
the edge of the crypt base that expelled debris out towards the lumen. The repair
movements were impaired by both inhibition of cellular movement and aging,
highlighting the importance of this dynamic response for the integrity of the niche.

3.2.3

Methods

Animals. To visualize stem cells in the crypt we used Lgr5tm1(cre/ERT2)Cle/J mice
(Lgr5-GFP) bred at Cornell University from breeders originally purchased from the
Jackson Laboratory (Stock No. 008875). Some Lgr5-GFP mice were crossed with
Gt(ROSA)26Sortm1(EYFP)Cos/J mouse purchased from the Jackson Laboratory
(Srinivas, 2001 #108; Stock No. 006148). Other Lgr5-mice were bred with C57BL/6 J
mice (Stock No. 000664). No clear differences in labeling or phenotype were observed
between these two breeding schemes, so all data has been pooled. All animal care and
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experimental procedures were approved by the Institutional Animal Care and Use
Committee of Cornell University and were conducted in accordance with relevant
guidelines and regulations.

Abdominal window preparation. Mice were anesthetized with 4% isoflurane in
oxygen and maintained at ~2%. At the beginning of the surgery, animals received an
anticholinergic, 0.05 mg per 100 g of mouse weight of glycopyrrolate or 0.005 mg/100
g of atropine subcutaneously, to assist in keeping the airways clear of fluid
build-up. Body temperature was kept at 37 C using a heating blanket controlled by a
rectal thermometer. All areas to be incised were shaved and cleaned with 70% ethanol,
and betadine, and were numbed with a 100 μL subcutaneous injection of 0.125%
bupivacaine. Eyes were covered with veterinary eye ointment to prevent drying.
The animals were hydrated with subcutaneous injections of 5% glucose in saline for
isotonic fluid replacement. Abdominal skin was removed in a circular shape to fit a
titanium window frame (Brain Titanium Chamber Kit, 12 mm in inner diameter, APJ
trading, CA). The frame was put on top of the abdominal muscle. The outer edge
of the frame was covered by skin and secured with cyanoacrylate adhesive (Loctite
406, Henkel). The abdominal muscles within the inner circle were incised with
scissors to expose the small intestine. Custom-designed scaffold to stabilize the
intestine were 3D-printed (UPrint) out of ABSplus (SolidWorks file in Supplementary
Materials). The insert was placed under the small intestine so that a portion of the
small intestine looped around the center post, entering and exiting the insert at the
same gap between the supports. The insert was sutured to the skin outside of the frame
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by threading sutures through the holes in the four supports. The window was closed
with a 12-mm diameter cover glass held on by the frame’s retaining ring. Window and
insert was placed in the abdominal area 1–1.5 cm below the rib cage. Dexamethasone
(0.025 mg/100 g) and ketoprofen (0.5 mg/100 g) were injected intraperitoneally to
help recovery after surgery and then daily for 2 days. Animals were returned
to their home cage after recovery. Imaging was performed at least 24–48 hours after
implantation to allow the position of the intestine in the window to settle and to
minimize the effects of the surgery.

In vivo two-photon fluorescence microscopy.
Animals with abdominal window were imaged using a custom-built two-photon
excited fluorescence (2PEF) microscope. All animals were anesthetized with
isoflurane (1–2% in medical air) which was adjusted to maintain constant breathing
rate during imaging time. To visualize vasculature, 50 μl of 2.5% Texas Red dextran
(Molecular weight: 70,000; Thermo Fisher Scientific, NY) in saline was injected retroorbitally. Images were acquired using a Ti:Sapphire laser (Chameleon; Coherent,
Santa Clara, CA) with wavelength centered at 880 nm for two-photon excitation and
an optical parametric amplifier (OPA) (Coherent, Opera-F) seeded by a diode-pumped
femtosecond laser (60 μJ/pulse at 1 MHz; Coherent, Monaco) with wavelength
centered at 1,300 nm for three-photon excitation and third harmonic generation.
Either a 20x, 1.0-NA (Zeiss, Thornwood, NY) or 25x, 1.05-NA (Olympus) waterimmersion microscope objective was used for imaging and ablation. A 4x, 0.28-NA
objective lens (Zeiss, Thornwood, NY) was used for low-resolution mapping. A 494-
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nm bandpass filter with 41-nm bandwidth, a 641-nm bandpass filter with
a 75-nm bandwidth, and a 433-nm bandpass filter with 24-nm bandwidth was used for
green fluorescent protein (GFP), Texas Red dextran dye, and THG, respectively. For
Hoechst-labeled crypt imaging, we tuned the Ti:Sapphire laser to 830 nm. A 458-nm
bandpass filter was used to detect Hoechst. Image stacks were acquired before and
after laser ablation at 1.44 frames/s, with 1-μm spacing in the axial direction.
Disruption of cellular contact using femtosecond laser photodisruption. Selective
disruption of cells was performed using a low-repetition-rate, high-pulse-energy
Ti:Sapphire regenerative amplifier with 50-fs pulse duration, 1-kHz repetition rate,
and 800-nm central wavelength (Legend-USP; Coherent, Santa Clara, CA).
A polarizing beamsplitter cube was used to introduce this beam into the 2PEF
microscope so that the pulses were focused at the center of the imaging field and in the
2PEF imaging plane, enabling real-time monitoring (Fig. 1c). Laser energy incident on
the cells was controlled by neutral density (ND) filters, and a fast, mechanical shutter
limited the number of pulses (2–5) incident on each cell. We started ablation with
lower power by using highest ND filter, and then gradually increased the power until
we saw the formation of a small hole in the cytoplasm. Incident laser energy to
remove a single cell was typically about 50 nJ per pulse and did not
exceeded 100 nJ.

3.2.4

Results

To understand how the crypt spatiotemporally maintains homeostasis in vivo, we
modified previously demonstrated abdominal imaging windows25,51 with a 3D printed
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insert that sits under a portion of the small intestine to minimize movement without
blocking normal digestive functions (Fig. 3.2a,b). For imaging, animals were
anesthetized and the window frame was fixed with a clamp under the objective of a
two-photon microscope with ablation capabilities (Fig.3.2 c). Lgr5+ crypt cells were
visualized in mice expressing green fluorescent protein driven by the Lgr5 promoter
(Lgr5-GFP)43, while Paneth cells appeared dark (Fig. 3.2d). The vasculature was
labeled by retro-orbital injection of Texas Red dextran (Fig. 3.2d). Blood vessels were
stable over weeks, enabling us to use them as a roadmap to image the same areas
repeatedly (Suppl. Figure 1a). We injected Hoechst under the window to label nuclei.
Time-lapse images show that the pattern of GFP and the number of Hoechst-labeled
nuclei within a crypt was stable over the course of several hours (Fig. 3.2e)

Cells were ablated selectively during imaging with photodisruption52,53 by pulses from
a Ti:Sapphire regenerative amplifier. The damage was largely confined to the focal
volume while neighboring cells and adjacent crypts were not affected. In contrast,
attempted ablation with the imaging beam at high power resulted in damage in a large
region (Suppl. Figure 1e). We first targeted a single Lgr5+ ISC in the crypt base. The
GFP fluorescence from the targeted cell quickly dissipated, but nuclear labeling was
still detected at the ablated site. Over the next 10–30 minutes, the nucleus of the
ablated ISC disappeared from the base of the crypt and moved through the crypt
lumen in the direction of the villi. Nuclei of the remaining cells appeared intact for the
duration of the imaging time, up to 2 hours after ablation (Fig. 3.2g,h). The ablation
debris, still labeled with Hoechst, then gradually passed through the lumen until it was
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beyond the 50-μm field of view. Once the damaged cells were pushed out into the
lumen, the number of remaining Hoechst-labeled nuclei at the base of the crypt did not
change. In adjacent control crypts without ablation, the number did not change for two
hours (Fig. 3.2f). No new nuclei appeared in either the control or ablated crypts within
the two hours (Fig. 3.2f). Regardless of targeted cell type and number, ablation debris
always moved up towards the villi and never towards the lamina propria of the
intestine (74/74 crypts).

3.2.5

Discussion/Conclusion

How and why the crypt niche maintains the precise spatial arrangement of Paneth and
Lgr5+ cells during the constant division of ISCs is still a perplexing question54-57. In
this study, in vivo time-lapse imaging and femtosecond laser photodisruption revealed
that the response to localized ablation of a few crypt cells is immediate. Surrounding
cells quickly mobilize to extrude the debris. Cell migration fills the vacancy in the
epithelium and restores the alternating pattern within hours, well before stem cells
proliferate. The debris from ablated cells is pushed out of the plane of the crypt base,
in a manner similar to the removal of damaged cells in cultured epithelial monolayers,
chick embryonic epithelium, Drosophila and developing brain of Xenopus laevis58-61.
Aging is known to alter the number, rejuvenative capacity, and senescence of stem
cells62,63, but we have identified an additional function of ISC and Paneth cell that
declines with aging, their motion dynamics in response to a perturbation. In other
types of cells, aging is associated with a decrease in cellular function that results in
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less effective cytoskeletal remodeling and slower motion64. Extrinsic factors, such as
increased tissue stiffness with aging, could in part underlie this alteration in cell
contractility and motion65-67. Here, we found that the motion of neighboring cells was
dramatically impaired, and cell debris ‘lingered’ in the crypts of old animals, which
could have important implications for the maintenance of intestinal homeostasis.
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Figure 3.2. Rapid clearance of local damage after femtosecond laser ablation in a
mouse small intestinal crypt.
(a) Schematic of 3D-printed insert that supports intestine in abdominal window. (b)
Photos of abdominal window before (left) and after (right) closing with cover glass in
a mouse. (c) Schematic (modified from Chen et al.55) of two-photon microscope
showing two different laser paths used for both imaging and ablation. (d) In vivo twophoton microscopy images of a crypt at different magnifications in Lgr5-GFP mice
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expressing GFP in stem cells at the crypt base (green). Vessels are labeled with
injected Texas Red dextran (magenta). Yellow boxes indicate magnified areas. Scale
bars: 500 μm (left), 50 μm (middle and right). (e) Time-lapse images showing two
different imaging planes in a crypt over 2 hours. Green indicates GFP. To label nuclei,
Hoechst (magenta) was injected topically. Dashed white lines indicates the border of
the crypt base. Scale bar: 30 μm. (f) Number of nuclei in crypt base after ablation (red,
11 crypts) and control (black, 5 crypts). Individual (light points) and averaged
numbers displayed as a percentage of initial number. *Multiple t-tests with HolmŠídák, p = 0.005. (g) Time-lapse images of femtosecond laser ablation of one Lgr5GFP cell in a crypt at two image planes. Red dot indicates position of ablation laser
focus. White arrow indicates cellular debris from the ablation which moved from crypt
base towards the villi. Scale bar: 30 μm. (h) Side view at line indicated in (g). Scale
bar: 10 μm.
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CHAPTER FOUR

Intravital window to image the colon in real time

4.1 Introduction
Intravital microscopy is a powerful technique for observing various cellular processes
in live animals1. Techniques for intravital microscopy via surgically implanted
windows have been developed for many organs including the brain2-4, spinal cord5,
liver6,7, lung8, skin9,10, small intestine11-13, and others7. These windows can be
maintained in mice weeks at a time, exposing the organs and tissues underneath for
high resolution chronic fluorescent imaging. They also enable visualization of
neuronal firing patterns with calcium indicators14. However, to-date, no such
techniques have been developed for the colon, which is particularly challenging due to
its combination of short length, high rates of distension, and sensitivity to
obstructions.

The colon is part of the lower gastrointestinal (GI) tract and plays a key role in the
absorption of water, salt, and other nutrients from digested chyme. Over half of the
body’s gut flora reside in the colon and often assist in this process by metabolizing
undigested polysaccharides into short-chain fatty acids and producing vitamins15,16. At
the colonic mucosal barrier, which is constantly regenerated by fast-cycling LGR5+
stem cells17, dynamic microbiota-immune interactions take place. Infection and
chronic inflammation in the colonic mucosa can lead to inflammatory bowel disease
(IBD), which includes Crohn’s disease and ulcerative colitis.
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Embedded beneath the colonic mucosa are two sets of primary ganglia, the
submucosal and myenteric plexuses, and a matrix of connecting neurons that compose
the enteric nervous system (ENS). Estimated to consist of over 100 million neurons18,
the ENS regulates colonic motility and vasodilation, performs various sensory
functions, and interacts with the immune system, although relatively little is known
about how they operate as a neural circuit in real-time. Malfunction of the ENS can
lead to a variety of conditions including a collection of maladies called functional GI
disorders (FGID), such as irritable bowel syndrome, fecal incontinence, constipation,
and others 19-21. One in five people suffer from FGID, and pharmaceutical intervention
is often unsuccessful partly due to the lack of fundamental understanding of the
colonic ENS22-25.

Peripheral nerve stimulation is emerging as an alternative treatment for FGID and
IBD26-30. Sacral nerve stimulation (SNS) in particular has been shown to be an
effective therapy for fecal incontinence and constipation31,32. However, little is known
about the impact of SNS on colon ENS and there lacks direct evidence that enteric
neurons are being activated. The improvement of SNS efficacy is limited by the
inability to directly visualize the SNS-ENS interaction in response to different
stimulation parameters, especially at a single-cell resolution in live animals33-38.

To overcome such obstacles, we have developed a colonic window that allows for
chronic imaging of the same location in the colon. The custom 3D printed titanium
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platform gives access to the colon while a ferromagnetic implant provides stabilizing
support underneath the colon to minimize movement during imaging. The magnetic
implant hangs loose to minimize obstruction and inflammation without external
magnets when the animal is not being imaged. Using this technology, we demonstrate
real-time imaging of colonic stem cells, immune cells, bacteria, and luminal content
passage in live animals. Furthermore, using mice with transgenic calcium indicators,
we observed spatiotemporal neuronal activity in the colon in response to SNS,
showing direct evidence that SNS activates enteric neurons in vivo. This easy-to-use
colonic implant technology will be a useful tool for studying colonic epithelium, stem
cells, microbiota, immunity/inflammation, ENS, and colonic electrotherapy, which
will further our understanding of colonic diseases.

4.2 Methods
Ethics Statement
All animal procedures were reviewed and approved by the Duke University
Institutional Care and Use committee (protocol #A139-18-05 and #195-15-05) and
Cornell University Institutional Care and Use Committee (protocol #2015-0029). They
were conducted in according to the recommendations in the Guide for the Care and
Use of Laboratory Animals, published by the National Institutes of Health.

Mice:
Pirt-GCaMP3 mice39 and Wnt1-cre:tdTomato mice11 were generated previously.
Lgr5tm1(cre/ERT2)Cle/J mice (Lgr5-GFP) were bred at Duke University from mice
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purchased from the Jackson Laboratory #008875. (CX3CR1-GFP x CCR2RFP)F1
mice were generated and bred at Duke University by crossing B6.129PCx3cr1<tm1Litt>/J

mice

(Jackson

Laboratory

#005582)

and

B6.129(Cg)-

Ccr2<tm2.1lfc>/J (Jackson Laboratory #017586).

Implant Design
Designs for the implant and the window were created using AutoCAD 2016
(AutoDesk). The insert was manufactured at the Duke Physics Instrumentation Shop
using 416 ferromagnetic steel (AZO materials, UNS S41600). The window was 3D
titanium printed (i.materialize.com). The window used borosilicate heat-resistant UV
Fused Silica glass (Mark Optics, Corning 7980) cut using the Duke Innovation CoLab’s 30 W CO2 laser (Epilog, Zing).

Chronic window implantation
All implants and surgical equipment were sterilized in an autoclave before usage.
Adult mice ranging from 6-12 weeks of age were used for surgery. They were
anesthetized with isoflurane (4% vol/vol induction with 2-3% maintenance). Eye
ointment was applied to prevent damage to eyes. Heat pad was used to maintain
mouse core temperature. Mice were injected with bupivicane (0.25% <2 mg/kg) and
meloxicam (2 mg/kg once daily) subcutaneously prior to surgery. Surgical site was
cleared using a shaving razor to remove hair and cleaned by alternating iodine and
70% ethanol treatments. A 15 mm diameter skin layer of the abdomen is surgically
removed. The custom-designed implant was inserted under the colon and sutured to
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the skin with 9-0 silk sutures (Ethicon, 639G). The region of the colon above the insert
was labeled with a small tattoo using the AIMS tattoo system (Braintree Scientific,
ATS-3 Q). Organs were maintained moist by spraying with sterile saline if necessary.
Titanium window with glass was placed over the colon and adhered to the skin using
adhesive (Loctite, 406).

Sacral nerve electrode implantation
Electrode implantation followed colon window surgery without waking the animal, or
was performed without a window implant. In the latter case, the same pre-operative
procedures were used as with the window implant, with the dorsal side being treated
instead. Incision was made along the muscle layer proximal to S2 vertebrae, exposing
the sacral nerve. Cardiac pacing electrodes (Medtronic, 6494) were placed in the
incision, with the cathode being nearest to the nerve. Surgical site was sealed using
adhesive (Loctite, 406) and sutures, and the wires were tunneled subcutaneously to the
back of the neck, where they exited the skin. They were sealed in place with adhesive.

Electrical stimulation
Stimulation waveform was performed using a biphasic waveform generator
(Tektronix, AFG1062) connected to a voltage-to-current converter (Digitimer, DS4).
The converter was connected to wires and shutter was used to induce current
conduction to the connected mouse or tissue sample. Muscle response was recorded by
gradually increasing current amplitude from 200 µA to 1000 µA until muscle
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twitching was recorded. Stimulation was performed at 20% below the recorded
muscle-twitching threshold amplitude at 0.5% duty cycle.

Myenteric Plexus imaging
Myenteric plexus was isolated from 6-12 week old Pirt-GCaMP3 mice using forceps
and cotton swabs. It was displayed horizontally and secured using adhesive moistureresistant tape at the corners. Bicarbonate buffer40 with or without 10 µM capsaicin
stimulant was flowed over it at a rate of 1 ml/min using gravity flow and a negative
pressure peristaltic pump (Fisher, DB3000A). Imaging was done on a fluorescent
microscope (Leica, DFC345 FX) using LAS-X software.

Ex vivo tissue imaging
1-2 cm colon tissues were extracted from 6-12 week old Pirt-GCaMP3 mice. Tissues
in bicarbonate buffer40 and put over a 10 FR Foley catheter (Fisher, 50-118-0301).
Catheter was immersed in bicarbonate buffer and held in place by custom steel clamp
courtesy of Dr. Andrea Nackley. Cathode was connected to steel clamp and anode
placed in solution. Imaging was performed on a multiphoton microscopy system
(Bruker Ultima IV with a Chameleon Vision II tunable laser) with 900 Hz stimulation.
CX3CR1-CCR2 villi analysis was performed by extracting 1-2cm intestinal tissues
from 6-12 week old CX3CR1-CCR2 mice. The intestine was opened longitudinally
using surgical scissors and washed using saline. The intestinal villi imaging was
performed on a Zeiss Observer Z.1 microscope and an AxioCam MRm camera.
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In vivo imaging
Mice were anesthetized with isoflurane (4% vol/vol induction with 2-3%
maintenance) and treated with eye ointment. Mice with colon windows were placed
dorsally onto a 3D printed imaging stage. Electrodes were connected to current
converter, as described above. Magnets (K&J Magnetics, D18) were applied on top of
the window to draw the implant closer to the glass. Imaging was performed at most
once every other day to allow the mouse time to recover between imaging sessions on
multiphoton microscopy systems: Bruker Ultima IV for calcium imaging, and Zeiss
LSM880 or Olympus FV1000 for other imaging. Live animal videos were recorded
using a GoPro HERO4 Silver (BestBuy).

Nerve tracing
C57BL6/J or Pirt-GCaMP3 with colon window implants were anesthetized with
isoflurane (4% vol/vol induction with 2-3% maintenance) and treated with eye
ointment. Incision is made near the S2 vertebrae to expose sacral nerve. 5 µL 3-4e12
GC/mL ddTiter AAV1.hSyn.TurboRFP.WPRE.rBG (University of Pennsylvania,
former) or 5 µL 4 mM FastBlue (Polysciences, 17740-1, latter) were dispensed.
Tissues were visualized via in vivo multiphoton microscopy and gut tissues were fixed
and preserved in 10% formalin overnight and frozen in OCT (Fisher, 23-730-571).
Myenteric plexus and cross section samples (gut and spine) were sectioned on a
cryostat (Leica, 3050S) with tissues split onto two slides due to size constraints, and
stained with anti-Tuj1 antibody (Abcam, ab18207), Hoechst nuclear yellow (Abcam,
ab138903), and anti-GFP antibody (Abcam, ab13970). Slides were imaged on Zeiss
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780 confocal microscope and stitched together using Fiji/ImageJ. Representative
images were selected to best represent the relative FastBlue spread across the entire
tissue sample. FastBlue distribution relative to nuclear yellow stain and colocalized
with Tuj1 and GFP was analyzed using Fiji/ImageJ macro.

Intestinal dye and E. coli passage

(CX3CR1-GFP x CCR2RFP)F1 mice were gavaged with 100 µL 2.5% w/v FITCDextran 70kD (Thermofisher, D7176). In vivo imaging on mice was performed at 30minute intervals. Mouse inflammation was induced by treating mice with 3% w/v
dextran sodium sulfate (Alfa Aesar, J63606) in drinking water for 3-6 days while
measuring Disease Activity Index (DAI). Flow cytometry analysis was done on
single-cell suspension of digested colon tissue41 using BD DiVa flow cytometer. The
raw FACS data were analyzed with the FlowJo software to gate cells according to
their forward (FSC) and side (SSC) scatter profiles and fluorescent intensities.

To analyze E. coli activity in the gut, C57BL/6 mice with colon windows were
gavaged with 100 µL adherent invasive E.coli-GFP (541-1, courtesy of Dr. Kenneth
W. Simpson) grown overnight in 5 ml LB-Ampicillin media from a single colony at
37 ºC in LB-Amp media and imaged via the colon window 12 and 36 hours later.

Radiation experiment
Lgr5tm1(cre/ERT2)Cle/J mice with previously implanted colon windows were placed
dorsally into an irradiator (Precision X-ray, XRAD320). The irradiation field was set
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to target the colon in the window with 300 kVp, 12 mA at a dose rate of 2.04 Gy/min
using a 2.5 mm Al + 0.1 mm Cu filter. Total dose administered was 14 Gy per mouse.
Quantification was done by counting number of crypts labeled with GFP per time
point averaged over 3 regions of colon.

X-ray fluoroscopy
Pirt-GCaMP3 mice were implanted with sacral nerve electrodes, as described above.
While under anesthesia, mice were imaged via x-ray fluoroscopy (GE, OEC 9800
Plus). Images were taken during mouse exhalation at 50% brightness, 60% contrast
and recorded on CD and screen capture from the dorsal and lateral side.

Image processing setup
GCaMP images were processed on Imaris 8 software. Sphere tracking (14 µm cell
size, 20 µm max step movement, 5 frame omission) was used to identify cell
movement pathways. Recordings were processed using Fiji/ImageJ through StackRegRigid Body macro to remove micro frame shifts42. Cell regions of interest (ROIs) were
drawn to identify actively fluorescing cells and Time Series Analyzer V3 was used to
record fluorescence intensity change. Repetitive breathing spike artifacts that cause a
single frame (0.326s) 100%+ intensity spike were averaged with surrounding frames
to remove outliers and a 10-frame rolling window average was used to calculate
change in fluorescence and standard error mean (SEM) relative to the non-stimulated
recording in the same recording ROI. Maximum ΔF’/F fluorescence was derived by
calculating the change in ΔF/F to isolate the max value for each cell. P-value
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significance for fluorescence intensity change was calculated using a two-tail student’s
T-test with unequal variances when comparing two individual fluorescence values and
analysis of variance (ANOVA) for time series fluorescence comparisons with post hoc
Tukey HSD test and post hoc Sidak’s test (GraphPad, Prism).
Colon time series was performed in Wnt1-cre:tdTomato mice, with z-stacks taken
with 5 µm step size and depth from 210 – 425 µm, to accommodate for the shrinking
or expanding colon between imaging sessions. Averaged z-projections and image
rotation was performed in Imagej/Fiji.
Change in tissue movement analysis was done in Imaris. Sphere tracking was used to
identify cells (14 µm diameter, 15 µm step size, 3 frame omission) in time series with
and without the active magnetic implant (n=5). The total length traveled and time
duration was averaged among the top 3 cells with the longest duration of continuous
tracking in each frame.

Diagram design
Diagrams were drawn using Adobe Illustrator 2019 (Adobe) and AutoCAD 2016
(AutoDesk).

4.3 Results
A colonic window with ferromagnetic scaffold
To visualize the spatiotemporal dynamics of the colon, we designed a colon window
that has sufficient width to span the abdominal cavity (19.685 mm x 10.922 mm)
without restricting movement (Fig. 4.1a). Smooth titanium design reduces scarring
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and damage to abdominal cavity. Heat-resistant UV fused silica glass was laser-cut to
fit the window design and adhered using Loctite adhesive. To control gastrointestinal
motility, a custom designed ferromagnetic implant was inserted under the colon and
then sutured to the skin (Fig. 4.1b). Upon placement of external magnets to the surface
of the window, the colon is stabilized between the scaffold and the magnets, which
reduces the motion artifact over 3-fold and allows for easier tracking of the same
location in the colon (Fig. 4.1c-d). The external magnets are removed after imaging
sessions, which allows the colon to expand and function normally. The window is
designed to allow for unencumbered leg movement, as well as free food passage
through the gastrointestinal tract and direct visual path to the colon, with location
marked by tattoos for chronic imaging (Fig. 4.1e-f). This low-stress design allows for
mice to walk around freely for weeks with the colon remaining underneath the
window.

Imaging bacteria, luminal content, immune cells, and epithelial stem cells in the
colon
Through the implanted colon window, a multiphoton microscope is sufficient to
penetrate the entire colon wall, imaging from the serosa (outside) to the lumen
(inside). Because most of the gut flora, including most pathogenic strains, reside in the
colon lumen, as a proof-of-concept we gavaged mice with adherent invasive
Escherichia coli (E. coli) derived from patients with Crohn’s disease and labeled with
a green fluorescent protein (GFP) tag43. Imaging via the colonic window shows that
these bacteria were indeed adherent to the colon crypts, consistent with their
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pathogenicity, although their presence declined from 12th hour to 36th hour post
gavage (Fig. 4.2a). For comparison, we simulated the passage of colon contents by
gavaging the mice with a 70kD Oregon-Green dye which passed through the lumen.
The fluorescent signal from the dye became clearly visible and reached its peak
around 1.5 hours post gavage (Fig. 4.2b-c).

We next imaged immune cell activation in a murine IBD model to visualize immune
response in the colon. CX3CR1GFPxCCR2RFP mice were bred to label innate dendritic
cells and inactivated monocytes in green fluorescence and activated monocytes in red
fluorescence44. Dextran sodium sulfate (DSS) was then used to induce colitis in these
mice45,46. Via the colonic window, we observed an increased number of activated
RFP-labeled monocytes flocking to the gut in vivo (Fig. 4.2d, Fig 4.5a)47, which was
validated by flow cytometry analyses (Fig. 4.5b). Therefore, the window enables
tracking of monocyte recruitment and activation in response to colonic inflammation.

The regeneration of colon epithelium is supported by the fast-cycling Lgr5+ stem
cells, which are supposedly radiation-sensitive48,49. Hyperplasia caused by these
proliferating stem cells have also been associated with cancer50-52. To demonstrate that
our intravital colonic imaging can capture the dynamics of these cells, we treated the
Lgr5-EGFP-IRES-creERT217 mice with 14 Gy irradiation (2.04 Gy/min) and tracked
the irradiated colon over a week. The images reveal a clear decline in stem cell
population over these days, consistent with their radio-sensitivity (Fig 4.6)
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Sacral innervation in the colon
The colonic ENS plays important roles in regulating motility and immune functions.
SNS is an emerging therapy for treating motility and immune disorders such as FGID
and IBD. However, how SNS affects the ENS is largely unknown, hindering its
improvement. We used our intravital setup to image the effect of SNS on colonic
neurons in order to demonstrate its utility with calcium imaging.

The sacral nerve consists of both afferent and efferent fibers carrying sensory
information to the central nervous system (CNS) and conducting motor impulses from
the CNS53. SNS is thought to provide more specificity for targeting lower bowel
diseases than vagal nerve stimulation54,55. We performed tracing to characterize sacral
nerve innervation of the GI tract using FastBlue (FB), which is a retrograde dye that
selectively labels neuronal structures (Fig. 4.3a)56. After injecting FB into the sacral
nerve region at the S2 foramen, we observed, through the colonic window, the
presence of FB in the colonic myenteric plexus (labeled by baseline fluorescence from
Pirt-GCaMP339) by day 5 post-injection (Fig. 4.3b, Fig 4.7). This shows that sacral
nerve fibers reach colon ENS and could be targets for SNS.

To confirm this data, the entire length of the gut was extracted from mice injected with
FB in the sacral nerve, to analyze the percentage of nuclear yellow (NY) stained cells
that connect to the sacral plexus. While there was a distribution of FB across the entire
length of the gastrointestinal tract, the majority connected to the ileum and colon (Fig.
4.3c, Fig 4.8). The dye also traveled afferently to the spinal cord from the sacral

134

plexus (Fig 4.9). This was further validated when the procedure was repeated using
AAV1-hsyn-TurboRFP virus which can spread along neurons in both directions
(retrograde and anterograde) (Fig. 4.3d). When injected into the sacral plexus, it
followed the same pattern identified with the retrograde dye, though there was a
greater number of neurons labeled because it was not selective for retrograde neurons
only.

Imaging SNS activation of enteric neurons with calcium imaging
After confirming sacral innervation of the colonic ENS, we proceeded to test the effect
of SNS on the firing of colonic neurons. This neuronal structure was first visualized in
pan-neuronal Wnt1-cre:tdTomato labeled mice over several hours through the colon
window (Fig 4.10).We then viewed the activity of the colonic ENS via calcium
indicators using Pirt-GCaMP3 mice, in which enteric neurons express GCaMP3 driven
by the Pirt promoter39. As a positive control, direct 14Hz electrical stimulation was
applied to the colon ex vivo, which resulted in increased firing activity in enteric
neurons (Fig. 4.4a). Unique patterns of neuron firing were identified when the same
location was stimulated with different frequencies over time (Fig 4.11). As another
independent control, a 10 µM capsaicin chemical stimulation of longitudinal musclemyenteric plexus ex vivo elicited calcium response from the enteric neurons as well,
validating the neuronal calcium activity (Fig 4.4b-c).

We then evaluated the effect of SNS by surgically implanting electrodes at the S2
sacral foramen and connecting leads to a current stimulator (Fig. 4.4d). The electrodes
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were placed proximal to the nerve fibers, sealed in place with tissue adhesive, and
electrode location was monitored via x-ray fluoroscopy (Fig. 4.12). Stimulating the
sacral nerve plexus using a low current pulse yields a muscular response, detectible by
tail twitching. SNS at 20% below motor threshold induced calcium fluxes in a subset
of colon enteric neurons (Fig. 4.4e). An image processing pipeline tracked individual
neurons to account for slight movements to further enhance quantification. Stimulation
at 14 Hz frequency, which is commonly used in FDA approved SNS therapy, elicited
the most robust response from SNS compared with 7 Hz or 21 Hz frequencies (Fig.
4.4f).

4.4 Discussion
We have demonstrated the use of a colonic window that is capable of imaging the
colon in live animals. The images were enhanced by a ferromagnetic scaffold that
stabilizes the colon and minimizes motion artifacts. In vivo imaging of bacteria,
luminal content, immune cells, epithelial cells, and the enteric nervous system was
demonstrated. Calcium imaging via the window in transgenic GCaMP mice revealed
that SNS activates enteric neurons at 14 Hz, consistent with its perceived therapeutic
effect on colon dysmotility disorders. The demonstrated implantable window setup
will enable a broad community of researchers to study various live interactions and
processes in the colon with single-cell resolution.

The field of intravital imaging has been expanding the range of organs that can be
observed in vivo. However, each tissue poses unique challenges due to morphology
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and location. While alternatives such as endoscopic techniques can provide access to
certain regions, windows have the benefit of having a wide field of view, being
compatible with multiphoton imaging for deeper tissue penetration, and generating
non-linear harmonic fluorescence from unlabeled tissue to provide essential structural
information57. They also allow for easier accessibility of the target for manipulation
through methods such as channelrhodopsin-based light stimulation or laser
ablation12,58,59. Previously, techniques have been invented to image moving tissues
such as the beating of a heart60 or the expansion of lungs8. However, lower GI
peristaltic contraction and large volume fluctuations has caused longstanding
difficulties for imaging due to its non-rhythmic nature7,11. Furthermore, small animal
models can only contain extremely small and lightweight devices, making most
battery-powered systems too bulky for implantation. Both of these issues were
overcome with the ferromagnetic scaffold, which can produce a pull without requiring
any battery. The combination of our colonic window design and ferromagnetic
implant are able to overcome the constraints of colon physiology and can be further
expanded to other moving tissues and mouse models.
The capacity to image the colon in vivo provides a window into the colonic dynamics
of microbiota, stem cells, immune cells, and other cell types. Gut microbiota have
been of great interest to the scientific community61. Microbiome research is expanding
from studying bacteria cultures in an isolated environment to observing them as an
integral part of the highly interactive host environment. For example, immune surfacepattern recognition receptors (such as Toll-like receptors, NOD-like receptors, etc.)
can communicate with pathogen-associated molecular patterns expressed on the
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microbiota in order to keep the symbiotic bacteria thriving while containing
pathogenic bacteria spread62. Murine models have the benefit of having a large
repository of transgenic strains available. Dendritic cells63,64, natural killer cells65,
monocytes66, CD8 and CD4 T-cells67,68, and others can be monitored using selective
transgenic strains. By crossing selective Cre-driven strains, multiple phenotypes can
be observed simultaneously. The ability to observe how different subtypes of resident
and circulating immune cells respond to challenges such as infection or inflammation
in real time will benefit the scientific community69.

The dynamics of intestinal LGR5+ stem cells, which fuels epithelial regeneration, has
been studied by intravital imaging previously12,13. These cells have been shown to be
susceptible to invasive bacteria and radioactivity43,70. APC mutation in these cells
leads to expansion of the stem cell niche, giving rise to dysplasia and adenoma52. Our
window allows imaging of such cells in the colonic epithelium, where colon cancer
and the majority of IBD arise. The window can be incorporated into gastrointestinal
disease models to study IBD71,72, IBS73, or colorectal cancer74,75 in vivo at single-cell
resolution. The imaging technique can be further coupled with in vivo CRISPR
genome editing and endoscopic organoid transplantation to study colonic oncogenesis
and metastasis76.

Enteric neurons have been proposed to have a fast turnover rate compared to neurons
in the central nervous system. This imaging technology can monitor enteric neuron
development and turnover77, which can be a useful technique for analyzing disease
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models like Hirschsprung’s disease, where disease spread is caused by the lack of
innervation of the colon78,79. The physical and post-processing image stabilization also
provides a platform for tracking of cells containing voltage sensors calcium indicators,
which have been largely restricted to organs such as the brain, spine and heart80.
While in vitro and ex vivo experiments provide useful data regarding ENS
dynamics81,82, the functionality of the ENS is best illustrated in vivo due to its
communication with the peripheral nerve network and other cell types such as immune
cells and enteroendocrine cells59,83-85. Such in vivo data will be essential for modeling
the ENS in silico86. The window will also help researchers understand the effect of
peripheral neuromodulation on the ENS and gut immunity, as vagus and sacral nerve
stimulation electrotherapies seem to have therapeutic effects on the inflammatory
pathways in the gut87-89.
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Figure 4.1. Colon window with ferromagnetic insert for stabilized colon imaging.
(a) Diagram of the titanium colon window with magnets placed on the surface above
the ferromagnetic implant (green), located under the colon (red). Magnetic pull
(yellow) causes the implant to press against the colon (arrows), holding the colon
against the window during imaging. (b) Implantable ferromagnetic scaffold used to
prevent colon motion. (c) Sum of 150 consecutive frames of blood vessels (red) from
the colon surface imaged with (top) and without (bottom) the ferromagnetic scaffold
pressing against the tissue. Blurriness is caused by tissue movement between frames
(d) Quantification of the change in colonic motility in recordings of gut without and
with magnets attached. ***P<=0.001 with two-tail t-Test. (e) Mouse with colon
window implanted with the colon visualized under the window. (f) Colon window
implanted in a mouse and imaged over the course of 11 days. Arrows indicate tattoo
mark on the colon wall to track colon location.
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Figure 4.2. In vivo imaging of the colon. (a) Crohn’s disease patient-derived adherent
invasive E.coli (green) visualized in the crypts of the colon in vivo, without E.coli
(left), 12 hours post-gavage (middle), and 36 hours post-gavage (right). Channels
show E.coli (top), second harmonic crypt fluorescence (middle) and merged channels
(bottom). (b) Representative images of Wnt1-tdTomato mice with gavaged
OregonGreen-Dextran dye (OGD, green) passing through the colon. Transgenically
labelled enteric neurons (red) and second harmonic collagen (blue) used for reference.
(c) Quantification of OGD concentration in mouse gut over time as seen through the
colon window. *P<0.05. **P<0.01 by two-tail T-test. (d) Change in levels of activated
monocytes (red) and dendritic cells (green) in colon in vivo treated with dextran
sodium sulfate (DSS) to induce inflammation in a CX3CR1-CCR2 mouse model.
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Images are maximum intensity z-projections of fluorescence between colon crypt base
and outer colon wall. All scale bars, 100 µm.
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Figure 4.3. Sacral nerve-to-colon connection. (a) Diagram of mouse showing
FastBlue (FB) or AAV1 being injected proximal to sacral nerve (blue), which runs
through the pelvic foramen (gray) to the gut (red). Colon window is surgically
implanted on the abdomen. (b) FB labeling of colon neurons when injected directly
into the sacral nerve regions seen through the colon window in vivo on Day 1 and Day
5 post-injection. Arrows indicate neurons labeled with FB. Scale Bar, 100 µm. (c)
Quantification of the percentage of cells stained with FB as a percentage of all cells
when imaged from distal to rectal end of intestine and colon. (d) AAV1-hsynTurboRFP (red) spread in the (from left to right) duodenum, jejunum, ileum, and
colon, after injection in the sacral nerve region. Scale bar, 100 µm
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Figure 4.4. Visualizing spatiotemporal response of enteric neurons to stimulation.
(a) Change in fluorescence in ex vivo tissue in response to electrical stimulation at
14Hz when compared to sham. Gray bar indicates stimulation duration. **P<0.0001
analysis of variance (ANOVA) with post hoc Sidak’s test; Shading indicates SEM. (b)
Longitudinal muscle-myenteric plexus (LMMP) response to capsaicin stimulation at
10 s, visualized using transgenic calcium indicators. Arrows indicated neurons firing
in response to stimuli. Scale bar, 100 µm. (c) Heat map of individual neuron activation
pattern in LMMP enteric neurons. White lines indicate frame time points from (b). (d)
Diagram of mouse containing sacral nerve stimulating electrodes (violet and yellow)
running from the incision site at the neck subcutaneously along the back to the sacral
nerve (blue), which runs through the pelvic foramen (gray) to the gut (red). Colon
window is surgically implanted on the abdomen. (e) In vivo enteric neurons (green)
activating in response to electrical sacral nerve stimulation (SNS). Scale bar, 50 µm (f)
Quantification of colon neuron calcium response in vivo in response to SNS of varying
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frequency. Gray bar indicates stimulation duration. *P<0.0005 **P<0.0001 ANOVA
with post hoc Tukey’s test; Shading indicates SEM.
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a

b

Figure 4.5. CX3CR1-CCR2 inflammation model. (a) Intestinal tissue extracted
from CX3CR1-CCR2 as viewed from the lumen via fluorescent microscopy showing
villi. Scale bar, 100µm. (b) Quantification of inflammatory response of CX3CR1CCR2 mice via flow cytometry showing a greatly increased number of activated
macrophages (Q1) and slight increase in native glia and dendritic cells (Q4) due to
dextran sodium sulfate (DSS) treatment to induce colitis symptoms.
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Figure 4.6. Stem cell response to radiation, as observed through intravital
window. (a) Change in Lgr5-GFP stem cell expression (green) in response to 14 Gy
irradiation in the same mouse on Day 1, 2, 3.5, and 6 with second harmonic collagen
(blue) in background. Scale Bar, 100µm (b) Quantification of the change in
fluorescence expression in (a). **P<0.01 using Student’s t-Test
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Pirt-GCaMP3

FB

Merge

Figure 4.7. In vivo multiphoton images of neurons in a neuronal ganglia in the
colon. A Pirt-GCaMP3 mouse showing FastBlue (FB) labeling after injection into the
sacral nerve region, with the FB spreading to specific neurons in the ganglia, with
channels indicating GCaMP background fluorescence only (top), FB labeling of cells
only (middle), and merged overlay (bottom). Scale bar, 10µm.
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Figure 4.8. Histological analysis of entire gut with FastBlue (FB) injected into the
sacral nerve region. Tissue from (a) duodenum, (b) jejunum, (c) ileum, and (d) colon
shown stained for cells (nuclear yellow, red, NY) with endogenous FB (cyan blue).
Each region is divided into proximal and distal sections due to large size (left) and a
selected FB containing region (three right, region indicated with a pink rectangle) in
both the proximal and distal section of each tissue with stains shown separately and
merged. All scale bars, 100 µm
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Figure 4.9. FastBlue (FB) also transmits into the spine after injection into the
sacral nerve plexus in Pirt-GCaMP3 mice. Spinal tissue (left to right) showing FB,
stained for GFP (green), nuclear yellow (NY, yellow), anti-Tuj1 neurons (red), and a
merged figure with all fluorophores overlapping. Scale Bar, 100 µm
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Figure 4.10. Colon nerve ganglia expressing tdTomato in Wnt1-tdTomato mice as
seen through the colon window in vivo, imaged 0, 0.5, and 1.5 hours. Images are
averaged z-projections. Scale bar, 100µm
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Figure 4.11. Heat map of different enteric neurons from the same field of view
activating in response to electrical stimulation at varying frequencies. Maximum
ΔF'/F<0.015 = gray, maximum ΔF'/F from 0.015 to 0.035 in increments of 0.05 = dark
green to green, maximum ΔF'/F > 0.035 = light green.
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Figure 4.12. X-ray image of mice with sacral nerve anode and cathode electrode
(blue) implants seen from the dorsal (a) and lateral (b) views.
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CHAPTER FIVE

Tracing the peripheral nerve connectome via diffusion tensor
magnetic resonance imaging

5.1 Introduction
The peripheral nervous system (PNS) controls muscle activity1, senses pain2, and
maintains a constant two-way communication between organs and the brain3. It
encompasses the dorsal roots that stretch from the spine and cranial nerves originating
from the central nervous system (CNS). These larger nerve fibers branch out into
progressively smaller tight fiber bundles containing both sensory and motor neurons
soon after leaving the CNS to reach distant tissuess4. These fibers bundles are
surrounded by a perineurium membrane that protects the fibers from surrounding
tensile and compression stresses, acts as a barrier for tissue interaction, provide glia
for regeneration, and allows for safe signal transduction5.

The two main parasympathetic pathways that connect the brain to the gut are the
vagus and sacral nerves6. The vagus nerve, also known as cranial nerve X, innervates
the heart, lungs, spleen, and upper gastrointestinal tract, and has shown to play a vital
role in inflammatory response, nociception, and appetite7,8. It has shown to have a
single-synaptical connection to the neuropods, composed of enteroendocrine cells
responsible for interfacing with the intestinal epithelial surface9,10. Meanwhile, the
sacral nerve connects to the sacral roots which exit through the sacral foramen and

167

connect to the lower GI tract. It regulates bladder control and colonic motility11,12.
These systems are vital for providing a constant feedback of the status of the
gastrointestinal tract.

Due to their targeted reach, peripheral nerve stimulation therapy (PNST) has been
around since 1976 are FDA approved and are used to treat a range of diseases in over
65,000 patients worldwide13. It works by applying an electrical current directly to the
nerve bundles, altering the natural impulse patterns and altering the ectopic discharge
in Ad and C fibers leading to decreased pain perception. Studies have also shown that
this stimulation may also cause alteration to local inflammatory mediators, such as the
acetylcholine anti-inflammatory pathway, which has an impact on not only the
perception of disease (such as inflammatory bowel disease) but also the reduction of
inflammatory response14-17.

To accurately place peripheral nerve electrodes, a clear understanding of the
peripheral nerve pathways is necessary18. Tracing technology has traditionally been
used to analyze the peripheral nerve connectome. Adeno-associated viruses (AAVs),
neural tracing dyes, and other neuro-specific viruses (rabies, herpes, etc.) can induce
fluorescence in target tissues19-21. Visualization is often difficult due to the small
diameter of the fibers, so often the neural bundles are histologically analyzed at the
origin or terminals of the neuron bundles, limiting the analysis to subregions of the
neurons. Tissue clearing techniques, such as iDISCO and , have been developed to
allow for fluorescent imaging of transparent tissue, but the procedure often quenches
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native fluorescence, preventing for easy visualization without using expensive
antibodies22,23.

Magnetic resonance imaging (MRI) uses large magnets to induce gradients across
tissue, leading to alignment of molecules to the magnetic field. It then monitors the
slow relaxation of the alignment across tissues along (T1) and transverse (T2) to the
field to develop an image of the structure. Diffusion tensor imaging uses these field to
trace the diffusivity of polarized water from the tissues, which also differs between
tissues24,25. The compactness, uniformity of direction, and insulation provided by
myelin and perineurium leads to directed diffusion of water inside of nerve fibers,
allowing for identification of nerve bundles throughout the body. However current
medical grade scanners are do not have sufficient resolution to detect small peripheral
nerve bundles and research grade 7T and 9T MRI scanners require many days to scan
large tissues at sufficient resolution to differentiate the anisotropic differences in nerve
fibers. Long scan times often cause deformation in tissue, yielding warped results.

Recent developments in compressed sensing have overcome this issue by under
sampling of the original sample. Optimized imaging systems can detect underlying
patterns in the samples which are faster to record than individual voxels. By reducing
the file sample size, the overall recording speed can be increased tenfold without
losing resolution26-28.

In this study we used compressed sensing diffusion tensor MRI (DT-MRI) to detect
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the peripheral nerve structure. This allowed for the detection of the abdominal
peripheral nerve networks, connecting the lowering GI tract and bladder to the spine
and CNS. This is then validated, and anisotropic settings are optimized, using tissue
clearing of main peripheral nerve structure. These new techniques allow researchers to
understand the complex PNS structure that are essential for disease diagnostics and
effective targeted electrotherapy29,30.

5.2 Methods
Animal work
Animal experiments were conducted in compliance with the Duke University Animal
Care and Use Committee (IACUC). 6-12 week old C57BL/6 mice (Jackson Labs)
were chosen for MR imaging. Mice were placed under isoflurane anesthesia (4% v/v
induction, 2% maintenance). Afterwards the mice were perfused with 50ml of the
following solutions: 1:10 ProHance solution in saline, 1:10 ProHance solution in 10%
formalin, 1:100 ProHance, in 10% PBS, with profusion happening via the jugular vein
using a catheter. Mice were then stored in a 0.1M PBS with 1:100 ProHance solution
for 6 days at 4 degrees Celsius.

Diffusion MR imaging
MR images were acquired using a high-field MRI (7T horizontal-bore magnet driven
by a GE Excite console, General Electric Healthcare). A custom-made solenoid coil
was used for radiofrequency transmission and reception. Whole mouse diffusion
imaging used a 3D diffusion weighted spin-echo pulse sequence with repetition time
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(TR) of 100ms, echo time (TE) of 23.189ms, and b-value of 2000s/mm^2. The
acquisition matrix was 1000 x 400 x 400 over a 70 mm x 28 mm x 28 mm field of
view for a 70um voxel size. The diffusion sampling included 46 unique diffusion
angles, and 5 non- diffusion weighted (b0) measurements.

Leg diffusion was used on the same machine under the same settings, but with an
acquisition matrix of 800 x 400 x 400 over a 32mm x 16mm x 16mm field of view for
a 40um voxel size.

Data Processing
Data processing was done on a custom CIVM pipeline. Image reconstruction was done
using DSI Studio. DTI reconstruction method was implemented with a 1.25 diffusion
sampling length ration and a 5.0 deconvolution ODF sharpening and 8-fold ODF
tessellation. Reconstruction mask was manually drawn to best encompass the outline
of the tissue of interest.

Probabilistic Tractography
Regions of interest were set in DSI studio according to mouse anatomy. ROI spheres
of 1-2 mm diameter were used as references for dorsal root ganglia, while larger
spheres were used for the bladder, spine, or other organs. The following parameters
were used to generate the final pathways: Threshold: 0.17, angular threshold: 70, step
size: 0.04, smoothing: 0.3, minimum length: 0.3mm, maximum length: 800mm,
maximum tracks shown: 1000.
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Tissue clearing
Tissues were cleared using a modified iDISCO+ protocol. Tissues were incubated in
66% DCM/33%MeOH overnight while rocking. It was then washed with 100%
MeOH twice for 15 minutes and chilled at 4C. Tissue was bleached in chilled 5%
H2O2 in MeOH overnight at 4C. The tissue was immunolabeled using anti-Tuj1
antibody, endomucin antibody, and anti-SMA antibody for 5 days. It was then
incubated in 66% DCM/33% MeOH for 3 hours while rocking at room temp, followed
by two more washes in 100% DCM for 15 minutes each. It was then incubated in
DiBenzyl Ether (DBE) and flipped 3 times to ensure equal total immersion in solution
and stored in DBE. Lightsheet imaging is done on a LaVision Ultramicroscope II
using

5.3 Results
Probabilistic topography of the whole mouse
The fractional anisotropy patterns from the 7T whole mouse scan show the
homogeneity of the peripheral nervous system fiber directions when compared to the
other organs. Whereas the brain and adipose tissue appear in green, the bright red
highlights of the spine and larger nerve bundles can be easily identified without
tractography data (Fig. 1a). Other tissues can also be identified by isolating regions of
interest (ROIs) and mapping fibers that intersect the targets. The spinal network,
esophagus and stomach, and cardiac tissues are easily visible due to the directionality
of the fibers in those systems when compared to the overall mapping patterns of the
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entire mouse tissue (Fig. 1b). Individual nerve fibers which leave the spine and span
the abdominal cavity can be traced by placing a flat ROI across regions of the gut.
This yields at least 3 pathways that connect the lower abdominal cavity with the more
structured spine (Fig. 1c) that have minimal overlay and a high level of confidence.
Custom shaped ROIs can be used to label tissues that may have several connections to
the PNS. A sphere was used to overlay the bladder and the tissue surrounding it,
resulting in images of at least 3 connections between the bladder and the lower spine
which have some partially overlapping pathways (Fig 2).

Because the spinal structure is surrounded in cerebrospinal fluid and has very clear
directionality, it is easily identified using DT-MRI. This allowed for the identification
of individual vertebrae along the spine of the mouse and the dorsal root ganglia
leading out of the spine (Fig. 3a). Cross sections of the vertebrae showed clear
representations of the peripheral nerves exiting the spine and progressing into the
surrounding abdominal cavity (Fig. 3b-c). When traced, it showed that many of these
neurons from L5 to S4 vertebrae combined into overlapping plexuses outside of the
spine (Fig 3d). Unfortunately, the fiber crossing algorithm was not able to discern
further continuation of some of the fibers because increasing the anisotropic threshold
would yield to different fiber paths and false positives in the surrounding tissue.

Due to the heterogeneity of the tissues surrounding the peripheral nerves, it is difficult
to differentiate the nerve fibers from parallel muscle fibers or other similar tissues.
Multiple factors contribute to varied structure, such as the angular threshold, step size,
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anisotropic threshold, and others. By changing the anisotropic threshold from 0.14 to
0.16, the total length of the fiber changes (Fig. 4, Table 1). The predictive algorithm
also changes the final destination of the fiber, yielding different results that need to
validated before assuming true.

To analyze overlapping nerve pathways, we have used tissue clearing techniques to
visualize the internal peripheral nerve structure of mice. iDISCO+ technique was used
to clear e11.5 embryo to show the efficacy of tissue clearing (Fig. 5a). When labeled
with Tuj1 pan neuronal marker the peripheral nerve structure became clearly visible,
especially in the umbilical cord which is strongly innervated. Renal marker endomucin
is used to label the kidneys and dorsal tissues.

It is difficult to visualize the peripheral nerve tissue in embryos because myelination in
mice usually begins to occur later after birth and all of the fibers are smaller due to the
size of the animal. Instead, a whole mouse was fixed in a formalin/ProHance solution
and cleared using iDISCO+ technique (Fig. 6a). The thigh and the paw were imaged
using lightsheet microscopy to visualize the smooth muscle (SMA antibodies) and
neuronal structure (Tuj1 antibody) (Fig 6b). The interior of the thigh was cleared well,
but the antibodies did not have sufficient time to diffuse deep into the tissue, so only
the surface tissues were effectively labeled. The paw also had skin on the surface,
preventing effective penetration of the antibodies to label the entirety of the tissue.

The leg was also imaged via DT-MRI to analyze the internal neuronal patterns. Four
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major neuron pathways were identified using this technique, with the sciatic nerve
labeled in green (Fig. 6c). It was also clearly visible in the b1 z-projection of the
image due to its size and homogeneity. However, to properly compare the DTI-MRI
and cleared tissue, a deeper staining of the tissues is required.

5.4 Discussion
We have demonstrated that it is possible to image the peripheral nerve system using
DT-MRI at sufficient resolution to resolve individual pathways. Out of these
pathways, several were identified that connect the spine to the intestine and bladder.
However due to the high variability that can be achieved by modifying settings, these
were then validated through iDISCO+ tissue clearing techniques and lightsheet
microscopy of the peripheral nerve system.

The peripheral nerve system has been studied for a long time, but there has never
existed a concise connectome published, similar to those done in the brain or spine.
This was mostly in part due to the high volume spanned by the nervous structure and
the small size of the nerve fibers. Ultrasound, CT, and fluorescent microscopy has
been used to image and stimulate portions of these systems, but usually with great
difficulty.

Tissue clearing has been essential in the understanding of the PNS structure. Recent
developments have shown that it is possible to clear and stain and entire mouse, but
this requires not readily available equipment and the clearing technique can often
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cause compression of the tissues. Non-invasive techniques work best to preserve the
integrity of the abdominal cavity, allowing for warping-free resolution of the structure
and also at a much faster rate without the need for antibody diffusion and labeling.

Instead tissue clearing was used as a validation technique on a small sub portion of the
body where the peripheral nerve structure is clearer and has fewer organs to clutter the
signal. The leg’s structure provides an excellent platform to study the sciatic nerve and
its branches as it expands into the thigh muscle and lower paw. Using these results, we
can extrapolate the settings to the entire animal. Each leg can serve as a calibration
marker for individual machines, so that this technique can be used in MRI laboratories
around the world. This will therefore adjust for the variability we expect to see
between mice and help create a uniform atlas that can be averaged across all mice.

5.5 Conclusion
This work provides a roadmap of neural pathways in the PNS that academic research
labs and clinicians can use to expand existing electrotherapy treatments which are
FDA-approved for diseases such as depression31 and fecal incontinence32. By knowing
the exact neural fiber targets, clinicians can minimize off-target effects, opening the
existing therapy to diseases such as rheumatoid arthritis17, inflammatory bowel
disease33, and diabetes34.
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a

b

c

Figure 5.1. Peripheral nerve connections via DTI-MRI: (a) Coronal fractional
anisotropy cross section of a whole mouse. Colors indicate relative fractional
anisotropy values of the tissues, with peripheral nerves seen in red and brain in green.
Green representative shows the fiber orientation in a tissue section estimated from
diffusion data (b) Peripheral nerve pathways of mouse as visualized through MRIDTI. Individual regions isolated include (from left to right) heart, spine and dorsal root
ganglia, esophagus and stomach, and total peripheral nerve connectome. (c) Individual
nerve connections between the lower spine (violet) and the gut region, with individual
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nerve fibers indicated in blue, green, and yellow. Merged image shown on the far
right.
.
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Merge

Fiber 1

Fiber 2

Fiber 3

Figure 5.2. Peripheral nerve pathways between the spine (violet) and the bladder,
as traced by large peach sphere. Three primary pathways were found (red, orange,
yellow), with overlay in the top left and individual pathways and spine in remaining
images.
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Figure 5.3. Peripheral nerve connections to the spine as viewed by DTI-MRI. (a)
Sagittal cross section DTI-MRI view of entire mouse, with dots indicating individual
vertebrae on the lower spine and brackets indicating spinal column regions. (b)
Transverse DTI-MRI cross section of the mouse abdomen. Green arrows indicated
nerve fibers exiting the spinal column to connect to peripheral nerve system. (c) 3D
reconstruction of lower abdomen of DTI-MRI cross sections, with arrows indicating
the spinal columns and neuronal projections leading out of the spine. (d) Spinal
columns with neuronal tracing pathways existing from individual vertebrae. Overlay
shown on the left with L5 through S4 vertebrae pathways shown on the right.
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Figure 5.4. Peripheral nerve pathways between the spine (red) under different
anisotropic threshold values ranging from 0.160 to 0.140. Values resulted in
different nerve pathways using identical seed region start point.
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a

b

Figure 5.5. Clearing of mouse e11.5 embryo. (a) mouse embryo cleared using
iDISCO+ technique, with partial clearing (left) and final whole clearing (right) of
tissue shown. (b) Cleared mouse embryo stained with pan-neuronal marker Tuj1 (red)
and renal marker endomucin (green).
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Figure 5.6. Validating peripheral nerve parameters using iDISCO+ tissue
clearing. (a) whole mouse cleared using iDISCO+, with partial clearing shown on the
left and final clearing shown on the right. (b) Cleared mouse leg structure, labeled
with pan neuronal marker Tuj1 (green) and smooth muscle marker SMA (red) in the
thigh. (c) Mouse leg nerve fibers as traced using MRI-DTI data with total fiber overlay
(left, pink) and only the main neural pathways isolated (right). (d) MRI-DTI image of
mouse leg z-projection, with green arrows indicating the sciatic nerve fiber.
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Table 5.1. Quantification of total number of nerve pathways beneath the spine
under different anisotropic threshold values ranging from 0.160 to 0.140 and step
threshold values from 0.166 to 0.18. Values resulted in different nerve pathways using
identical seed region start point.

Threshold

Angular Threshold
50

55

60

65

70

.16

920 (5)

864 (5)

870 (5)

874 (5)

881 (6)

.165

154 (2)

175 (3)

181 (3)

176 (3)

175 (3)

.17

34 (1)

37 (1)

36 (1)

35 (1)

33 (2)

0.175

34 (1)

37 (1)

36 (1)

35 (1)

33 (2)

0.18

34 (1)

37 (1)

36 (1)

35 (1)

33 (2)
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CHAPTER SIX

A real-time spike classification method based on dynamic time
warping for extracellular enteric neural recording with large
waveform variability

6.1 Contribution
This work was the result of a collaboration between myself and Dr. Yingqiu Cao. As
the second author on the paper after Dr. Cao, I was one of the principle scientists
performing the experiments, but was not the lead developer and tester of the final
algorithm. My duties as part of the paper consisted primarily of the following:
-

Setting up experimental setup and equipment

-

Performing wet lab experiments to data for algorithm

-

Performing all necessary mouse work to maintain mouse colony, obtain mice,
and extract tissue

-

Providing expertise on colon biology and enteric nervous system
electrophysiology

-

Setting up 3D printed wells and chip modifications for biological application

-

Analyzing recorded signal data

-

Creating diagrams for manuscript

-

Editing and revising manuscript

As such, this chapter will include data related to my contributions to the manuscript
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6.2 Introduction
The enteric nervous system (ENS) is composed of 200-600 million neurons found in
the gastrointestinal tract and plays a vital role in upholding gut functions of motility,
epithelial secretion of fluid, and intestinal barrier1,2. Disruption of ENS can cause
Crohn’s disease3, diabetes4, irritable bowel disease (IBD)5, and ulcerative colitis6.
Different from those in the central nervous system (CNS), which is situated in the
largely stationary brain, neural signals in the ENS are coupled to gut motility and
peristalsis, with food passing through and interacting with gastrointestinal endocrine
cells7, and with intestinal longitudinal muscle contraction8,9. These movements not
only alters neuronal activities, but also cause electrode drift. Activities of the ENS is
also influenced by the immune system via cytokines and mast cell tryptase10,11.
Furthermore, the ENS consists of various types of enteric neurons embedded in dense
mesh-like 2D ganglia, called myenteric and submucosal plexuses, hence an
extracellular electrode will pick up signals from an ensemble of heterogeneous
neurons with different action potential waveforms. These factors render ENS
recordings large waveform variability, which is compounded by the lack of knowledge
of the ENS. A spike classification method with high nonstationary tolerance is needed
to reliably interpret the ENS EAP recording.

The recent decade has seen enormous progress in spike recognition and classification
methods for CNS, which sort spikes according to their waveforms. Such methods are
typically comprised of three steps: (1) detection of candidate spikes, (2) waveform
feature extraction, and (3) clustering of spikes. Different combinations of feature
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extraction, e.g. principle component analysis (PCA)12, wavelet transform13 and first
and second derivative extrema (FSDE)14, and clustering, e.g. kmeans clustering15,
superparamagnetic clustering13 and hierarchical adaptive means (HAM) clustering14,
have been proposed for better accuracy. Overlapping spikes can be handled by either
iteration and subtraction16-20 or independent component analysis21-23. A few problems
persist for the aforementioned spike classification methods, such that most of these
methods are off-line, requiring the collection of all spike data before running the
analysis, unsuitable for real-time closed-loop applications. Additionally, these
methods require off-chip post processing due to the high computational cost, limited
by the stringent power density on chip for safe neural implants24.

A special case of the spike classification method for CNS that can be done in real-time
is the template matching (TM) method, which uses the waveform in time domain
directly in contrast to the extracted feature. TM method compares each candidate spike
to the template library and assigns it to the template with largest similarity. The
template library must be formulated in advance by feature extraction and clustering
either from the initialization phase of the same experiment25 or from earlier
experiments. The key step in TM is the similarity calculation, for which Euclidean
distance26,27 and cross correlation24 are most widely used. Both similarity calculations
can be implemented in neural implant hardware with real-time, low-power on-chip
processing to render a reduced data transmission rate28-30.

While many of these spike classification methods are used in the CNS, they cannot be
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used as effectively in the ENS because of its unique environment and obstacles. These
methods assume minimal waveform variability in phase, duration and magnitude,
which is often invalid due to electrode drift and non-stationary waveforms31. Electrode
drift is caused by the neuron movement relative to the recording electrode, as well as
the change in the electrolytic property of the biological environment32. Non-stationary
waveforms refer to the slight change of the spike shape over time33. In CNS, such
variability problems have been investigated previously by modeling the source
neurons as a mixture of Gaussians. Bayesian clustering31 was employed to calculate
the candidate clusters in short-time frames, and the transition probabilities among each
cluster mixture determine the cluster choice as the maximum-a-posteriori solution.
Simplification based on Kalmann filtering34 can be utilized to enhance efficiency.
Bayesian optimal TM35 was also suggested for online applications. However, the main
focus of these methods was on the variability of the spike magnitude caused by the
movement of the cluster centers, but not on the time course, which proves critical for
ENS extracellular action potential (EAP) recordings due to large colony motility8 in
the complex environment.

Here we propose dynamic time warping (DTW) as a similarity measure with high
tolerance to the spike variability. DTW has proven to be very effective in speech
recognition under source and ambient variations36 and ECG profile characterization37,
which are similar to the ENS EAP analysis at hand. We established a fastDTW
method with automatic thresholding for ENS recordings with large spike variability in
both time and magnitude for real-time applications. During the similarity calculation,
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we have also implemented adaptive temporal gridding38 with linear complexity. The
performance of fastDTW is first evaluated on synthesized ENS EAP data at various
noise levels, showing remarkable enhancement in accuracy and computational
complexity in comparison to cross-correlation based TM, PCA and k-means clustering
without time warping. To demonstrate the manner and degree how our fastDTW
method can impact neural recording, experimental EAP of the mouse enteric neurons
under different stimuli are analyzed, where our fastDTW method was able to
successfully classify biphasic and monophasic spikes when the waveform variability is
more than millisecond in width and millivolt in magnitude. In addition to more precise
spike counting than the TM method, fastDTW also directly provides specific
waveform parameters with associated changes in time for further statistical processing
and behavior recognition.

6.3 Methods
Experimental methods
We used a non-amperimetric CνMOS sensor39 for the experimental recording of
mouse ENS neurons in the jejunum tissues. As large ambient variability is expected
from motility and frequent vesicle release, CνMOS can use its control gate to pin the
transistor operating point for less waveform distortion instead of sole reliance on the
large reference electrode which is impractical for future in vivo monitoring. The
operating principle of the CνMOS sensor was described in the supplementary material.
Intestine tissues were harvested from C57BL/6J mice (Jackson Laboratory) about 20
minutes before the recording. Longitudinal muscle-myenteric plexus (LMMP) tissue
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was isolated and kept in phosphate buffered saline (PBS) of pH 7.4 at room
temperature. A 1mm section of LMMP was placed onto the sensing electrode chip
with 200µm gold electrodes, which was secured by a 3D-printed fluidic well of epoxy.
The electrode chip was wire-bonded to the sensing gate of the CνMOS sensor as in
Fig.6.1. The neural activities were then captured by the output drain current of
CνMOS. A Keithley 2400 was used to set the transistor operating point. The drain
current was converted to voltage by the transimpedance amplifier (TIA) (Stanford
Research System SR570, CA, USA) with a sensitivity of 100 µA/V and a band-pass
filtering from 1 Hz to 300 kHz. The TIA output was collected on the computer
through a data acquisition test board (NI BNC 2110 and NI USB 6259). The tissue
was chemically (300mM KCl) or mechanically (tweezers stretching) stimulated to
induce action potentials. To verify the action potential signal origin, the LMMP neural
signal was later suppressed through the addition of 1mM tetrodotoxin (TTX).

Overview of the fastDTW method with automatic thresholding
The algorithm for fastDTW has three main parts as shown in Fig.6.2: pre-processing
for one time before each recording setup, spike candidate detection, and spike
classification by fastDTW as a similarity measure. The latter two steps can be
pipelined to decrease the overall computational time.

Pre-processing
First, the recorded data are passed through a bandpass filter from 1 Hz to 30 kHz in
Fig.6.2(a) to remove the slow voltage drift and high frequency noise. Then the filtered
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data is cut into short time bins to collect statistics for further automated processing.
The bin size needs to be sufficiently large to expect to encompass more than 10 spikes
under stimulation for better statistical collection and automated decision making.
Although the choice of bin location and size can readily be adaptive, we have used a
fixed size of 250 ms for the synthesized data, and 500 ms for the experimental data for
simplicity in this work. Different bin size can also be chosen depending on the
application. The spikes in each time bin will then be detected and classified.

Spike candidate detection
The candidate spikes in each time bin are detected by automatic thresholding. The
threshold is determined by the statistics of local maxima. The magnitude distribution
of the local maxima is extracted for its probability density in Fig.6.2(c). The largest
maximum of the estimated probability is most likely due to noise, while the other
maxima by actual EAP24. The threshold is determined automatically by locating the
first minima to the right of the first maxima.

Candidate spikes with peak magnitude larger than the threshold are saved in segments,
with the segment width that is larger than but close to the anticipated spike duration. If
the spike duration cannot be easily estimated beforehand, or the duration varies
significantly over time, multiple segments with different widths covering the duration
range are saved for each spike candidate.

Although the peak location of the candidate spike is estimated in the threshold
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determination procedure, the candidate spike can still have temporal misalignment
with the template. In conventional TM method where cross correlation or sum of
Euclidean distance are used as the similarity measure, either peak alignment or a
sliding window scheme needs to be applied according to the misalignment tolerance.
Accurate peak alignment to the template usually requires up-sampling26, and is
difficult in many situations. For example, if the spikes are aligned to the peak with the
largest absolute value, biphasic spikes that have similar magnitudes for the positive
and negative peaks can be easily misaligned. “Sliding window” saves multiple shifted
versions of each candidate spike with equal width. Spike recognition is then performed
on the multiple segments for each candidate. In our fastDTW based template matching
method, which can tolerate large duration and alignment variation, omission of peak
alignment or “sliding window” greatly reduces the complexity.

Spike classification
When no spike template is available, the template estimator first calculates the
averaged spike waveform in the first few time bins from the saved spike candidates by
taking the median of the spikes (Fig.6.2(d)). The estimated templates are used to start
the algorithm and are modified adaptively to deal with the evolution of spike shapes
over time.

When the spike templates are known from cellular model construction40 or feature
extraction and clustering in earlier experiments, the candidate spikes in the time bins
are classified by similarity directly using fastDTW (Fig.6.2(e)). The similarity

197

distribution is formed with the probability density estimator and the similarity
threshold (Fig.6.2(f)) is automatically determined in the same way as the spike
magnitude threshold. Spike candidates with similarities above the similarity threshold
to a template are classified to that group, and the rest are further checked by other
templates or are discarded. With the classified spikes in the time bin, the template
estimator can iteratively modify the template by learning over time (Fig.6.2(g)). The
classification process is repeated for all templates and then proceeds to the next time
bin. If a spike candidate is recognized by more than one template group, it should be
classified to the group with highest similarity

A hard threshold of similarity can be alternatively set for each template to reduce the
false positive rate as well. If the automatic similarity threshold by statistics is smaller
than the hard threshold, the similarity threshold is forced to the hard threshold. In
conventional TM method, the choice of the hard threshold greatly influence the
accuracy. In contrast, fastDTW has high tolerance to the threshold variation and in
most case the automatic similarity threshold is sufficient without the need for a hard
threshold. Our proposed fastDTW algorithm is thus fully automatic, suitable for
experimental recordings with pixel-array recording sites23,41,42, where manual
intervention of the threshold for each pixel would be impractical.

6.4 Results
Mouse ENS EAP recording with high variability from cellular motility and vesicle
release was performed on a non-amperimetric CνMOS sensor with stabilized biasing39
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analyzed by fastDTW based TM. The segment width is chosen to be 6.4ms to allow
for large variation in spike widths. The time bin to learn the average spike templates in
the initialization phase is 1s and is changed to 0.5s in the later classification phase.
Two major spike waveforms were recognized: the biphasic (BP) and the monophasic
(MP) spikes. EAP wave-550 forms reflect the time profiles of the total membrane
current as the summation of sodium, potassium, capacitive and leakage currents (Gold
et al. (2006)). The magnitude and the time course are further determined by the neuron
type and morphology.
The bandpassed experimental recordings are plotted for mechanical stimulation
(Fig.6.3(a) top), chemical stimulation (Fig.6.3(b) top), and TTX inhibition (Fig.6.3(c)
top). Mechanical stimulation by tissue stretching was applied twice at about 1s and
35s, which mimics stretching by intestinal peristalsis and stimulates serotoninmediated enteric neuron firing. The peaks with magnitude over 3mV are most likely
caused by movements between tissues and electrodes during the tweezers touching
and stretching procedure. The captured BP and MP spikes are zoomed in during a 0.5s
segment under the mechanical stimulation, which has magnitude below 0.25 mV.
Chemical stimulation and inhibition was performed by KCl (Fig.6.3(b)) and TTX
(Fig.6.3(c)) addition about 5 minutes before the recording, limited by diffusion.
The firing rates sorted by fastDTW over time are showing Fig. 6.3 2nd row. The firing
rate of BP spikes increased immediately after the mechanical stimulation applied at 35
s. Both the BP and MP spikes ebbed away gradually after 90 s. The magnitude
(Fig.6.3(a) 4th row) of the captured spikes peaked immediately after 35 s, and returned
to a smaller value after 50 s. This suggests that mechanical stimulation increased
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enteric neuron firing, which subsided after a period. In contrast to the mechanical
stimulation, neuronal firing stimulated by chemical stimulation sustained much longer,
and the magnitude remained almost unchanged. TTX shuts down the sodium channel,
and accordingly we observed the BP spike stopped, followed by the MP spikes after
TTX treatment.

In comparison with cross-correlation based TM (Fig.6.3, 3rd row), fastDTW can not
only count and capture firing more accurately, but also report the waveform evolution
over time. The half-widths of the first and second phases of the BP spikes, and that of
the MP spikes before, during and after the mechanical stimulation at 35s are depicted
in Fig.6.4(a). Comparing before and right after stimulation, the half-width of the 1st
phase of the BP spikes increased from about 0.75 ms to 1 ms. The halfwidths of both
the 2nd phase of the BP spikes (0.71 ms) and the MP spikes ( 0.53 ms) remained
relatively constant. These waveform features are also demonstrated by the realigned
median waveforms over time (Fig.6.4(b)(c)), with clearly observable variations. For
chemical stimulation, the BP spikes demonstrated a more constant 1st phase halfwidth of about 1 ms (Fig.6.5(a)). The half-width of the 2nd phase of the BP spikes, as
well as that of the MP spikes, decreased gradually from 0.9 ms to 0.63 ms, and from
0.79 ms to 0.6 ms, respectively. The re-aligned waveforms are shown in Figs
6.5(b)(c). FastDTW captures approximately 3 times more spikes than cross-correlation
overall, because cross-correlation failed to recognize spikes whose waveforms deviate
from the template waveform by misalignment or duration variation, which can cause
inaccurate interpretation of ENS neural responses. The additional spike waveforms
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associated with larger variability recognized by FastDTW provide new insights for
understanding the ENS more comprehensively. The enhanced accuracy and efficiency
as well as the detailed waveform reports in fastDTW offer a useful tool for studying
the not well understood and highly variable ENS from EAP recording.

6.5 Discussion
To illustrate the new analyses enabled by fastDTW, we further studied the correlation
between the various nonstationary effects in the mouse ENS experiments.
When the captured spikes are sorted by their firing rate, for both mechanical and
chemical stimulation, the BP spikes have a slightly longer half-width in the 1st phase
than in the 2nd phase (Fig.6.5). An increase of the BP spike half-width at firing rates
above 10 Hz was observed for mechanical stimulation, while the BP spike half-width
shows no correlation with the firing rate for chemical stimulation. The magnitude of
the BP spikes increases with the firing rate for both the mechanical and chemical
stimulation. This may result from the occurrence of compound action potentials, when
the neuron colony is highly exited. Another possibility is that spikes with higher
magnitude and hence SNR are easier to sort out. The MP spikes showed no significant
change in the half-width, and a slight increase of magnitude with the firing rate for
mechanical stimulation (Fig 6.6).

The correlation coefficient between the spike half-width and the corresponding
magnitude, and the significant level of the correlation (p value) are listed in Table 3.
The correlation coefficients are marked in green for significant correlation, and red
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otherwise. For mechanically stimulated BP spikes, the spike half-width is positively
related to the corresponding peak magnitude, which is possibly due to compound
action potentials at high firing rate larger than 10 Hz. The BP spikes induced by
chemical stimulation showed a slight decrease in the width with increasing magnitude
at higher firing rate, indicated by the negative correlation coefficient, which has been
observed in different neuron systems43. For MP spikes induced mechanically, no
significant correlation between the half width and magnitude was found, while the half
width of chemically induced MP spikes is negatively correlated to the magnitude.

6.6 Conclusion
We have introduced fastDTW as an automatic spike sorting method specially suited
for real-time EAP recording with high variability in time and magnitude. We apply
fastDTW to the mouse ENS neurons with high cellular motility and frequent vesicle
release, using the CνMOS sensor with stabilized biasing in response to various stimuli.
As fastDTW offers improved efficiency, accuracy and variability feature extraction,
we believe it would benefit the neural research community when large variability is
expected in the EAP recording.
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Figure 6.1: (a) Morphology of the neurons in mouse ENS. (b) A two-compartment
circuit model of the neuron and CνMOS sensor interface.
(c) A picture of the CνMOS sensor (the small chip on glass), and the electrode chip
(the large chip with the fluidic well) used for the EAP recording.

203

Figure 6.2: Flow chart of the fastDTW based TM with automatic threshold decision.
(a) Band-passed data of EAP. (b) Low passed (100Hz) waveforms (blue) on top of the
raw signal (grey) with the local maxima (yellow) detected as candidate spikes. (c)
Magnitude distribution of candidate spikes, with a threshold determined as the local
minimum to the right of the largest maxima. (d) Spike template used in classification.
With no available templates (middle left), the estimated spike templates (red) are
obtained by averaging the candidate spikes (grey) above the threshold in the first few
time bins during initialization. (e) The similarities between the candidate spikes and
the template are calculated by fastDTW. (f) The automatic similarity threshold is
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determined in the same way as in figure (c). Candidate spikes with larger similarity
than the threshold are assigned to the template group. (g) A new averaged spike
waveform is calculated from the classified spikes in the time bin, which can modify
the previous spike template adaptively to account for the continuously slow change.
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Figure 6.3: Bandpassed experimental recording (1st row), firing rate of spikes sorted
by fastDTW (2nd row) and by cross-correlation (3rd row) based TM, averaged spike
magnitude (4th row) over time for (a) mechanical stimulation, (b) chemical
stimulation, and (c) TTX inhibition. A zoom-in view of the 0.5 second segment under
the mechanical stimulation, showing the spike train. Notice that the waveform features
with magnitude larger than 3mV under mechanical stimulation around 40 s were not
recognized as action potentials, but more likely due to movement between tissues and
electrodes. Due to the large variability in ENS EAP recording, the robust sorting
algorithm is very critical, not only because user inspection can be misleading but also
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because stringent template matching is vulnerable to high false negative rates
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Figure 6.4: (a) Box-and whisker plots for the half-widths of the mechanically induced
spikes. The aligned waveforms of (b) monophasic spikes and (c) biphasic spikes
before, during and after the mechanical stimulation. The red lines represent the
medium waveforms. The nonstationary waveform features can be clearly observed.
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Figure 6.5: (a) Box-and-Whisker plot for the half-width of the chemically induced
spikes. BP stands for biphasic spikes, and MP stands for monophasic spikes. The
averaged waveforms over time, for the monophasic spikes (b) and biphasic spikes (c).
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Figure 6.6: Box-and-whisker plots of spike half-width and magnitude vs. the firing
rate, (a) for mechanically induced spikes, and (b) for chemically induced spikes.
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CHAPTER SEVEN
CONCLUSION

7.1 Concluding Remarks
The gastrointestinal environment is a complex amalgam of intertwining tissues and
microbes that produces a unique environment for food processing and absorption. The
system of control mechanisms has evolved to tackle a diverse set of food and nutrients
needed for the body to function properly, most clearly illustrated by the complexity
and autonomy of the ENS, giving it the title of “the second brain1.” However, this
intricacy also causes the system to be prime targets for a variety of diseases, from a
range of FGIDs such as constipations, bloating, and abdominal pain2, to IBS3, IBD4,
colon cancer5 and other diseases that affect hundreds of millions of people per year.
This prevalence illustrates that even modern medical techniques are insufficient to
tackle these common illnesses, and treatments often address the symptoms (such as
pain or inflammation) instead of the underlying disease. This is in part because more
research is required to understand the mechanism of many of the diseases, made
difficult by the high variability between subjects and experimental mice used. It has
been shown that even small changes such as the researcher’s gender6, room
environment7, or diet8 can have significant changes on GI tract. Such variability has
made traditional gastrointestinal research very cumbersome, resulting in studies
involving hundreds of mice to statistically compensate for the mouse-to-mouse
variability. Nonetheless new medicines are in high demand, paving a way for
breakthroughs in the field
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To tackle this problem of variability, I designed an intravital window used to image
the gastrointestinal tract9. The first window included a scaffold which fixed the
intestine in place. It also included a transparent graphene chip which made it possible
to record local field potentials from the intestinal surface, yielding to corresponding
recordings of calcium imaging fluctuations to ENS action potential firing. This
window was used in two studies, focusing on neuronal growth and crypt regeneration.
The first study assisted in demonstrating that there is an over 30% turnover of enteric
neurons in the gut every week, which radically challenged existing dogma10. The latter
was used to demonstrate that the intestinal stem cell crypts actively push out apoptotic
cells, resulting in reorientation of the stem cell crypt11.

This abdominal window was then expanded into a wider, 3D printed window that is
used to image the colon. A ferromagnetic scaffold was designed to stabilize the colon
motility, and, along with post-processing image stabilization, we were able to isolate
the colon to monitor microbiota, immune cells, and calcium fluxes. This was used to
determine the impacts of SNS stimulation parameters that yielded the optimal ENS
response. To further optimize electrotherapy, this was followed with AAV, retrograde
tracing dye, tissue clearing, and MRI tracing to identify the pathways that connect the
gut to the spine. These techniques can optimize electrotherapy electrode placement
and, along with a novel field potential algorithm developed in collaboration with the
Kan Lab at Cornell, allows for analysis of ENS feedback to electrotherapy12.

218

This work lays the foundation and provides the tools for ENS analysis and
electrotherapy optimization. The algorithms and windows provide instant feedback of
the impact peripheral nerve electrotherapy stimulation has on the gut. This can be
further expanded into a feedback mechanism, where stimulation parameters can be
modified based on the excitation results on the ENS. This would allow for continuous
adjustment of therapy as the patient moves or as the body conditions change, yield
continuous therapy, whereas now this needs to be manually adjusted by a physician
during medical examination visits13. This technology would also facilitate additional
research into transgenic disease models, providing multiple timepoints of disease
progression and recovery in a single mouse14. This could produce a dramatically
different perspective on gastrointestinal research, as intravital windows have done for
brain, spine, and other fields of research.

While the findings these studies have great potential, they are not without their limits.
Window surgeries are non-trivial to perform and cannot be done on animals too small
or too large (<20g or >30g). They also require the animal to be asleep for the duration
of the imaging to prevent movement. Traditional anesthetic agents, such as isoflurane,
have been known to impact peripheral/enteric neural signaling pathways, gut motility,
and impact signal propagation15-17. This has been adjusted for in cranial imaging by
creating a stereotactic scaffold to hold the entire mouse head in place during imaging
while the body is free to move, but this is not possible for the abdomen due to its
location18. Instead, parallel work in ENS modeling and implantable signal detection
devices are needed to add on to this work19. Together these systems can construct a
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holistic model of the gut and the gastrointestinal nerve system, providing new answers
for diseases at large.

In summary, this novel technology has laid the groundwork for future innovations in
gastrointestinal research. It can be used to study diseases such as IBD, IBS, many
FGIDs, and other gastrointestinal diseases, as well as other diseases that have impacts
on the gut, such as Parkinson’s, diabetes, aging, etc. With any luck, new therapeutic
insights into the diseases will be developed in the next few years using knowledge
derived from such technologies, potentially impacting millions of patients worldwide.
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