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ABSTRACT

ANATOMIC PLASTICITY AND FUNCTIONAL IMPACTS OF NEURAL — IMMUNE AND

NEURAL — EPITHELIAL SIGNALING IN THE INTESTINE

The intestinal wall is a multicompartmental barrier tissue composed of over 25 distinct
cell types with integrated and complex signaling both within and between compartments. The
gut wall is also a large endocrine organ comprised of cells capable of producing dozens of
peptides used for hormonal and other signaling functions. However, the mechanistic roles that
neural secretions play in regulating the gut epithelial barrier in health and disease are not well
known. Additionally, frequently used models available for studying intestinal function outside of
the body lack the complexity to investigate neural — epithelial and neural — immune signaling
interactions. Using a bifurcated approach to method development, we created two culture
systems for maintaining the full thickness of the intestinal wall ex vivo. One method allows for
culture of mouse or human organotypic intestinal slices that maintain the gut wall for 6 or 4
days, respectively. This system does not however, maintain a true luminal — epithelial barrier as
seen in the in vivo gut. The second method, a microfluidic organotypic device (MOD) enables
maintenance of explanted mouse or pig intestinal tissue for up to 3 days ex vivo, with an
intestinal barrier intact. These two methods allow for investigating and cross-validating of

numerous biological questions now previously possible using traditional culture models.

Neuronal fiber proximity to gut epithelia has been shown, with goblet, tuft and
enteroendocrine cells being closely opposed by fibers. Goblet cells secrete
mucopolysaccharides, a first line of defense separating luminal microbiota from host tissue. |
have recently shown that vasoactive intestinal peptide (VIP) can regulate goblet cell production

in organotypic slices of mouse ileum. This peptide is also in close proximity to Paneth cells in
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the base of the crypt, and enteric mast cells. There were sex differences in baseline mast cell
neuronal proximity, quantities, and cell size in mouse ileum. Further, mast cells showed a sex
difference in responses to lipopolysaccharide challenge. Further investigation of neurosecretory
factor regulation of immune and epithelial function is needed, both in goblet cells and other
secretory epithelia like anti-microbial producing Paneth cells, and in immune components like

mast cells.
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INTRODUCTION

Ancient History of Gut Study:

Investigations into how intestinal anatomy and tissue composition influences its ability to
digest food, discard waste, and move contents along the length of the >25 foot long tube have
been undergoing for centuries. Hippocrates is commonly attributed with saying “all disease
begins in the gut,” however this is likely not something he ever wrote. That said, the collection of
clinical notes, theories on humours and disease attributed to Hippocrates in the more than 70
works known as the “Hippocratic Corpus” go into intense detail about maladies afflicting the gut.
These Hippocratic works laid the foundation for rudimentary treatment and diagnosis of gut
pathologies such as dysentery among many others. The roman physician and philosopher
Galen who waxed poetic about the “divine” nature of the stomach was among the first to
describe functional portions of the gastrointestinal tract in the context of disease (Galen, c. 170
AD). Avicenna (lbn Sina; c. 1025 AD) unknowingly described a function of the autonomic
nervous system in his medical encyclopedia “The Canon of Medicine” stating that ‘mental
excitement or emotion, vigorous exercise; these hinder digestion’. Perhaps the earliest
descriptions of not only anatomy but anatomical structure influencingr gut function can be
attributed to renaissance anatomists. Leonardo Da Vinci described the anatomy of the entire
peritoneal cavity in exquisite detail, and even proposed the idea of peristalsis, the rhythmic
contractions of the gut wall that move food along its length, being regulated by pressure driven
by the diaphragm (Da Vinci, c. 1508). Understanding of cellular functions of the gut was still
hundreds of years away during da Vinci’s time. Only ~150 years later, Johan Peyer laid the
foundation for gut immunology with his description of the clusters of immune cells in the distal
intestinal tract that we know today as Peyer’s patches (Peyer JC, 1677). This history of
anatomical study of the intestinal tract paved the way for fundamental investigations into

biological function of the more than 25 cell types of the gut wall.



In the more modern world, an explosion of research into gut wall function occurred
during the post WWII period. A notable shift in favored methodologies from whole organ focused
to single cell layer focused has dominated the 20™ and most of the 215 centuries. However, to
understand organ function using in vitro systems, it is my belief that at least some of the organs
cellular components must be studied together, in synchrony, as they are in the body. This
ideology has driven much of the work contained in the pages below and served as a guide for
the development of novel methodologies for culturing intestinal explants and organotypic slices

outside of the mammalian body for multiple days.

Coming up with the right specs:

Prior to the turn of the 21% century, methods for studying the intestinal tract that allowed
ready visualization and pharmacological perturbation were limited to monolayer cell cultures,
Ussing chambers which clamped mucosa between two chambers of fluid, or whole organ
perfusions that never gained widespread use (Schwerdtfeger & Tobet, 2019). A small number of
investigations used explants of whole guts and sliced them on microtomes similar to the
methods we use in our lab today. Unfortunately, these techniques were not well fleshed out, and
maintenance of tissue health and subsequent analysis was lacking. During the 2000s and
2010s, the Groothius lab in the Netherlands pioneered a new slicing technique that maintained
mouse intestines for ~24 h ex vivo (de Graaf et al., 2010). The primary drawback of these slices
was the inability to culture beyond 24 h, the first in what we have dubbed the ‘specifications’ for
an ideal gut explant culture system. Creating a novel methodology for generating tissue slices of
mouse gut seemed a top priority, however, discussions of the specifications required for such a
system to be valuable to the scientific community were missing. In the first section of this
dissertation, three manuscripts are included. Chapter 1 discusses the history of tissue cultures

used to study neuroendocrinology and prescribes a host of areas in which these systems can



be improved in future iterations of methodologies. The second and third chapters focus more on
explant cultures in devices, principally those that use microfluidics to flow media over gut
tissues. In brief, the specifications for either tissue slice cultures or explant device cultures are
much the same. Principally, to study the complex interactions between the myriad cell types of
the gut wall, a culture system must maintain said cell types in an in vivo-like anatomical
arrangement and chemical environment. Additionally, microbial components of the intestinal
lumen would be maintained, ideally at oxygen concentrations consistent with the in vivo reality.
A barrier separating the gut wall from the luminal contents is particularly critical when studying
microbes and pathogens. These specifications, laid out in Section 1, guided the methodological
design of both culture systems developed in our lab over the past years, and hopefully will serve
to influence the design choices of the next generation of biomedical scientists and engineers
looking to create novel and more refined methods for studying barrier tissues like the intestine

outside of the body.

Gut Culture Systems:

Using the specifications laid out above and in Section 1, we designed two novel culture
systems for maintaining mouse, pig, and human intestines ex vivo. Organotypic intestinal slices
offer an improvement on the precision cut intestinal slices originally developed in the
Netherlands, principally due to culturable time. Slices of mouse intestine, cut at 250 um thick,
can be maintained ex vivo for nearly a week (Schwerdtfeger et al., 2016). Applying the
techniques used in mouse cultures allowed us to slice and maintain human colon biopsy slices
ex vivo for up to 4 days (Schwerdtfeger et al., 2019), details of which are included in chapter 5
of this dissertation.

Organotypic slices were an improvement on other systems available for studying murine
and human guts ex vivo, however, one key aspect of our outlined specifications was missing:

the barrier. In vivo, microbes in the lumen are separated from the gut wall by a thick layer of



mucus, and a single cell layer of epithelia that prevent passive crossing of microbes into the gut
wall proper. Addressing this, we used 3D printing to design a microfluidic organotypic device
(MOD; Richardson et al., 2020) that can culture mouse intestines with an intact barrier for up to
3 days ex vivo. Details of the device and its validation for use with mouse intestinal explants are
contained in Chapter 4 below.

Together, the two culture systems outlined in Section 2 offer two methods for
maintaining mammalian intestines ex vivo, both offering advantages and disadvantages
compared to the other. Descriptions of investigations into biological anatomic and functional
pathways in the gut wall using organotypic slices are included in this dissertation, with future

work planned using the MOD system.

Interrogating slices ex vivo:

The maintenance of numerous cell types in the intestinal wall, including neural, immune,
and epithelial in organotypic slices allowed for investigation into the interactions between and
amongst these cell populations. The gut barrier is composed not only of an epithelial monolayer,
but a thick mucus layer secreted by a subset of epithelia known as goblet cells. Regulation of
goblet cell mucus secretion and production of new goblet cells by neural elements is largely
unknown. Section 3 of this dissertation includes three manuscripts, the first of which deals with
neuronal regulation of goblet cell production in organotypic slices of mouse ileum. Within this
manuscript, details about the anatomical relationships between neuronal fibers and goblet cells
is described. Potential towards vasoactive intestinal peptide neuronal influence over goblet cell

production is demonstrated in the latter portions of the manuscript.

Beneath the gut mucus and epithelial barrier sits a region of diverse cellular composition
called the lamina propria. In this space can be found vasculature, neuronal and glial fibers,

immune components (e.g., mast cells), monocyte derived cells, lymphatic drainage, and



interstitial tissue. Signaling among these components with the epithelial barrier is beginning to
emerge rapidly throughout the field. Neural influence over immune components and vice versa,
particularly pertaining to mast cells has been demonstrated. However, functional influence of
neuronal peptides like vasoactive intestinal peptide (VIP) on lamina propria components in
concert with epithelial barrier components is not well understood. Preliminary data in chapter 7
demonstrates a sex difference in a subset of epithelia known as Paneth cells which secrete anti-
microbial compounds. Moving away from neural — epithelial anatomy, Chapter 8 begins to shed
some light onto not only the anatomic pathways involved in neural — immune — epithelial
signaling events, but also sex differences in the plasticity of these anatomic arrangements,
including mast cell sex differences. Future work should focus on functional outcomes of
perturbing VIP and its receptors on neural — immune — epithelial signaling in response to

pathogen in a culture system that maintains a true gut wall barrier (e.g., MOD).
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CHAPTER 1 — FROM ORGANOTYPIC CULTURE TO BODY-ON-A-CHIP: A
NEUROENDOCRINE PERSPECTIVE®

Overview:

Methods used to study neuroendocrinology have been as diverse as the discoveries to
come out of the field. Maintaining live neurons outside of a body in vitro was important from the
beginning, building on methods that dated back to at least the first decade of the 20" century.
Neurosecretion defines an essential foundation of neuroendocrinology based on work that
began in the 1920’s and 1930’s. Throughout the first half of the 20" century, many paradigms
arose for studying everything from single neurons to whole organs in vitro. Two of these
survived as preeminent systems for use throughout the second half of the century: cell cultures
and explant systems. Slice cultures and explants that emerged as organotypic technologies
included such neuroendocrine organs as brain, pituitary, adrenal, and intestine. The vast
maijority of these studies were carried out in static cultures for which media was changed on the
time scale of days. Tissues were used for experimental techniques such as electrical recording
of neuronal physiology in single cells and observation by live microscopy. Many of these
systems, when maintained in vitro only partially capture the in vivo physiology of the organ
system of interest, often due to a lack of cellular diversity (e.g., neuronal cultures lacking glia).
Modern microfluidic methodologies show promise for organ systems ranging from reproductive
to gastrointestinal to brain. Moving forward and striving to understand the mechanisms that
drive neuroendocrine signaling centrally and peripherally, there will always be a need to

consider the heterogeneous cellular compositions of organs in vivo.

Introduction:

' Schwerdtfeger LA & Tobet SA. From organotypic culture to body-on-a-chip: A neuroendocrine perspective. Journal
of Neuroendocrinology. 2019;31(3):e12650.



Neuroendocrinology has a rich and colorful history. From groundbreaking discoveries to
academic feuds, the field of neuroendocrinology in the mid 20™ century shaped our knowledge
of the brain and its interactions with peripheral organ systems. Methods used to study
neuroendocrinology have been as diverse as the discoveries to come out of the field. Cell and
tissue culture techniques were first developed for frog embryonic tissues beginning in the early
1900’s’. A pre- World War |l period saw the development of methodologies for the study of
organs in vitro before they could be thought of for neuroendocrinology since it was not yet a
“field” of investigation. This pre-war era saw the advent of numerous in vitro ‘culture’ systems,
however the end goal of many of these studies was simply to validate the methods themselves.
Post World War Il, the emerging field of neuroendocrinology was able to take advantage of
earlier in vitro technologies. Modern day perfusion methods, which are microfluidic in that they
pump small quantities (i.e., microliters) of media to bathe cells or tissues of choice, are providing
for development of new miniaturized “organ-on-a-chip” cultures?. Organ-on-a-chip cultures
attempt to recapitulate an in vivo organ environment in vitro by harnessing microfluidics to mimic
blood flow via continuously perfusing a chamber containing either cells or organ cultures with
media. This allows more consistent clearance of cellular waste products and perfusion with
nutrients®. This review focuses on a partial history of neuroendocrinology from the perspective
of organotypic techniques developed and utilized over the last 100+ years including discoveries
generated using these techniques. Incorporation of brain-centric methodologies into peripheral
organ usage provides a foundation for new approaches to neuroendocrine questions. Currently
evolving systems centered around the idea of “body-on-a-chip” provide newer ways to examine

neuroendocrine links among the central nervous system and peripheral organs.

Central Nervous System Neuroendocrinology:



Historical Perspectives:

The origins of tissue culture can be traced back at least to the beginning of the 20"
century with the development of the hanging drop method. Harvesting of regions of frog embryo
ectoderm were plated onto coverslips coated with adult frog lymph'. After the frog lymph
clotted, the coverslips were immediately inverted and placed over a hollow slide before sealing
with paraffin to prevent drying'. This technique allowed the maintenance of tissues for weeks
on end, culminating with a demonstration of neuronal projection growth dynamics for the first
time in vitro*. Around the same time, Harrison’s hanging drop method was modified for use with
blood plasma, first in avian embryo® and then adult mammalian® tissue cultures, showing tissue
maintenance in vitro for days at a time. Between 1910 and 1938 Carrel and associates went on
to publish dozens of papers on tissue culture and organ perfusion methodologies’, ultimately
culminating in a book describing the culture of organs®. The work received widespread
coverage by the lay press (e.g., Time Magazine and the New York Times) leading to a number

of popular fiction stories regarding “immortal cells™

. There were many intriguing promises and
predictions for modern in vitro work made in those early days. However, issues with scientific
replication and the likelihood that the most popularized culture work (a 34-year-old culture of

heart cells) was likely misrepresented®, may have contributed to a delay in more widespread

adoption of tissue culture.

In the early 1900’s physiologists were actively engaged in characterizing molecules that
influenced heart rate and blood pressure leading to connections to the vagus nerve'® and
acetylcholine, among other interesting amines''. Definitive evidence of neurosecretion and
function followed in 1921 when whole frog hearts were cultured ex vivo in a saline bath with a
portion of the vagus nerve intact'?>. These cultures were maintained for hours at a time and

used to demonstrate the vagal release of a chemical that decreased heart rate. Dubbed



“Vagusstoff’ by Loewi, the mysterious vagally secreted chemical was later clarified as
acetylcholine. The principle of neurosecretion was later noted in invertebrate central nervous
system models in “gland-nerve cells”*®. This work became fundamental to the creation of
modern day neuroendocrinology, although it was principally performed in the realm of
“cytophysiology”'*.

Beyond the hanging drop method of Harrison (1907) another in vitro technique
developed in the early 20" century was the Maximow technique that was used to culture
connective tissues and mammalian embryos'. This technique involved placing tissues onto
collagen coated coverslips bathed in culture media, and subsequently adding a second cover
slip with a gap caused by drops of paraffin-petroleum jelly. Tissue in the Maximow assembly
was stored in the laying drop position prior to imaging in which it was inverted to a hanging drop
position to allow microscope access to the cover slip’®. The Maximow assembly, while able to
maintain tissue in vitro far longer than other methods of the day, was sparsely used by others
until 1947 when human sympathetic ganglia explants were cultured and used to study neurite
outgrowth and motility of ganglion cells which were observed migrating from the explant into
media'’. Another in vitro preparation was denervated muscle cultures that were used to discern
the function of hypothesized neurotransmitters such as adrenaline and acetylcholine'®. Neither
the Maximow technique nor muscle cultures were used to address specific neuroendocrine
questions until the latter part of the 20" century.

Although some actions of pituitary hormones were long known'®, understanding the
physiological mechanisms that control the pituitary gland was a key scientific problem
throughout the 1940’s and 50’s. This included the innervation of the neurohypophysis?
(posterior pituitary gland) and the structure and regenerative capacity of the hypophyseal portal
vascular system?'. The impacts of cutting the pituitary stalk or occluding the hypophyseal

vasculature were observed for their influence on neuroendocrine functions, in particular their
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critical role in regulating ovulation?'. In vivo models were used to perform hypophyseal
perturbations to test the hypothesis that a substance was secreted from the hypothalamus and
humorally transmitted to the pituitary gland®. While this became well accepted by the 1970’s, it
was met with distinct skepticism in its day**. The concepts of neurosecretion® and secretory
communication of brain to pituitary?® paved the way for cell/tissue culture and organotypic

neuroendocrine studies that followed.

Organotypic Models in CNS Neuroendocrinology:

Theorizing that something secreted by the brain controls the pituitary, and then
identifying the actual molecules performing this regulation were distinctly different and difficult
endeavors. Organotypic explant systems played essential roles in the isolation of what were
first postulated as hypothalamic “factors” and later identified as hormones (e.g., thyrotropin
releasing hormone (TRH) or luteinizing hormone releasing hormone (LHRH) that was later
renamed gonadotropin releasing hormone (GnRH)). Early attempts to culture pituitary glands
on microscope slides using the hanging drop method failed. Not until a piece of hypothalamic
tissue was added into the culture, was in vitro pituitary release of adrenocorticotropic hormone
(ACTH) possible**?°. These experiments also affirmed the idea that some factor secreted by
the hypothalamus must influence ACTH release from the pituitary. Although the releasing factor
(corticotrophin releasing hormone) was not isolated until years later®®, the in vitro assay was
established as an essential method for testing the functional activity of molecules in isolated
chromatographic fractions in the process of hormone isolation. The discovery of the GnRH
peptide would not have been possible without the original experiments involving the organotypic
explant co-culture of pituitary gland and hypothalamic tissue?*2°.

Organotypic brain tissue culture methodologies reached a distinctive point in the 1960s

with a method for maintaining complete rhesus monkey brains ex vivo. This was accomplished
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by combining a series of fluid pumps, and donor monkeys for blood perfusion®”?. Use of this
organotypic brain perfusion system had scientific value in showing the conversion of 7-
a[*H]androstenedione to [*H]estrone by the isolated monkey brain?®, but might be considered
ethically challenging by today’s standards. The work demonstrated the utility of fluidic systems
for use in studying neuroendocrinology, albeit in an inefficient manner, requiring two monkeys
per experiment.

A minimal medium culture technique, the Maximow slide assembly'® was finally used for
central nervous system tissues from the 1960s through 1980s. The method was adapted for
questions ranging from the investigation of myelin formation in the cerebellum® to the

development of the hypothalamus®'32, U

sing this technique, the brain regions of interest, be it
cerebellum or hypothalamus, were maintained in vitro for weeks, or even months at a time. Two
issues with the Maximow technique were apparent. First, dissection of anatomically discrete
regions in developing brain is difficult'®, a challenge shared by all organotypic slice methods
where the anatomical orientation of tissue components is important. Second, the Maximow
technique was used in conjunction with serum (often horse or fetal calf derived) to maintain
healthy tissue. The use of serum for organotypic preparations has a long history, going back to
19123, Nonetheless, supplementing culture media with serum is seen more and more as
problematic. Serum is a mixture of numerous factors (proteins, hormones, growth factors, etc.,)
that have been shown to vary significantly from batch to batch, between seasons, and between
regions of production®*. This creates obvious problems in reproducibility for various culture

methods. Systems discussed within this review may use media comprised of as much as 10 —

50% serum.
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Table 1. Exemplary neuroendocrine culture systems outlined in this

review, grouped by organ.

Brain/neurones Pituitary Adrenal Intestine
Cell culture Tixier-Vidal et May et al'®® Mulder et al'?® Bohorquez et
%5 a1t
Scharrer'
Dreifuss &
Gahwiler®
Suter et al®*
Organoid Qian et al*? Bohorquez et
4118
In et al®®
Explants Guillemin & Guillemin & Manuelidis®? Dreyfus et al'%®
Rosenberg?* Rosenberg?*
Saffran & Saffran & Autrup et al’?
Serially?®® Serially?®
White et al?’ Pelletier & Costa et al*%’
Bornstein’*
Senior et al’!
Finney et al”
Slices Skrede & Guerineau et al”® Barbara et al®* De Kanter et al’?
Westgaard®®
Toran-Allerand*®  Navratil et al’’ Petrovic et al®® De Graaf et al*®®
O'Rourke etal’?>  Alim et al®® DeNardi et al®” Li et al'®*
Wray et al*° Schwerdtfeger
etal’
Tobet et al”®
Organ-on- Queval et al'® Loughlin et al’® Wydallis et al®® Kim et al'**
Chip Huang et al'?! Tedjo et al®® Shah et al**®
Park et al?* Yissachar et
alt22
Kilic et al*?®
Xu et al'?®
Body-on- Vernetti et al**! Van Midwoud et
chip a2

Vernetti et al**!

A wide range of in vitro culture techniques (Table 1; Figure 1) were used throughout the mid
part of the 20™ century, ranging from organ explant cultures®?, to cultures of dissociated

3536 Dissociated cell cultures were useful due to their ease of access for

cells
electrophysiological analyses. Cell accessibility allowed for imaging of single neurons; however,
these cell cultures lacked an organotypic organization that limits their physiological context, and

thereby potential relevance. Organ explants cultured on Maximow slide assemblies were highly
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organotypic in structure but proved difficult for use in single neuron electrophysiological

studies®’.

Cell culture

Organmd \
' — Organ-on-a-chip Body-on-a-chip

- 22 i I
Cell line - Transwell cell culture

Explant/slice

Primary organ

Figure 1. Schematic illustrating culture methods currently in use for
neuroendocrine organs or cell lines.

Brain organoids are a recent mid-point between dissociated cells and organ explants.
They elevate monolayer cultures to more complex, 3-dimensional models (Figure 1). These
models use stem cells (induced pluripotent, embryonic, or endogenous adult progenitors) to
generate patterned, 3-dimensional structures, and have been used to model a number of
organs including intestine® and brain®. Cerebral organoids have been used for study of neural
development*® and potential disease states*'. Other brain-region-specific organoids have been
developed for regions such as forebrain, midbrain and hypothalamus*?. Their use in
neuroendocrine studies has been limited to the demonstration of multiple peptidergic neuronal
phenotypes. While brain organoids contain heterogeneous cellular elements* that resemble
neural tissue in a dish, their ability to organize into the complex cellular arrangements found
within the mammalian brain is still limited. Brain organoids do not generate endothelial cells or
oligodendrocytes, and are missing yolk-sac derived microglia, three cellular elements critical to

physiological brain function.
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Brain slicing emerged as an in vitro technology to the 1950’s with attempts to “chop
tissues™? for use in electrophysiological studies in the context of functional neuroanatomy**. It
was not long before there were many studies of slices of brain tissue performed by sectioning a
brain region of interest with a guided razor blade that came to be known as a Mcllwain Tissue
Chopper. These slices were perfused with different salt-based physiological solutions, some
with notably high oxygen levels climbing as high as 95%*°. The goal of the vast majority of
these studies was not to maintain the tissue for longer than perhaps 4-18h. The focus of this
review, on the other hand, is primarily on the generation of cultures that were maintained for
days or longer. While the Mcllwain tissue chopper provided a significant advance beyond free-
hand dissections, the vibrating microtome offered a means to cut tissue with still more accurate
section thickness and with less damage to the cut surfaces*. This allowed sectioning brains
thinner than the tissue chopper and with greater reliability, critical components for maintaining
organotypic brain slices in culture for days at a time. The potential of brain slices for use in
neuroendocrine investigations emerged in the 1970s as longer-term explant cultures of
hypothalamus were used to study neuropharmacological agents impacts on the magnocellular
secretion of vasopressin®’. Long-term cultures shifted towards short-term slice preparations of
the hypothalamus to measure osmotic responsiveness by electrophysiology in magnocellular
neurons of the supraoptic nucleus*®.

Roller tube cultures are designed to maintain an organotypic organization while offering
better neuron accessibility*®. This system maintained supraoptic nucleus regions of the rat
hypothalamus, co-cultured with a hypophyseal explant on a plasma clot, prior to the addition of
1 ml of serum containing medium. The assembly was rotated with a roller drum, causing tissue
originally cut at 400 um thick to flatten over the course of the culture period*®. Thinning of tissue
was advantageous, allowing imaging and/or electrophysiological study of tissues with

organotypic cellular arrangements with cellular resolution. Roller cultures were used throughout
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the 1980s and 1990s to characterize the hypothalamus and its cellular phenotypes, such as the
suprachiasmatic nucleus, via immunohistochemistry®. Investigation into GnRH neurons was
performed using a roller system co-culture of preoptic area of the hypothalamus with brainstem
and pituitary. The system demonstrated maintenance of anterior pituitary gonadotropes
containing luteinizing hormone only in the presence of the hypothalamic co-cultures®'.

Roller tube cultures have been employed for the study of neuronal migration in cerebral
cortex using brain slices. In one study, slices from embryonic ferret cortex were injected with
the indocarbocyanine dye, Dil, into the ventricular zone, allowing for fluorescent imaging of
neurons during their migration through the intermediate zone of the cortex®’. Despite these
characterizations of the roller culture model, and its widespread use in studies of the
hypothalamus among other brain regions, the model was not without its problems. Serum was
widely used in the early roller culture experiments on hypothalamus (often 25% horse serum).
This was a potential problem noted in GnRH neuronal cultures, where morphological differences
were seen between neurons in vivo and those cultured in vitro, potentially caused by an
unknown factor in the media®'. Serum containing media continue to be the standard for
organotypic culture systems well into the 215 century®. The length of time that cultures have
been maintained in roller tubes highlight the need to carefully consider the age of tissue being
investigated in relation to how a developing or mature animal system works. The “aging” of
brain slices ex vivo has been discussed elsewhere®. The related issue of utilizing tissue from
embryonic or neonatal sources to model adult disorders is also beyond the scope of the current
review.

Other brain slice systems attempted to preserve the three-dimensional nature of tissue
in culture by using a tissue support system such as agarose. Brain slice cultures generated
using low melting point agarose for support, and cut on a vibrating microtome, were used for

hypothalamic studies by generating 300 um thick coronal slices of embryonic rat brain, and
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subsequently labeling slices with Dil. This technique allowed for fluorescent visualization of
migrating cells (assumed to be neurons based on morphology) in the preoptic area/anterior
hypothalamus®. As the method was transferred to mice it became clear that just a 50 um
difference to 250 ym was a significant improvement for sagittal sections of embryonic mouse
heads to study the migration of GnRH neurons®® indicating the importance of diffusion distances
for oxygen, nutrients, or both. The slice technology was further adapted for use on membrane
supports examining Dil labeled cell migration from developing striatum to cortex in mice with
targeted mutations of DIx genes®. These early brain slice systems were useful in modeling
complex neuronal migratory pathways in vitro and maintained an organotypic cellular
arrangement which is critical in cellular interactions that guide motility.

Organotypic systems have been useful for investigating neuronal migration in
neuroendocrine contexts. Explants of embryonic mouse nasal regions were one of the first
organotypic methods used in GnRH work®”. This model maintained 20-50% of the GnRH
neuronal population and utilized 25% horse serum in culture. Shortly thereafter, an organotypic
slice model was developed using parasagittal slices of fetal mouse heads to study GnRH
neuronal migration that used defined, serum free medium, and tissue sliced in an agarose gel,
helping to support the tissue and maintain full slice thickness (250 ym) in vitro®. This was
important in visualizing the migratory paths of GnRH neurons as they cross from nasal to brain

compartments®>®

and including the first live visualization of GnRH neuronal migration using
video microscopy®. Immortalized cell lines have been used to address some questions about
cell motility®, but explant and organotypic slice cultures provide information about the potential
diversity of cells needed for GhnRH neuron behaviors (e.g., neurons with GABA).

One of the most powerful tools to aid studies of live cell behaviors was the emergence of

Green Fluorescent Protein®'%? (GFP) that could be genetically engineered for cell selective

expression. Developmental neuroendocrinology was just one field ready to take advantage of
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transgenic animal models. Using transgenic mice that express variants of GFP driven by
neuronal specific promoters (e.g., Thy1 promoter driving — yellow fluorescent protein-YFP®?,
murine brain slices were generated to study neuronal migration. Transgenic models offered
more selective labeling of cell populations compared to previous fluorescent methods, such as
Dil®2%*. The development of a transgenic mouse line in which GFP expression was driven by
the GnRH promoter®” provided for the study of live GnRH neurons in sagittal slices®®.
Meanwhile, mice in which a neuron selective Thy-1 promoter drives YFP expression®® have
been used to study the development of several neuroendocrine hypothalamic regions. Using

these and other approaches to mark neurons, investigations of neuronal migratory patterns in

65,66 67,68 69,70

the preoptic area®°, ventromedial nucleus®°°, and paraventricular nucleus were carried
out using organotypic coronal slices”".

Using approaches that allow live assessments of neuronal function (e.g., calcium flux)
add to a molecular tool box for organotypic studies. Genetically encoded calcium indicators in
particular have helped advance the ability of investigators to view live cell functions in vitro
without using dye-based methods. Regulatory immediate early genes such as c-fos provide an
indirect assessment of neuronal activation”?. Genetic indicators of cellular function are
advantageous as they use native cellular elements to indicate activity and allow tracking of
circuit-level functions in vitro™. For neuroendocrine function, genetically regulated calcium
indicators have been used to study transient intracellular calcium flux in GnRH neurons’™. This
study demonstrated the requirement of an IP3-receptor dependent calcium release for transient
calcium flux in GhnRH neurons of mice, potentially pointing to the intracellular mechanism of
GnRH neuronal episodic activity which is critical for regulating mammalian fertility. Use of

genetic markers of neuronal function in the study of neuroendocrine questions has been sparse.

Further utility for these methods remains to be seen moving forward, although some methods
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(e.g., c-fos) are limited in their temporal resolution due to reliance on detection of transcriptional

activation.

Moving Peripherally:

Pituitary Culture Systems:

Since the initial use of hypothalamus — pituitary organotypic co-cultures®2°, the pituitary
has been used regularly in organotypic culture systems. Initial pituitary cultures were performed
with fragments of the postnatal rat pituitary gland. These fragments were mounted in Maximow
slide assemblies and maintained secretory competency for up to a week in vitro’®. Later work
maintained similar pituitary explants in Maximow slides for up to 100 days; however, these
cultures only had secretory granules for 3 weeks in vitro’®. The use of large amounts of human
placental cord serum (33%) in these systems was a drawback due to the unknown and variable
composition of serum. Perifused pituitary cell cultures marked one of the earliest methods to
use flow to continually pass media over cells. These dissociated pituitary cultures were
employed to investigate pulsatile GnRH treatment on LH secretion’” as well as the influence of
estrous cycle stage on pituitary release of LH’®. Roller culture techniques also proved
efficacious for pituitary cultures from postnatal rats. As with hypothalamic roller cultures, rat
anterior pituitary gland cultures were sliced at 400 um and gradually flattened during the culture
period, in this case, lasting up to 7 weeks’®. This model used 25 % horse serum to maintain
tissue viability. Pituitary work also included organotypic slice models. GnRH mediated
extensions of pituitary cell processes and apparent cellular repositioning were observed in
200um thick slices®®. This organotypic slice model was extended to gonadotropes with the help
of GFP selective cellular identification to demonstrate alterations in GhnRH impacts on

gonadotrope morphology during different female reproductive stages®'.
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Adrenal Gland Cultures:

A critical component of the mammalian stress response, the adrenal gland also has
been used in organotypic conditions. Research into cells of the adrenal medulla has been
conducted since the 1940s. Early experiments involved the blood perfusion of whole bovine
adrenal glands using a complex vascular perfusion technique. This method was used for the
study of adrenal conversion of 11-desoxycorticosterone to corticosterone®. Perinatal rat
adrenal glands have been cultured for up to 3 weeks in vitro when supplemented with 33%
horse serum®. This model showed that treatment with dibutyryl cyclic AMP caused rough
endoplasmic reticulum enlargement, leading to adrenal chromaffin cells exhibiting neuron-like
morphologies. Adrenal glands offer a useful system for validating chemical release
measurement technologies, as they release large amounts of catecholamines when appropriate
stimuli is applied. This secretion was shown in an organotypic slice system, which used fast-
scan cyclic voltammetry to measure catecholamine release®. The model system used in this
study was originally described as a method to study cholinergic innervation of chromaffin cells
and maintained adrenal gland slices (200 — 300 um thick) for 8 h in vitro®®. More recently
organotypic adrenal slices have been used to test the validity of a high-density electrochemical
microelectrode array for assessing spatial and temporal dynamics of catecholamine release®®?’.
Independently, another group used tissue culture supernatants collected from 150 um thick
adrenal slices to measure changes in catecholamine secretion using high-performance liquid
chromatography in response to acetylcholine, nicotine and hexamethonium®®. This study did
not provide temporal resolution of secretion, as it only collected supernatants at one time point.
The success of organotypic cultures of adrenal gland makes it an interesting organ of choice for
testing neuroendocrine stimulated release of compounds in the context of multi-organ ex vivo

systems; for example, coupled with cultures of hypothalamus and/or pituitary.
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Gut Organotypic Approaches:

Mammalian intestines have been studied outside of the body since the 1930s. Isolated
rabbit intestines were used to discern the physiological function of a then unknown ‘depressor
substance’ later determined to be Substance P®°. Furthering the functional profile of vagus

secretions originally established in 19212

, Whole dog intestines were arterially perfused with
Locke’s solution and used to examine effects of acetylcholine on contractions of the stomach®.
It was not until the 1960s that selective culture methodologies, as opposed to perfused whole
organs, were used for studying intestinal physiology. A number of intestinal explant models
were focused on characterizing and maintaining healthy tissue in vitro. Human colon explants

h%"92 except for one study® in which human colonic

were difficult to culture for longer than 72
epithelium was maintained for 20 days in vitro. Unfortunately, details of tissue health were
minimal in the early colon studies, which also used serum (5-15% fetal calf serum). Other
teams maintained organotypic culture systems from rodents to study epithelial proliferation rates
in the colon®, again with issues of tissue survival. Serum and antibiotics were also
supplemented in the media, likely altering intestinal microbiota significantly. Later studies
provided an additional indicator of health by incorporating the use of tritiated thymidine to study
mitotic cells and their localization in vitro®.

Antibiotic treatment, made possible in the 1940’s, became common to a vast majority of
in vitro studies, as well as in early explant cultures of intestine®®, which has been shown to
significantly alter gut microbiota. Commensal bacteria that make up a large part of the gut
microbiome play significant roles in regulating intestinal physiology. Antibiotics commonly used
in culture (e.g. penicillin-streptomycin) alter gut bacterial abundance and diversity®®. They are

known to influence tissue physiology and have been suggested to decrease intestinal motility®’,

and regulate certain enteric neuronal subtypes®.
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Slicing intestines became a useful approach for metabolic and toxicological studies in

1% (PCIS) were first used to study gut drug

the 2000’s*. Precision cut intestinal slices
metabolism capabilities'’, and subsequently characterize the intestinal response to toxins'%.
Better validation of tissue health in these PCIS studies, compared to the explant studies of the
70s and 80s, provides more confidence in the recapitulation of in vivo physiology, in vitro.
Unfortunately, PCIS culture methods have been useful only in the first ~24 h of culture. A
modified organotypic slice model, using a similar protocol to that previously used in brain”’, was
capable of maintaining 250 um thick mouse intestinal slices in serum free media, without
antibiotics, for up to 6 days ex vivo®’. The advances in culture technology over the past 40

years set the stage for organotypic intestinal culture systems to be used in the study of

peripheral neuroendocrinology.

Gut Neuroendocrinology ex vivo:

The intestinal tract is a sizable endocrine organ, containing more than 30 genes
encoding peptides that are used as hormones and for other signaling functions in the gut'® and
in the CNS. Endocrine regulation of the intestinal tract, and its subsequent influence on
digestion and satiety among other things, is beyond the scope of this review. It is important to
recognize, however, that both the enteroendocrine cellular network and secretory enteric
nervous system found along the length of the gastrointestinal tract are extensive'®. Itis a
network capable of producing everything from somatostatin'® to vasoactive intestinal peptide'®
(VIP) and immunoreactive GnRH (personal observation). Among the enteroendocrine cell
products, serotonin (5-hydroxytryptamine, 5HT) could be argued to be particularly striking.
Despite the attention to 5-HT in the brain, 90-95% of the 5-HT in the body is produced by

enterochromaffin cells of the intestinal mucosa'®. Additionally, subsets of enteric neurons are

serotonergic’®'%  An early gut organotypic system was used to culture guinea pig intestinal
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musculature (including the enteric nervous system), 1-week after vagotomy in vivo. This system
showed the capacity of enteric neurons to take up 5-HT, and how it was impacted by prior
vagus nerve inputs'%.

Organotypic culture systems frequently have been employed to examine the intracellular
response of guinea pig myenteric plexus neurons to perturbations such as enkephalin'™®. These
studies used a pinned muscle layer of guinea pig ileum, that survived for less than 18 h.
Improving upon traditional intracellular recording setups, organotypic cultures of guinea pig
intestine have been used regularly to study the structural and functional characteristics of the
myenteric plexus. Circular muscle layer motor neurons'?, and longitudinal muscular motor
neurons''? were both described using guinea pig organotypic culture systems that were
maintained for up to 3 days ex vivo. Translation of the musculature organotypic model for use
with human colon resected tissue showed that the majority of human colonic interneurons are
either nitric oxide synthase (NOS) or choline acetyltransferase (ChAT) immunoreactive'"?.
These systems were useful in describing the localization and phenotype of motor neurons;
however, they may be partially confounded by the use of 10% fetal bovine serum, and the
incubation of tissue with antibiotics that significantly alter intestinal microbiota.

The past 20 years has seen a significant resurgence in intestinal research, in part due to

increases in the incidence of gastrointestinal disorders™"

along with advances in gene
sequencing and metabolomic technologies allowing for investigation of microbiome
contributions to health and disorder. The need to understand drug pharmacodynamics and
pharmacokinetics has also pushed intestinal research forward. While model systems for
maintaining intestinal tissues in vitro have been used since the 1970s, the past 20+ years has
also seen the adoption of simplistic cell culture systems that are easier to use for drug screening

and permeability studies. Caco-2 cells are an immortalized colon cancer line that are frequently

used to derive monolayers, and often cultured in microfluidic systems''®'®. Caco-2 cell cultures
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differentiate into enterocyte-like populations; however, the phenotype of these cells is
dependent on culture technique (e.g. microfluidic vs static, number of passages, etc.,)'"”. Co-
cultures of 2- or more intestinal cell types are occasionally used''®. A variation on the theme is
the expanding use of organoid culture systems®. Organoids (or enteroids when just
considering intestines) are based on an expanded population of progenitor cells isolated from
healthy intestines. Co-culture systems have been used to show the presence of a
neuroepithelial circuitry in intestinal cells, with enteroendocrine cells being directly innervated by
enteric neurons’'®. Organoids demonstrated an enteroendocrine cell — enteric glial synapse'™®.
While there is merit in all of these model systems, they fall short of delivering on the diversity of
cells types that are normally found in natural tissue (e.g., including neurons, glia, and immune

cells).

21%* Century Neuroendocrinology:
Current Organs-on-a-chip

Organs-on-a-chip are engineered devices that maintain tissue, be it cell line monolayers,
organoids, or even tissue explants (Figure 1) with microfluidic flow allowing continuous
perfusion of media. Further development of organ-on-a-chip systems is required to transition
from the realm of method development to that of using the novel methods to address
physiological questions. Many organotypic culture systems have been ‘static’ in that they did
not perfuse media through the preparations, and required media changes every 1-7 days’".
The “perifusion” systems (e.g., pituitary) may be the most common example of systems using
some sort of flow. That said, fluid dynamics in those systems were difficult to regulate, shear
stresses were not accounted for, and time ex vivo was limited. With the explosion of

microfluidic technologies in the early 21 century, it is easier to find organotypic culture systems

incorporating constantly perfused microfluidic delivery of media, generating organ-on-a-chip
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systems'®. Varied device materials contribute to health of tissue on-chip, and have been

120

reviewed recently'=. In the development of “organs-on-a-chip” most have utilized cultures of

immortalized cell lines, often in monolayers''1?’

. Continuously perfused media provides a
more consistent delivery of oxygen and nutrients, and removal of cellular waste products'?. An
ideal device for culturing organs outside the body would offer this efficient and regular nutrient
and oxygen delivery, coupled with access to microscopy and electrophysiological methods'?%22,
Intestinal research has been at the forefront of recent developments for organ-on-a-chip
systems. Early gut-on-a-chip devices were caco-2 monolayers cultured with continuous media
flow'". Another model (HuMix) was developed to include a similar caco-2 monolayer that also
maintained an oxygen gradient similar to that seen in the gut in vivo, with an exogenously added
minimal bacterial population''®. This system was used to show altered transcription in cultures
maintained by themselves versus those maintained with small restricted bacterial populations.
Intestinal explants have also been cultured on microfluidic platforms, being used to demonstrate
a direct bacterial — immune — neuronal interaction ex vivo'?®. Future advances are needed,
since these microfluidic systems do not address the full thickness of the intestinal wall, and the
latter used a culture system with 95% oxygen, thereby impacting the microbiome. The oxygen
gradient across the intestinal wall creates a unique anaerobic — aerobic interface at the luminal
surface of the gut epithelium. The ability of microfluidic systems to recapitulate this interface in
vitro in cell monolayers''® is a key advantage of gut-on-chip systems. As engineered gut-on-
chip technologies advance, one can envision an organotypic intestinal explant/slice inside a
microfluidic device that recapitulates the anaerobic — aerobic interface, allowing for study of the
complex bacterial — neural — immune interactions of the gut.

Various other systems outside of the intestinal tract have been cultured in organ-on-chip

»121

platforms. “Brain”'?' and blood brain barrier'?*, have both been cultured using microfluidic

systems. These are composed of dissociated cells (e.g., neural progenitor cells for brain
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models) that lack the physiological relevance of natural cell diversity. Recent papers describing
“pbrain-on-a-chip” models illustrate interesting issues from the neuroendocrine perspective of
identifying secretory cell(s). In one case, the cell line was a human teratocarcinoma
differentiated to neuronal/astroglia phenotypes using retinoic acid'®'. In the other case, the cells
were embryonic rat cortical cells that were at least partially characterized as neuronal'®. Both

used serum free medium (Neurobasal medium with B-27 supplement'?"1%

. Looking toward the
future, the heterogeneity of neuronal phenotypes in general and across brain regions will need
to be better accounted for. A similar microfluidic device was designed to maintain an
organotypic slice of hippocampal tissue inside a perfusion chamber'?®. It had the tissue
flattening and serum requirement drawbacks of roller tube culture, but the design of a brain-on-
a-chip. This represents an interesting step towards a more physiological neural system
maintained in an engineered culture device. These brain-on-a-chip systems are the first steps
in advancing engineering technology for use in neural systems and will need to improve their
physiological relevance in 3-D structure, cellular heterogeneity, and media composition moving
forward before they can be relied on to provide heuristic answers to biological questions.
Recapitulation of an in vivo biological event in vitro provides a useful test for organ-on-a-chip
systems. This is getting closer to reality for multiple organ systems. It was recently
accomplished to an extent with a model of human reproductive function in which mouse and
human tissues were cultured for 4 weeks. Using a complex system of interconnected culture
chambers, the ovary, uterus, fallopian tubes, and liver explants were cultured and able to mimic

the human menstrual cycle'®

. Production of 173-estradiol was observed in culture, and
progesterone production was sensitive to treatment with human chorionic gonadotropin,
representing on-chip follicular and luteal phases of a menstrual cycle. This multi-organ culture

system represents a significant step forward in the field of organ-on-a-chip tissue engineering

and paves the way for transitioning into more physiologically relevant body-on-a-chip systems.
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Evolution to Body-on-a-chip:

Body-on-a-chip systems have been developed for investigation of organ-organ
interactions; and may be an important direct way to view integrated neuroendocrine functions in
feedback loops (e.g., hypothalamic-pituitary-adrenal axis). Engineering challenges remain to
address validated physiological parameters needed for each organ and in the media and
microfluidics that connect them. A principal need to advance body-on-chip methodologies, just
as for organ-on-chip, is to include the cellular heterogeneity of the natural tissue in the body-on-
chip platforms, thereby allowing for more general use of these systems in addressing biological
questions'®. Interestingly, in vitro maintenance of multi-organ systems was done before World
War Il. Whole dog intestine, pancreas and spleen were all perfused with Locke’s solution using
the organs natural vasculature and used to show the function of vagus nerve secretions on the
stomach®. Approaches to showing multi-organ neuroendocrine function in vitro have been
performed, with rat hypothalamus blocks and both pituitary and adrenal dissociated cells.
Media was superfused from a culture well containing the hypothalamus block to a second well
with dissociated pituitary cells and finally to a third well with dissociated adrenal cells'®. This
technique was used to demonstrate that electrical stimulation of the hypothalamus led to
pituitary release of corticotropin releasing factor (CRF), which subsequently caused production

of corticosterone by the adrenal cortex.
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Figure 2. Schematic demonstrating the evolution of organotypic culture methodologies over
time.

Movement to miniaturized Body-on-a-chip systems that require small amounts of tissue have
garnered increased discussion, and attempts to recapitulate multi-organ systems in a single
engineered in vitro culture model are becoming easier to find. One prime example of an early
body-on-a-chip was the use of a sequentially perfused chamber to culture liver and intestine
precision cut slices''. This system measured the influence of physiologic intestinal secretions
on the metabolism of exogenous substrates (e.g., lidocaine) by the liver. Clear utility in
analyzing organ — organ interactions, and the influence these interactions play on metabolism
was apparent with this system. A step forward for multi-organ systems was taken with the
coupling of intestine, liver, kidney, blood brain barrier, and muscle cultures in series'?. This
model was used to show the influence on multi-organ metabolism of trimethylamine and vitamin
D3, and toxicity of terfenadine. While this multi-organ system represents a body-on-chip in the
sense that numerous organs were ‘connected’ via shared media, it was conducted using cell
line-based culture devices. Moving forward, use of more physiological organ tissues in this
system would improve its power for translation efficacy for more accurate physiological outputs.
Across the march of history, in vitro systems for study of mammalian physiology have vacillated
between more physiologically organ related and more reductionist cell-oriented methods (Figure

2). As the pendulum swings back closer to “organ” techniques, attention to physiology will be
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critical to hone new culture approaches. Microfluidic body-on-a-chip systems have yet to be
harnessed for use in neuroendocrine studies. Movement from organotypic brain slices into
brain-on-a-chip interfaces, and subsequent coupling to peripheral organs (e.g., pituitary,
adrenal, intestine) will be a move likely to be seen in organ- and body- on-a-chip research in the
future.

Neuroendocrinology sits at an interesting point, with divergent model systems available
along reductionist versus physiological lines. One path uses cell lines-on-chip, offering high
throughput systems that do not require additional animals. Cell lines, while useful for carefully
crafted biochemical questions are inherently missing cellular interactions that emerge from the
diversity of the normal cast of surrounding cells in the organs of interest. These systems can
only go so far in providing a window on physiological realities. A second, perhaps more
challenging path, couples the use of organotypic culture models with microfluidic engineering
technology. Static cultures of brain, pituitary, gut and adrenal have proven useful for
mechanistic study of various disease and neuro-endocrine secretory pathways. Coupling these
organotypic cultures with more in vivo — like physiologic systems will be critical in increasing
successful translation of ex vivo data into efficacious treatment modalities for neuroendocrine

disorders.
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CHAPTER 2 — DESIGNING MULTICELLULAR INTESITNAL SYSTEMS?

Overview:

The mammalian intestinal wall is one of the most complex organs in the body. A collection
of heterogeneous cell types including immune, neural, and epithelial, among others, creates a
complex physiology that is difficult to simulate outside of the body, in vitro. Methodologies for
studying the intestinal wall in vitro, range from cultured monolayers of immortalized cells, to
more complex co-cultures with multiple cell types and a third dimension, to those that use
explants of actual gut tissues with more realistic three dimensions. The majority of current in
vitro culture systems, fail to capture the richness of the physiology of the gut in vivo. However,
cutting-edge engineering technologies open a window for novel approaches, using microfluidics
to provide opportunities for new generations of organotypic methods with large potential. As
intestinal disease rates rise globally, the need for reliable and heuristic methods for studying
intestinal physiology outside of the body is apparent. This chapter presents current systems
available for studying gut physiology in vitro, and then shifts to focus on physiological
prescriptions for future needs of ex vivo gut cultures. A framework of biological specifications is
provided, that may help engineer devices and culture systems, that more faithfully capture the in

vivo physiology of the ex vivo gut wall.

Introduction:

Modern organotypic methods for maintaining human colon outside of the body, in vitro,
emerged in the 1970s’. A number of the early in vitro intestinal studies were performed using
colon explants?, enteric nervous system explants®, or gut musculature cultures*. Some of these

early explant systems housed the full cellular diversity of the in vivo intestinal mucosa, however,

2Schwerdtfeger LA & Tobet SA. Multicellular in vitro organ systems. In Precision Medicine for Investigators, Practitioners and
Providers, ed., J Faintuch and S Faintauch, Elsevier Publishing, Nov. 16%,2019.
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were rarely maintained beyond 72 h?. While some studies cultured explants for 20 days or
more', the details of tissue health were minimal. The use of large quantities of serum (e.g., fetal
bovine serum) and antibiotics in culture media, is a persistent problem in intestinal in vitro
systems, due to the variability of serum across sources, and the impacts of antibiotic treatment
on the intestinal microbiome. Early explant systems are likely to have included some

complement of microbiota, however, bacterial load or diversity were not analyzed.

Cancer cells:

Moving away from organotypic systems during the later part of the 20™ century,
immortalized cell lines (e.g., Caco-2 cells) became common, in studies of intestinal physiology.
Caco-2 cells were originally derived from colorectal adenocarcinoma from a 72-year-old male®,
and have been used to study a variety of topics, ranging from gut epithelial barrier permeability®
to applications in drug discovery’. Another line, HT-29 cells, was derived from colorectal
adenocarcinoma from a 44-year-old female (ATCC). These cells display different
characteristics, such as mucin secretory competence in a small portion of cells®. It is worth
noting that a host of other immortalized cell lines, have been employed as models of
mammalian intestines in vitro. However most of these cell lines, including Caco-2 and HT-29,
suffer a problem of “passage number”, which is created when phenotypes change, based on the

number of cell divisions and the development of subclones®.

Stem cells:

Development of organoid systems using induced pluripotent stem cells', or patient
isolated progenitors'' , has resulted in a powerful tool for studying intestinal epithelial cell
biology , in a 3-D structured system not previously attainable with immortalized cell cultures.

These systems, however, fail to capture the unique physiology of the intestinal wall ex vivo ,
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because the cells either de-differentiate at some point to less than normal function, or they lack
sufficient cellular diversity even when they re-differentiate. The ability to answer questions
regarding cell-cell interactions is limited by the absence of neural, immune and microbial

components, relative to the original tissue.

Gut slices:

Organotypic slice models provide an alternative to cell cultures or organoids, for
capturing the complex cellular heterogeneity and microbial presence of the in vivo gut wall, yet
in vitro. Precision cut intestinal slices'? (PCIS) represented an early use of an organotypic slice
model, for study of the intestinal capacity for metabolizing drugs'. PCIS models were
unfortunately only viable in the first ~24 h of culture. Longer maintenance of mouse intestinal
tissues ex vivo , was achieved with a similar protocol to one used previously in brain™. This
procedure allowed the maintenance of 250 uym thick slices, in serum and antibiotic free media,
for up to 6 days ex vivo'® , and provided for the study of antibiotic effects on intestinal segmental
contraction rates.

While the rate of segmental contraction ex vivo was representative of in vivo behavior,
maintenance of organotypic slices beyond 48 h required the use of calcium ion channel
blockers (e.g., nicardipine), to prevent long-term muscular contractions that otherwise damaged
epithelia’®. Advances in organotypic slice technology provide for maintenance of epithelial
populations, neuronal and glial cells, immune responses to pathogen, and a subset of the native
microbiome ex vivo'®. Although organotypic methods maintain more cellular diversity than
many in vitro systems, there are other issues that would be helpful to address. Principally, there

is a steep oxygen gradient across the intestinal wall'®

, one not reproduced in organotypic slice
models, cell line cultures, or organoids. This gradient has a major impact on gut physiology, in

the intestinal wall, and on luminal microbiome.
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Gut Physiological Specifications:
General Considerations:

Evolution has provided a number of barrier tissues within mammals, that protect
components of one compartment from the potential dangers of external environments. The
function of such barriers is essential to maintaining healthy states, with an increasing number of
gastrointestinal disorders attributed to barrier failures''®. Barrier tissues automatically define
multiple environments, “external” and “internal” to epithelial monolayers, which also have
multiple constituent components (Figure 3). This chapter focuses on mammalian intestines
where the external space is the lumen, including microbial components, the epithelial lining
includes multiple cell types and associated extended mucus layers, and the internal component
is the tissue comprised of diverse cellular elements, that include neural and immune cells.
There are cellular interactions within each compartment, and significant molecular signaling
between compartments. Mechanistic understanding of the interplay between the diverse cell
types that form such a multi-compartmental barrier structure is essential for developing
treatments for barrier disorders. (Figure 3)

Reconstituting the complex physiology of the intestinal wall ex vivo is a tall order. With
no fewer than 15 cell types, a complex microbiome, a functional nervous system, and the body’s
largest immune system, the intestinal wall is one of the largest and most heterogeneous organs

in any mammalian organism
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Figure 3: Schematic diagram illustrating the organization and complexity of the intestinal tripartite
barrier system, with some of the extensive cellular heterogeneity. Luminal contents (e.g.,
microbiota) sit above and inside a mucus layer in the ileum (A), and in outer and inner mucus
layers in the colon (B). Diverse epithelial elements comprise a barrier, between gut luminal
microbiota and internal lamina propria contents. Organization of this barrier varies across the 10
anatomical regions of the gut tract (stomach, duodenum, jejunum, ileum, caecum, ascending
colon, transverse colon, descending colon, sigmoid colon and rectum), however, a crypt-villus
axis in the small intestine (e.g., ileum; A) , and crypts in the colon (B) predominate. Internal to the
lamina propria, two neuronal plexuses are visible. First, the submucosal plexus sits upon a
circular smooth muscle layer. Second, the myenteric plexus is housed between circular and
longitudinal smooth muscle layers. Finally, a layer of serosal fluid generated by serosal
epithelium, is visualized between the longitudinal musculature and a layer of adventitia composed
of connective tissue. Schematics of the view looking inward from the lumen of both the ileum (C)
and colon (D) , demonstrate the varied organization of the apical epithelium. Cellular
representations are keyed on the left, organized by barrier compartment (e.g., luminal, epithelial,
lamina propria, muscular), and color codes for each region are provided.
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(Figure 3). In vitro systems frequently take one of two divergent paths, toward modeling in vivo
physiology. One is to create reductionist systems, that allow the dissection of unique roles of
individual component parts. The other is to recreate the complexity of the organ in vitro,
allowing control of the system, with responses to perturbation being potentially more accurate
indicators of in vivo function.

There are pros and cons to both paths. On the former, component parts function
differently alone than when together. For the latter, ex vivo methods only offer an approximation
of in vivo physiology. It is a premise of this chapter that the latter has been overlooked in much
of intestinal research, and yet provides an important component with translational potential.
Distilling the complex physiology of the intestinal wall into three ‘compartments’, namely luminal,
epithelial, and tissue (Figure 3), with individualized specifications for each, aids in guiding the

design of more physiologically relevant culture systems.

Luminal:

The contents of the intestinal lumen vary depending upon diet, gut segment, and local
composition of microbiota. Home to thousands of species of bacteria, fungi, and archaea'®, the
gut lumen is a complex environment. Understanding the inter-species interactions, quorum
signaling, and secretions from these microorganisms, is an ongoing investigation for
microbiology. Secretory products from luminal microbiota influence tissue physiology, and a
growing number of functional pathways have been recently shown, including direct metabolite —
cell surface receptor signaling®.

Many bacterial metabolite — host signaling pathways are still unknown. Environmental

t2" and oxygen culture condition?, influence the production of

factors such as antibiotic treatmen
microbially derived metabolites. Designing culture methodologies that incorporate the native

microbiome of the organism of interest, is an important target to advance understanding of
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bacterial — host signaling mechanisms. Spiking monolayer cell cultures with specific bacteria to

mimic a ‘microbiome’ , has been done in microfluidic devices?>?*

. However, given that only a
small percentage of the native gut flora can be cultured under the conditions of most microfluidic
devices, it is difficult to consider these models reflective of microbiomes in vivo.

Culture methods that maintain explant tissues directly from donors, have potential to
maintain larger subsets of the native microbiota, due to their presence in the lumen of the organ
providing explants. Key design specifications for the luminal compartment can be thought of in
two ways, that perhaps match the way the microbial community is naturally organized. From
one perspective, a defined microbiome could be “selected”, as an engineered blend of
anaerobic, facultative, and aerobic microbes. Alternatively, creating conditions that result in a
specific metabolomic profile could influence microbial composition, as there are many ways to
get to the same metabolic profile. In both cases, the in vitro luminal environment will be an end
result of the initial conditions: source of microbial components and substrates for microbial

energy utilization (e.g., glucose, oxygen, etc.,), and bacterial survival skills (e.g., microbial

interactions).

Epithelial:

Epithelial cells of the mammalian intestine constitute a critical barrier, between the
luminal contents and gut tissue, and are an aspect of the intestine that has drawn significant
attention for in vitro modeling. Separating the lumen from gut epithelia is a secreted layer of
mucus that serves dual roles, as a pathogen barrier and as a source of nutrients for luminal
microbiota. Goblet cells in the intestinal epithelial layer secrete large quantities of mucins,
principally Muc2 in the intestine, with small quantities of other mucins (e.g., Muc5ac). These

mucins provide protein cores for chains of O-linked glycans, that are comprised of varied
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structures (e.g., galactose/galactosamine base, with variable inclusion of fucose or sialic acid)
that also vary by gut region and across species?®.

Beneath this mucus layer, apical epithelia form a barrier that is interlinked with tight
junction-associated proteins, such as ZO-1 (zona occludins) and claudins®. Molecular
regulation of tight junctions is complex and has been reviewed elsewhere?. Interspersed
among the epithelia are mucus secreting goblet cells, defensin secreting Paneth cells, and
hormone producing enteroendocrine cells, among others, all derived from crypt Lgr5* stem cell
populations. These stem cells are supported by mesenchymal cells, and surrounded by soluble
factors and extracellular matrix?®. Mesenchymal regulation of this stem cell niche may be
important in vivo, or in response to tissue injury?®, however, it is not required to generate crypt-
villus axes in vitro®.

Communication between luminal contents (i.e., bacterial components) and epithelial
cells has been demonstrated, often involving the toll-like receptor family members®'. Apical
surfaces of at least one type of barrier cell (i.e., tuft cells), have been shown to possess
receptors, and bind specific microbial secreted metabolites®. Nonetheless, specific bacteria —
metabolite — tissue receptor signaling mechanisms are still poorly understood. Epithelial cells
also communicate directly with cells in the tissue compartment, via dendritic cell — epithelial
interactions®, enteric neurons via gut neuro-epithelial circuits®**, and enteric glia that lie beneath
the epithelial layer®.

Key design specifications for the barrier epithelial compartment, should not only account
for the cellular diversity of the epithelial monolayer, with the extended mucus layer, but also for
cells that regularly traffic in, out, or through the layer. Intraepithelial lymphocytes (IELs) are a
subset of T-lymphocytes, that possess the unique ability to both present antigen and act as
natural killer T-cells®. |IELs have been shown to move in and out of the epithelial layer in

response to pathogens; a characteristic that was recently described as epithelial ‘flossing™®’.

51



While flossing between epithelial cells is not unique to IELs, as lamina propria dendritic
cells act similarly®, the speed of their movements (~6-7um/min*?) is astounding. Additionally,
phenotypically distinct IELs inhabit the small intestine compared to the colon, and can regulate
colonic barrier integrity*®. Finally, design considerations for the epithelial compartment should
also be able to account for relevant signaling molecules, that are secreted both cellularly and via

mucus inhabiting microbiota.

Tissue:

Interspersed throughout the mucosa, the lamina propria is comprised of diverse immune
cell populations, neuronal and glial cells and projections, significant extracellular matrix, and
vascular and lymph networks (Figure 3). Due to the complex anatomical arrangement of lamina
propria, which penetrates into the cores of small intestinal villi, and surrounds colonic crypts,
engineering cellular components to mimic this unique epithelial — lamina propria arrangement is
difficult, and may require different designs depending upon gut region of interest (e.g., small
versus large intestine).

For example, gut associated lymphoid tissue is distributed differently in the ileum
(Peyer’s patches), versus the colon where they appear in smaller isolated lymphoid follicles.
Interactions between barrier cells and tissue/lamina propria, via neural — epithelial signaling®*
are apparent. Tissue components also possess the ability to directly interact with the luminal
contents. This is accomplished via multiple routes; first, as noted in the previous paragraph for
both dendritic cells and IELs. Second, tuft cells can sense luminal metabolites such as
succinate®, activating type 2 mucosal immune responses*'. Additionally, invasive bacteria
have been shown to directly signal, to sensory nerve endings in the lamina propria*?.

Many intestinal models have focused on building systems, from the simplest state of

mostly single cell type monolayers, and even those derived from Lgr5* epithelial progenitors do
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not include the diverse lamina propria and submucosal cell populations seen in vivo (e.g.,
neural, immune, vascular). Organotypic slice methods maintain the neural, immune and
epithelial components of the tissue'®. However, depending on the orientation of the slice
preparation (e.g., perpendicular to the wall or other), there may be more or less potential to
mimic the full “barrier function” of the intestinal wall. Key design specifications for the tissue
compartment, should include as many of the diverse lamina propria and submucosal cell

populations in vitro as possible.

Cell-cell and microorganism-cell signaling:

Signaling between intestinal neural components and microbial, epithelial, and immune
cells are important areas for ongoing investigations. In the apical epithelium, direct synapses
between a subset of enteroendocrine cells and neurons — both vagus and enteric in origin —
have been shown anatomically®® and functionally, with glutamate release from enteroendocrine
cells stimulating nodose ganglion vagal afferents**. Innervation of other epithelial cell types has
been observed, with tuft cells directly contacting enteric sensory neurons**. Moving inward from
the apical epithelia, numerous components of the lamina propria and musculature regularly
signal with enteric or vagal neurons.

Mast cells in the lamina propria have been shown to be in contact with both enteric and
vagal neurons*®, and signal bi-directionally with these cells*®. In the intestinal muscle layers,
muscularis macrophages are also in contact with vagal afferents*’, and are activated in
response to enteric sympathetic neuron signaling during bacterial infection*®. Lamina propria
dendritic cell and IEL interactions with vagal or enteric sensory neurons, is a yet unexplored

area of investigation that will be necessary to fill in .

Compartmental environment problems:
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In the case of oxygen concentration, the intestinal wall presents an extreme situation, in
that it maintains a steep oxygen gradient in vivo*®. The gradient spans 0.1-1% in the luminal
compartment, to 5-10% oxygen in the heavily vascularized submucosa and musculature
layers®®. Without an ability to mimic the anaerobic-aerobic interface in vitro, the non-physiologic
oxygen concentrations of many preparations, will likely lead to both cellular and microbial
signaling among the components of the gut wall, that will fall short of modeling in vivo
physiology.

Culturing organotypic slices in a static, fixed oxygen incubator, creates a non-physiologic
oxygen environment that can influence tissue metabolism (Schwerdtfeger and Tobet, personal
observation), and significantly impact the gut microbiome®'. Similarly, nutrient provisions in the
tissue compartment come from the arterial supply (e.g., glucose), whereas in the luminal
compartment food consumption and metabolism play larger roles. Engineering a model that
recreates differential environments will require differential flow across tissues, in a multi-channel

microfluidic system.

Designing New Organotypic Systems:

Harnessing the power of advancing engineering technologies like microfluidics, allows
for development of culture methods that incorporate media flow, making more accurate
modeling of in vivo physiology possible. Current microfluidic systems provide a technical
foundation for culturing intestinal cell lines and tissues, with continuously perfused
media/nutrients, and clearance of waste products. Engineering advances of microfluidic culture
systems have recently been reviewed %2°3%*. These technologies have been used for culture of
liver®® and intestine®® among others. Their use in tissues like the intestine, however, need to

better account for the compartmental requirements unique to barrier tissues.

54



Recently, microfluidic technology was used for culture of mouse intestinal explants, and
was able to show a direct bacterial — immune — neuronal signaling event ex vivo®, providing
evidence of the importance of maintaining cellular heterogeneity of the intestinal wall in vitro.
While this model advanced the microfluidic gut-on-chip paradigm, it required the use of 95%

oxygen, which would have likely altered the explanted microbiome.

“ 1 Cellular Diversity:

- 5 epithelial cell types

- Immune cells (lymphocytes, dendritic
- cells, macrophages, etc.)

- Enteric neural projections

- Vascular and lymph network

- Enteric neurons and glia

- Immune cells (lymphocytes, dendritic
i cells, macrophages, etc.)

- Vascular and lymph network

- Smooth muscle cells
- Enteric neurons and glia
- Interstitial cells of Cajal
- Vascular and lymph network

>5 /0 4 —

Figure 4: Graphical outline of three key components of intestinal tissues, superimposed on an
image of a section of human gut wall (jejunum) , that should be appreciated in designing next
generation organotypic culture systems, to improve physiologic relevance. ‘L’ signifies lumen,
‘V’ a villus, ‘c’ a crypt, ‘sm’ submucosa, ‘Circ. mm’ the circular muscle layer, ‘Long. mm’ the
longitudinal muscle layer. Scale bar is 500 um.

Furthermore, this method was only performed using juvenile (12-14 days old) mice, and had a
limited survival time of 24 h. Given that the prepubertal gut wall is significantly different than
after puberty, in terms of microbiome and immune system®®, there are many unanswered
questions concerning the utility of this early system.

The thickness of the intestinal wall creates an inherent problem of nutrient and oxygen
penetration. Human intestinal tissue is far thicker than cell monolayers and even organoids

(Figure 4), increasing to ~3 mm in the small intestine (Figure 5), and significantly thicker in the
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colon). Such tissue thicknesses require novel approaches to maintain tissue in a healthy state,
due to oxygen and nutrient penetration into the gut wall.

Oxygen consumption by colonic epithelia, driven by oxidation of fatty acids such as
butyrate, drives environmental oxygen down in the lumen, creating an ideal environment for
anaerobic microbes®®. Given the influence of oxygen conditions on intestinal microbiome®"*°,
bacterial metabolism®’, and secretions?, recreating the anaerobic — aerobic interface in novel
culture methods is of paramount importance, if the system is to faithfully mimic in vivo

colonocyte metabolism. Many standard culture conditions (e.g., antibiotic use) alter the gut

microbiome, which in turn alters microbially derived metabolites, that are key regulators

20 um 100pm ﬁ 1mm
L"

Transwell Cell Culture Organoid Mouse Explant Human Explant

Physiological Complexity

Figure 5: Schematic illustrating the progression in physiological complexity , across different
intestinal culture systems.

of intestinal function. Additionally, the impact of the mode, rate, and volume of delivery of
resources like oxygen and glucose are profound. Media flow rate has been shown to influence

tissue metabolism®. (Figure 4, Figure 5)

Impact of antibiotics:

Antibiotic use is a standard tissue culture practice, to prevent “infection” of host cultures.
Given that dense bacterial communities inhabit every barrier tissue of the mammalian body,
understanding barrier function(s) requires understanding microbial-host relationships. For one,

microbially derived metabolites are key regulators of intestinal function, and treatment with
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antibiotics has been shown to alter the metabolome of rats*'. Second, gut bacteria are a major
source of antimicrobial compounds®, and host cells such as Paneth cells produce large
quantities of antimicrobial compounds®. These considerations make it difficult to understand
host-bacterial signaling when the investigator is adding extra antibiotics. Given the importance
of the role of bacterial components in cell signaling and barrier function, exogenous antibiotic

use in vitro should be either precise, in targeting particular microbial elements, or eliminated.

Conclusions:

The design specifications discussed throughout this chapter, offer a framework to guide
development of novel intestinal — and barrier in general — culture methodologies, that faithfully
recapitulate in vivo physiology. Optimizing design strategies, particularly concerning tissue
health validation and microfluidic flow paradigms, is critical to moving forward. It will be
beneficial for future model systems, to verify maintenance of components of tissue barriers, and

validate their ability to mimic selected aspects of in vivo physiology.
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CHAPTER 3 — POWERING EX VIVO TISSUE MODELS IN MICROFLUIDIC SYSTEMS?

Overview:

This Frontiers review analyzes the rapidly growing microfluidic strategies that have been
employed in at- tempts to create physio relevant ‘organ-on-chip’ models using primary tissue
removed from a body (hu- man or animal). Tissue harvested immediately from an organism, and
cultured under artificial conditions is referred to as ex vivo tissue. The use of primary
(organotypic) tissue offers unique benefits over traditional cell culture experiments, and
microfluidic technology can be used to further exploit these advantages. De- fining the utility of
particular models, determining necessary constituents for acceptable modeling of in vivo
physiology, and describing the role of microfluidic systems in tissue modeling processes is para-
mount to the future of organotypic models ex vivo. Virtually all tissues within the body are
characterized by a large diversity of cellular composition, morphology, and blood supply (e.g.,
nutrient needs including oxy- gen). Microfluidic technology can provide a means to help
maintain tissue in more physiologically relevant environments, for tissue relevant time-frames
(e.g., matching the natural rates of cell turnover), and at in vivo oxygen tensions that can be
controlled within modern microfluidic culture systems. Models for ex vivo tissues continue to
emerge and grow in efficacy as mimics of in vivo physiology. This review ad- dresses
developments in microfluidic devices for the study of tissues ex vivo that can serve as an

important bridge to translational value.

Introduction

3McLean IC, Schwerdtfeger LA, Tobet SA, Henry CS. Powering ex vivo tissue models in microfluidic systems. Lab on
a Chip. 2018;1399-1410.
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Much biomedical research relies upon individualized cells in petri dishes (in vitro) or

whole animals (in vivo) to address complex questions of health and disease.! In between these
two extremes is a need to represent complex organs in vitro to enable more accurate
understanding of the biological basis of disease as well as improving accuracy of drug
screening. The varied needs of different cells in an organ complicate the development of a
system to accurately reflect the function of that organ outside of the animal (ex vivo). The

pursuit of more physiologically relevant ex vivo models drives the development of organotypic

tissue approaches.2 Blood flow is fundamental to all organs in vivo and microfluidics can
provide an ex vivo source of fluid flow. Organotypic tissue models present difficulties, principally
modulating appropriate local oxygen tensions, and using culture media compositions that are
efficacious for a chosen organ system. While some of the challenges inherent in tissue culture
are similar in nature to the challenges associated with dissociated cells in culture, they have
added challenges related to the thickness and cellular heterogeneity of the specimens.
Microfluidic technology offers a promising avenue for addressing many of the challenges related
to numerous types of ex vivo approaches, from dissociated cells to more complicated

organotypic systems.

Microfluidic approaches to media circulation address a number of issues with static
organotypic tissue culture systems, and have been used to maintain numerous types of tis-

sues, including, liver, intestine, retina, artery, lymphoid, tumor xenografts, and testis.3~10

Current technologies are evolving to address the heterogeneous, complex nature of mammalian
tissues and provide more consistent and useful results. Nonetheless, microfluidic organ-on-chip
systems must be assessed for tissue health using multiple endpoint measurements and

validated for ex vivo function in the con- text of in vivo physiological functions.
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Although tissue models cannot replace the high through- put potential of cell line studies,
nor the importance of tests in live animals and people, organotypic models derived from organs
in vivo can provide a critical bridge between the two levels. Tissue-based models have a strong
potential to recapitulate complex physiological mechanisms that are missing from models built
from one cell type at a time. This quality makes tissue models, and their developing microfluidic
com- ponents, an important asset for research and development in the biomedical research
enterprise. It is particularly notable in the final steps of therapeutic drug design, discovery, and
safety analyses on the preclinical side to personalized medicine on the clinical side. Microfluidic

technologies are a critical addition for tissue models to unlock this potential.
Cell and tissue models used with microfluidics:

Standard culture systems of the 20" century required that media be changed manually

and regularly every 1-7 days, depending on the density and cell types being cultured. ! The

advent of microfluidic technology in the late 20" century, and explosion in popularity in the early

21% century removes this need.12 What gets placed in vitro can vary greatly, ranging from
dissociated cells (primary or immortalized), dissociated cells reconstructed in a device to form
bio- logical units (e.g., monolayers), organoids derived from stem cells, or tissue/organotypic
explants or slices from explants. All of these in vitro model systems offer advantages and
limitations. When comparing models comprised of cells to organotypic tissues, one principal
advantage that sets tissue cultures apart is the diversity of cell types (depending on the target
tissue) and biological structures that hold the tissue together (e.g., extracellular matrix) that are
often not accounted for in dissociated cell cultures (e.g., glial cells when studying neurons).
These factors enable organotypic tissue models to provide potential access to the cell—cell

communication and mechanical signaling experienced in vivo.13
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The drive towards the developing “organs-on-a-chip” has typically involved the culture of
cell lines or stem cells, but the improved cellular diversity of organotypic tissue makes it
attractive for certain applications and/or for bridging the in vitro/in vivo gap. This relevance is
exemplified by examining intestine on-chip models. The simplest intestine on-chip systems,
regardless of the microfluidic flow paradigms, in- volve culturing of Caco-2 epithelial progenitor
cells, and allowing them to proliferate to mimic intestinal epithelium. These systems are

sufficient to recapitulate the intestinal mucosa, a dense network of epithelial cell types

constantly proliferating, dying off, and producing secretory factors.14=16 These models do not
recreate the full cellular diversity of the in vivo intestinal mucosa. Intestinal organoids on a chip

add a layer of diversity, better recapitulation of epithelial structure, and can include the formation

of intestinal villi and crypts, something that Caco-2 systems only partially recapitulate.15 They
still lack the diversity of cell types of the intestinal wall in vivo. Organoids lack representation of
the enteric immune system (e.g. lymphocytes, dendritic cells and macro- phages) and the vast

enteric nervous system (e.g. neurons and glia). Communication between these neural-immune

components is known to impact gut function in healthy and diseased states.!” Models that

maintain cellular diversity have been achieved in static culture with varied temporal control,

ranging from 24 h to 6 days ex vivo.18:19 When incorporation of organotypic tissues into
microfluidic systems has been accomplished, tissue health analyses have been limited and

validation of epithelial cell turnover incomplete."”20

Advantages and applications of microfluidic technology to ex vivo tissue culture:
Improve tissue viability and longevity:

The use of microfluidic technology to maintain mammalian tis- sue ex vivo has been

shown to improve tissue viability when compared to traditional static systems that do not
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incorporate continuous media exchange, particularly when long-term culture is necessary.21 22

Maintaining viable tissue is particularly challenging when using organotypic tissues with a

thickness greater than 400 |.1m.19 In static cultures, tissue thicker than approximately 400 um

prevents adequate diffusion of oxygen and nutrients throughout the entirety of the tissue, and
cytotoxic cellular waste products can rapidly build up within the media.1® This results in a direct

correlation between tissue thickness and overall health in static culture.23 Inadequate nutrient
diffusion into the core of the tissue establishes limitations on the variety of tissue that can be
effectively cultured and the length of time the tissue will remain healthy and viable ex vivo.

Numerous non- microfluidic based techniques have been established to improve nutrient
exchange to cells and tissues.24 Culture dishes can be continuously shaken, rotated, or stirred

to refresh the media within the diffusive boundary layer at the biological surface.24 These

techniques are useful for prolonging the viability of cultured tissue; however, these techniques

result in microenvironments that are relatively under characterized and uncontrolled.25=27 A
further complication is that the rates of diffusion and uptake of essential solutes vary based

upon the preparation and the type of tissue being cultured.28,29

A simplified mathematical model was developed to estimate the limits of oxygen

diffusion through spherical tumor tissue ex- plants in static culture.® The transport of oxygen

within tissue can generally be modeled using Fick’s second law:

oc =DV’C—gq
ot
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where C represents the concentration of oxygen at time t and distance x; D is the diffusivity

coefficient of oxygen; and the term q represents the volumetric consumption rate of oxygen by

the tissue.3 Using this equation, two partial differential equations were derived to model the
concentration of oxygen within the tissue and the surrounding culture media. By assuming a
constant rate of oxygen consumption, infinite media surrounding a spherical explant, as well as
a steady state system; the paired equations were solved, and a conservative estimate of the
maximum depth of oxygen penetration (Rc) and critical spherical tissue diameter (2Rc) were

determined as follows:3

6D, D,,C

max

pO(2D; + Dy )

2R. =2

here, DT and D\ are the diffusion coefficients of oxygen within tissue and culture medium,
respectively; Cmax is the maximum possible concentration of oxygen in the media; and pQ (cell

density multiplied by average cellular oxygen consumption) is an estimate of oxygen

consumption by the tissue. For the parameters associated with tumorous tissue in static culture,

the critical diameter was calculated to be 424 um.3 The theoretical critical diffusive diameter will

vary depending on the shape and type of tissue being cultured.

Based on experimental evidence, diffusive limitations are mitigated in tissue that is

maintained no thicker than 250 um with a vibrating microtome.18:30 These organotypic slice
models maintain their respective tissues in physiologically relevant environments for limited time

frames (e.g., up to 6 days for murine intestine) and for many tissues, the 250 ym limit works

reasonably for maintaining sufficient three- dimensional physical microenvironment. 18 However,
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due to the limited thickness of the slices, diffusion of natural chemicals and mechanical cues in
differential physiological compartments that exist within tissues in vivo can be disrupted ex vivo.
Gradients formed by oriented diffusion of critical signaling molecules guide cellular movement or

growth and differentiation; and disruption of these gradients can alter cell interactions and tissue

physiology.27’31 32 If the tissue of interest contains spatial boundaries, limited thick- nesses

may make it difficult to obtain slices with a full representation of cellular diversity. For example,

mature ovarian follicles (from mice) are difficult to fit within 250 pm thick slices.33 Microfluidic

approaches automatically offer a potential method for combatting waste buildup, and nutrient

deficiencies that might otherwise be problematic for experimental needs at longer time points.34
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Fig. 6 Simulations of the steady state oxygen concentration (uM) profiles within a
tissue compartment surrounding a 100 um diameter channel under different flow
conditions. The flow velocities of media are 490 ym s~ (panel a) and 1.35 mm
s71 (panel b). The depth of oxygen penetration (mm) is increased at higher flow
velocities. Adapted with permissions from Macmillan Publishers Ltd: Nature
Protocols (ref. 40), 2008.
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The continuous perfusion of media across the surface(s) of an explant increases the

efficiency of nutrient and waste transport to and from the tissue, respectively.ﬁ”%_38 This
improvement in efficiency is equivalent to an increase in the media diffusion coefficient term

(DM) in the mathematical ex- pression shown above in eqn (2).3’39 A larger media diffusion
coefficient results in an increase in the maximum steady state depth of oxygen penetration (Rg)
into the tissue. Finite element analysis was performed using FEMLAB 2.2 software to simulate

oxygenated media perfusion through 100 um diameter circular channels at low (490 um 3_1)

and high (1.35 mm 3_1) velocity.40 The resulting concentration profiles of oxygen diffusing into
the surrounding tissue compartment are shown in 6.
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Controlled nutrient delivery:

Static culture systems use relatively large volumes of nutrient-rich media to keep the
tissue alive. The culture media must be removed and replenished on a periodic basis to avoid
the deleterious effects of insufficient nutrients and the buildup of cytotoxic metabolic waste

products in the culture dish. This may result in inconsistent delivery of nutrients and removal of

waste to the tissue.34 The rate of delivery in vivo of nutrients, oxygen, and other soluble factors

to cells is variable, and dependent upon a variety of environmental and physiological factors,
such as stress, exercise, and diet.#1:42 The rate of nutrient delivery fluctuates following the
ingestion of meals. 43 Microfluidic perfusion offers the ability to control the rate of nutrient

delivery and create a defined microenvironment.2° The desired rate of delivery of soluble

factors may be periodic, as in the case of modeling reproductive hormonal regulation, or

constant, such as delivery of nutrients to cells.** For the latter cases, microfluidic technologies
provide continuous media perfusion, ideally leading to a more consistent media composition,
and thereby a more consistent delivery of nutrients and removal of waste from the tissue (Fig.

7).22,34
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Fig. 7 Stylized representation of the varying nutrient
concentration available to tissue or cells in static
culture, compared to the constant media composition
achievable through perfusion.

A recent example of the potential of microfluidic systems to enable analyses of a

complex tissue construct was the demonstration of a model of human reproductive function.2

A combination of murine and human reproductive tissues were maintained ex vivo for 28 days,
and effectively modeled the human menstrual cycle. The system consists of five culture
chambers connected by microfluidic channels and electro- magnetically actuated micro-pumps
to drive media flow and physiological hormones throughout connected chambers (Fig. 8). The
microfluidic platform enabled the co-culture of ovary, fallopian tube, uterus, cervix and liver
explant tissue in series, and allowed for hormonal and cellular communication to occur between

the tissue chambers. Here, DT and D)\ are the diffusion coefficients of oxygen within tissue and
culture medium, respectively; Cmax is the maximum possible concentration of oxygen in the
media; and pQ (cell density multiplied by average cellular oxygen consumption) is an estimate

of oxygen consumption by the tissue. For the parameters associated with tumorous tissue in

static culture, the critical diameter was calculated to be 424 pm.3 The theoretical critical

diffusive diameter will vary depending on the shape and type of tissue being cultured.
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Fig. 8 Schematic representation and image of the five-tissue micro- fluidic culturing platform.
The tissue modules (T1-T5) are fed fresh me- dia from the donor module (DO) via
electromagnetic micro-pumps. The tissue modules are connected fluidically to enable tissue-
to-tissue communication. Adapted with permission from ref. 21, licensed under CC BY.

Based on experimental evidence, diffusive limitations are mitigated in tissue that is maintained

no thicker than 250 ym with a vibrating microtome. 18:30 These organotypic slice models
maintain their respective tissues in physiologically relevant environments for limited time frames

(e.g., up to 6 days for murine intestine) and for many tissues, the 250 ym limit works reasonably

for maintaining sufficient three- dimensional physical microenvironment. 18 However, due to the
limited thickness of the slices, diffusion of natural chemicals and mechanical cues in differential
physiological compartments that exist within tissues in vivo can be disrupted ex vivo. Gradients
formed by oriented diffusion of critical signaling molecules guide cellular movement or growth

and differentiation; and disruption of these gradients can alter cell interactions and tissue

physiology.27’31 32 f the tissue of interest contains spatial boundaries, limited thick- nesses

may make it difficult to obtain slices with a full representation of cellular diversity. For example,

mature ovarian follicles (from mice) are difficult to fit within 250 pm thick slices.33 Microfluidic
approaches automatically offer a potential method for combatting waste buildup, and nutrient

deficiencies that might otherwise be problematic for experimental needs at longer time points.34
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The continuous perfusion of media across the surface(s) of an explant increases the

efficiency of nutrient and waste transport to and from the tissue, respectively.“—”%_38 This

improvement in efficiency is equivalent to an increase in the media diffusion coefficient term

(DM) in the mathematical ex- pression shown above in eqn (2).3’39 A larger media diffusion
coefficient results in an increase in the maximum steady state depth of oxygen penetration (Rg)
into the tissue. Finite element analysis was performed using FEMLAB 2.2 software to simulate

oxygenated media perfusion through 100 um diameter circular channels at low (490 ym 3_1)

and high (1.35 mm 3_1) velocity.40 The resulting concentration profiles of oxygen diffusing into

the surrounding tissue compartment are shown in Fig. 6.

&
- Tissue Chamber ——— tj
& / -

e~ <

200um|

Channels

Fig. 9 Device designs for spatially resolved reagent delivery to lymph node (panel A) and retinal
tissue (B). Panel A adapted from ref. 8 with permission from the Royal Society of Chemistry. Panel B
adapted from ref. 5 with permission of Springer.

Spatially-controlled reagent delivery:

Microfluidic techniques have been used to study local cellular signaling within ex vivo tissue

cultures. In a traditional static culture, drugs and reagents can be introduced in a global media
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change or perhaps with the spatial precision of a local pipette application or even a slow release
source place in the dish. Microfluidic flow has the potential to provide spatially- controlled
reagent administration and spatially-resolved sampling of tissue responses, making it easier to
study local cellular mechanisms and responses. Development of these techniques can be
particularly useful in understanding the physiology of tissues that are structured into discrete
cellular units, defined by spatial boundaries. For example, lymph nodes are organized into
distinct regions, with small B-cell zones in the periphery, surrounding larger, centralized T-cell

zones; and infections, vaccinations and drug delivery are believed to elicit a differential immune

response based on regional stimulation.8:4° To investigate response differences in lymph

nodes with regional specificity, a microfluidic plat- form was recently developed to stimulate and

monitor discrete zones of live lymphoid tissue.8 Murine lymph nodes were removed and sliced
on a vibrating microtome to a thick- ness of 300 um. Each slice was cultured in a multi-layered
PDMS device with 80 um ports spaced underneath the tissue slice (Fig. 9A). A fluorescently-
labelled mock therapeutic glucose conjugated to bovine serum albumin was driven through
microfluidic channels aligned to the ports, and glucose- facilitated uptake was monitored in real
time. The small ports restricted the uptake of the fluorescent molecule to a 200-300 um region
of tissue, providing sufficient resolution to specifically target lymph node regions in future

studies.

Microfluidic spatial control over reagent delivery has been used to observe microglia

migration in live murine retinas.® Excised retinas cultured in a tissue chamber were gently
suctioned onto a thin PDMS layer containing molded micro- fluidic channels and regularly
spaced 100 ym access ports (Fig. 9B). Small amounts of lipopolysaccharide, an inflammatory
component of bacterial cell walls, delivered selectively through 100 um ports was shown to

induce microglia that were in the retinal slices to migrate to the microfluidic access points. The
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local nature of the stimulation and the response demonstrates the ability to create
microenvironments in discrete regions of ex vivo tissue, while simultaneously allowing for on-
chip microscope detection of cell migration. The use of microfluidic ports could allow research

teams to vary conditions (i.e. drug dosage) over spatially defined regions of a single explant,

reducing the amount of tissue needed for experimental analysis.46’47 Development of this
technique would be particularly useful for situations in which tissue samples are scarce, for
example testing drugs on human biopsies. The utility of such techniques would depend on the
rapidness of the tissue response and the immediacy of detection of the analyte of interest. For
example, it would be rea- sonable to stimulate norepinephrine release across adrenal tissue in a

spatially defined manner, and measure the bio- chemical concentration in real-time using an

electrode array.47 However, it might not be reasonable to compare end- point cellular viability

using this experimental design.
High throughput assays:

Static cell cultures win the day for high throughput. Robotic pipetting systems and
uniformity of cells that can be handled in large batches provide expediency. The independence
of sample handling provides shelter from cross contamination and the power of endless
replicates. The win, however, comes at the price of cellular complexity and model validity. This
limits the translation of cell culture into an accurate use for drug screening in the pharmaceutical
and diagnostic industries. For the single cell based approaches, microfluidics may not provide a
meaningful advantage because for each of 1 million wells with cells you would need 2 lines of
fluid flow (in and out) and they might not provide appreciably more in- formation. Additional

value is provided when you consider cell-based systems that are multi-cellular.
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Ex vivo organotypic tissue will not replace cell culture for mass screening of toxicity and
drug interactions. The smaller number of matching tissue samples that can be processed comes
with the opportunity to gather a richer pipeline of data provided by more complex cellular
interactions. Microfluidic systems augment the value of organotypic tissue because it provides
for temporal resolution of physiological changes. In this respect, the capability to culture multiple
tissue samples in parallel is still important. Implicit in this complexity is a large number of
biological variables; many that vary from tis- sue source to tissue source. With a sufficient

number of replicates, otherwise subtle biological differences can be uncovered.

The supply of healthy (or diseased) tissue is a limiting fac- tor for the number of replicate
samples that can be cultured for any given experiment. Acquiring viable excised human tis- sue
often requires proximity and access to major healthcare centers and for tissue only from 1
patient at a time. For ani- mal tissues the labor-intensive process required to culture may limit
the number of animals in any one preparation period. To maximize data efficiency microfluidic
techniques should be applied to multiple simultaneous experiments on separate small tissue

sections, thereby multiplexing the assay, maximizing the number of replicates given a finite

tissue supply, and minimizing the labor required.48

Fig. 10 High-throughput microfluidic platform for the analysis of microdissected tumor
biopsy tissue. The platform consists of five microfluidic channels (panel A), each lined
with five rectangular biopsy traps (panel B). This enables simultaneous experimentation
on 25 primary tumor sections under 5 different conditions (panel C). Reproduced from
ref. 3 with permission from The Royal Society of Chemistry.

Microfluidic multiplexing strategies have been developed for cultures involving human tumor
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tissue. A recently developed culture system allowed for the parallel culture and chemosensitivity

testing of multiple microdissected tumor biopsies (approximately 400 pm diameter).3 The
microfluidic platform included 5 separate fluidic channels. Rectangular wells on the bottom of
each channel were used to capture and culture individual biopsy tissue sections (Fig. 10). The
authors estimated that 300 microdissected tissue sections could be prepared and loaded onto
the microfluidic platform in less than 6 hours. Validation of the viability of the cells in tu- mor
explants was achieved by labeling dead cells with the DNA binding dye propidium iodide, and
labeling apoptotic cells with Annexin V and 7AAD dyes (PE Annexin V Apoptosis Detection Kit I,
BD Biosciences). On-chip microscopy allowed for real-time tracking of cell death within the
tissue. The multiplexed capabilities of the platform make it appealing for personalized medicine

and for clinical screening of chemotherapeutics.

The standardization of loading tissues into microfluidic devices can also improve the
throughput of ex vivo tissue culture. A multi organ chip (MOC) was developed to simultaneously

culture, in series, human juvenile prepuce skin and single hair follicular units obtained from

human skin samples.22 The MOC contains two tissue compartments linked by microfluidic
channels, and connected to an on-chip micro- pump that simulates peristaltic blood flow. A key
advantage of the MOC design is that standard Transwell® inserts were loaded with tissue
samples, and then rapidly inserted into the microfluidic chip. The ease of use and flexibility
associated with the operation of this culture model system expedites the culturing of multiple
tissue replicates simultaneously, and may facilitate wider utility. Standardization of inserts for
microfluidic culture systems could also make auto- mated readout systems more accessible.
Plate readers for conventional 96-wellplate cultures allow for convenient multiplexed detection
of a variety of assays that could readily mesh “lab on a chip” with microfluidic culture systems.

Due to the decreased diffusional distances associated with micro- fluidic culture, the results of
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chemical assays can be obtained more rapidly than in a conventional culture. 49 For instance, a
biomarker detection device for human cancerous tissue slices decreased immunohistochemical

development from 120 minutes in conventional system to 3.5 minutes in a microfluidic device.49

Present considerations and future challenges:

Choosing the right material:

Choosing a proper material for microfluidic device fabrication is critical when designing
for live tissue. Ideally, fabrication should be easy and cost effective, and the chip material
should be biocompatible with the chosen tissue and support the most physiologically relevant
environment possible. The contributions of material properties upon live tissue physiology and
possibly even media composition are hard to define and quantify, but understanding these

properties is crucial to obtain repeatable and translatable results.

Novel fabrication techniques, from 3D printing to laser ablation, have resulted in a

significant increase in the material options available for microfluidic systems.50 This includes
de- vices fabricated out of thermoplastics such as cyclic olefin co- polymer, polycarbonate, and

polystyrene, collagen based three dimensional-models, and glass devices, among
others.16:91-93 The most commonly used material to fabricate microfluidic devices in

academic laboratories is polydimethylsiloxane (PDMS).54 PDMS is an attractive material due to
the low overhead cost involved, the ease of fabrication, and the elastomeric properties of PDMS
that simplify chip bonding and “world-to-chip” interfaces. The emergence of soft lithography

techniques in conjunction with PDMS molding is considered one of the most important
developments to help launch the microfluidic revolution.12 However, there is evidence that

PDMS may not be suitable for certain in vitro culture application:~‘,.55’56
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PDMS is widely considered a biocompatible plastic; how- ever, biocompatibility can
mean a wide range of things related to cell health, functionality, and absorption of media
components. Past studies have shown that there are no differences in cell death rates for
immortalized cell lines cultured on PDMS versus polystyrene (a common laboratory plastic).

Other studies, however, have observed changes in gene expression and differentiation of cells

cultured on PDMS.96-98 When attempting to model complex biological processes,
physiological measures other than cell death may be needed. A recent study investigated

cellular adhesion and migratory properties of cells on PDMS compared to a glass and

conventional lab plastic substrate (Thermanox®).59 Chick embryonic brain and liver explants

cultured on the PDMS substrate exhibited less cell migration and increased cell adhesion

compared to the other substrates.® Such considerations may significantly impact design
characteristics of cell or tissue culture experiments to investigate cell migration or membrane

dynamics.

Another important consideration in chip design is the diffusivity of the material to
molecules within the culture solution. One significant advantage of using PDMS for cell and

tissue culture systems is that the material readily allows for diffusion of gas, thus simplifying the

process of oxygenating and buffering the culture media.34 On the other hand, the permeability

of PDMS to water vapor can lead to evaporation of small amounts of media out of the system,

potentially leading to altered concentrations of media solutes.®® In some cases where
regulation of oxygen tensions is desired the porosity of PDMS may create problems in the other

direction. PDMS is a porous hydrophobic material that has been shown to rapidly absorb small

molecules and adsorb proteins from contacting fluids.89-61 This can pose a major issue when
culturing tissue on a microfluidic platform as alterations in bio- molecule concentrations in

media/tissue due to adherence to the devices material could alter the tissue physiology or
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response to perturbations such as therapeutic screenings. Plasma and UV treatment of PDMS
has been shown to decrease the hydrophobicity of the material, but these techniques may not
be appropriate for long-term tissue culture, as the plastic may return to the original hydrophobic

state one week after treatment.e’4

Cyclic olefin copolymer (COC) has emerged as a promising alternative to PDMS for the

fabrication of microfluidic culture systems. COC has a high resistance to chemicals, low
permeability to air, and minimal adsorption of small hydro- phobic molecules.?8 The optical

properties of COC give it low autofluorescence and high transparency.62 Difficulties and

expenses associated with COC chip fabrication have discouraged widespread use of COC in
the academic Iaboratory.62 However, novel and inexpensive techniques to prepare master

molds for COC chips have recently been reported.62 A combi- nation of micromilling and hot
embossing was used to create a COC device for the culture of oocytes. A mid-level micro-
milling machine, Protomat S63 (LPKF Laser & Electronics, Garbsen, Germany), was capable of
producing 50 um features. Nonetheless, it is important to note that PDMS is advantageous for
many applications. The ease of fabrication, the ability to incorporate on-chip valves and

micropumps, and the precision and resolution of PDMS chips are currently unmatched in the

academic Iaboratory.63 Fig. 11 provides a qualitative assessment of the advantages and
disadvantages of a selection of materials that can be used to fabricate tissue culture microfluidic

systems.63

As the complexity of the biological systems being modeled increases, so does the
importance of material choice in microfluidic design. For instance, a microfluidic model of
hormonal regulation may be problematic for physiological relevance if a relevant proportion of

steroids are being absorbed out of solution and into the microfluidic device. Re- cent requests
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for applications from the National Institutes of Health (RFA’s) have expressed reservation about
the use of PDMS in microphysiological systems (e.g., RFA-TR-16-017). The material used for
microfluidic chip fabrication should be chosen with care based upon the type of tissues cultured
and the intended experimental results. A full analysis of the mate- rial's impact on the

physiological function of the cultured tis- sue and cells should be taken into account.

Design considerations:

FABRICATION TISSUE CULTURE APPLICATION

Best material available,
widespread methods
Material performs well,
methods rival those of
category 1

Material is limiting but
o novel methods show

promise

Material is limiting
methods are challenging

@@ S @ Inherent material
limitations

Fig. 11 Qualitative comparison of the strengths and weaknesses of common materials
used to fabricate microfluidic culture systems. Each color denotes a particular material.
Reproduced from ref. 63 with permission from The Royal Society of Chemistry.

The principles developed for the design of microfluidic cell-line culture platforms can be
translated to tissue culture applications. Similar methods can be used for channel design, chip-

to- world connections, and the fabrication of tissue culture microfluidic platforms. Quality reviews

are available that detail these techniques.25’64 However, the size and three dimensionality of
tissue samples creates unique design challenges associated with loading samples. In cell-line

derived cultures, cells can be loaded into a microfluidic device by injecting a cell suspension

through a perfusion inlet.2° This method allows the fluidic system to be primed prior to loading
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the cells. A similar technique has been used to load tissue samples, but only when the tissue

sections are smaller than the perfusion channel.3 For larger tis- sue slices and explants, this is

not a viable strategy. One alternative is to load tissue sections onto an insert lined with a semi-

porous membrane (for example a modified Transwell® insert).22 The insert can then be
integrated into the microfluidic chip via a threaded port to form a fluid-tight seal between the

insert and the microfluidic chip.65

Special considerations are required when attempting to model the function of barrier
tissues. To expose two sides of the tissue sample to two different environments, the tissue must
form a seal between two distinct fluids. This has been accomplished through uncomplicated

techniques, such as using petroleum jelly to form a seal around the tissue, or suturing intestinal

tissue to a fluidic port.4’20 Alternatively, sub- atmospheric pressure has been applied through

micro- channels to conform outer surfaces of resected arteries to perfusion channel, and

thereby selectively perfuse the lumen of the vessel.d In certain applications, for example when
targeting spatially-defined regions of a tissue, it is particularly important that tissue samples
remain stationary during culture. Negative pressure, applied by a weak vacuum through micro-

suction channels, has been used to hold excised retinas in place without damaging the tissue.?

Alternatively, collagen overlays work to hold tissue in place in other systems.18’30

There are considerations that are selectively important when designing the geometry of
a tissue perfusion chamber. Cell-lines are often cultured in straight microfluidic channels; in

which each cell positioned transverse to the channel experiences the same laminar flow and

mass transport.64 For tissues in culture this is often not possible, and the perfusion chamber
must be designed to fit the three-dimensional shape of the tissue. A small microfluidic channel

entering a large perfusion chamber may result in unequal flow. The mass transport at the outer
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edges of a large circular chamber can be significantly less than the transport near the center of
the chamber. This could affect the health and function of the tissue. Computational flow

dynamics can be used to predict the extent of mass transport deviations.
Choosing the right media:

From the advent of tissue culture techniques to the present, determining appropriate media for
mammalian tissue culture always has been a challenge. It is important to use culture media that

is optimized for amino acids, fatty acids, sugars, ions, cofactors, and vitamins to keep tissues
viable.B8 Different cell types can have different nutritional requirements, and that makes finding

a universal media more difficult.57 It particularly complicates the choice of media for the culture
of heterogeneous cell populations. For this reason, animal se- rum is often added to basic tissue

culture media. Serum can be derived from a variety of animal sources, but most often is taken

from bovine fetuses (FBS).67 FBS contains a host of undefined hormones, growth factors, and

proteins that can help many cell and tissue types thrive in vitro.68

The use of serum in cell and tissue culture systems is controversial.?8 The properties of

commercial serum are inconsistent from animal to animal, and from lot to lot, and can influence

the phenotype of cells maintained in the media.08 Furthermore, the exact composition of serum

is typically undefined or undisclosed, which runs contrary to the desire to maintain control over

experimental reagents.69 Due to these shortcomings, much effort has been expended on

developing defined serum-free medias for the culture of a variety of different cell and tissue

types.67 Ideally, each medium would deliver the same nutrients and small molecules that the
particular tissue experiences in vivo. This is difficult to achieve when culturing multiple tissue

types in series. There is potential for the development of a relatively “universal” serum free
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medium that can be used to culture a wide range of tissue types. To this point, neurobasal
media (Gibco, Invitrogen) with B27 supplement has been used to maintain tissue viability by one
group without serum for murine brain, pituitary, ovary, adrenal and gastrointestinal

tissues.18’30’33’47’70’71 It has also been used with human intestinal tissue.72

Tissue response to shear stress:

At increasing perfusion velocities, a greater depth of oxygen diffusion can be achieved;

although care must be taken to avoid high flow rates in which cell-damaging shear stress can

develop.25’73 Within the healthy human circulatory system in vivo, endothelial cells that line the

2

blood vessels experience shear stresses ranging from approximately 1 to 6 dyne per cm< in the

2

venous system to 10-70 dyne per cm< in the arterial system.74 Laminar shear stress within this

physiological range has been found to promote certain cytoprotective re- modeling processes in

vascular endothelial cells cultured in vitro.” However, with the exception of certain epithelial-
lined organ systems, such as the gastrointestinal tract, lung, and kidneys, non-endothelial lined

tissues in vivo are only subjected to extremely low interstitial shear forces (<0.1 dyne per

cm2).76 For tissues that do not normally experience significant shear stresses, fluidic shear

2 can influence cell permeability.77 Therefore, tissues

stress greater than 2.5 dyne per cm
cultured ex vivo should be perfused at a flow rate that maximizes the efficiency of nutrient
delivery while minimizing the detrimental effects of shear stress. The introduction of flow at an
appropriate velocity can help prevent nutrient and oxy- gen deprivation within the core of
cultured tissue, and enable explants with thicknesses greater than 250 ym to remain viable for

longer periods of time in culture. Greater detail on determining the proper perfusion rate are

available.64
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Oxygen control:

Oxygen availability in vivo varies significantly depending on the tissue of interest, and is
a concern for generating physio- logically relevant in vitro models. In addition, oxygen tensions
can vary within single organs, such as in the intes-tines78. Many static culture systems of the

past 50+ years used either ~20% (150 mm Hg) or 95% oxygen (720 mm Hg) concentration

media.”® Similar dissolved oxygen concentrations in media are observed within microfluidic

culture systems, and while these systems often maintain cells alive and functional, they may

provide an incomplete view of cell functions in vivo. 19 Mimicking oxygen tensions seen in vivo is

important as tissue immune responses depend on them; as do cellular signaling mechanisms,

cell proliferation, and health of the tissue.go_82

Where oxygen gradients exist across tissues such as for barrier tissues (e.g. intestine,
uterus), the recreation of oxygen gradients in vitro can be challenging. In the intestines, as you

move from the luminal to serosal aspects of the gut wall, the pO2 varies between ~10

(physiological hypoxia) and ~35 mm Hg (~5% O2) respectively.83 A microfluidic platform

developed to investigate microbial-intestinal interactions modeled this oxygen gradient across a

Caco-2 cell monolayer.16 Oxygen was precisely measured in real-time on both sides of a cell
layer via optical spot sensors (PreSens). A near anoxic environment of less than 6 mm Hg pO2
was maintained on the apical side of the cell layer by continuously bubbling N2 gas through the

circulating media, and a near physiological pO2 of 41 mmHg was achieved on the basolateral

side by the simultaneous perfusion of oxygenated media.1® The relevance of establishing in
vivo-like oxygen environments is highlighted when trying to incorporate bacteria into tissue
models. Non-physiological concentrations of oxygen may kill some bacteria depending on their

metabolic demands and alter the function and metabolism of facultative and obligate anaerobes
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alike, possibly leading to confounding results.84 It is important to note that while near-

physiological oxygen conditions were established on the two sides of the cell layer, the oxygen

tension experienced by the cells would still have differed from physiological conditions. 16 In
vivo, the oxygen gradient from lumen to serosa would occur over the full thick- ness of the

tissue comprised of many cell layers thick, rather than a single cell layer.

Day 0

Qay 12

500 um
Fig. 12 Time series of micrographs demonstrating the sprouting of
HUVECs cultured in adjacent microfluidic channels (green
fluorescence). At day 9, engineered microvessels had anastomosed
with HUVEC derived vessel-like structures within the organoid (red
fluorescence). Reproduced from ref. 85 with permission from The
Royal Society of Chemistry.

Vascularization of organotypic tissue:

One solution to mimic in vivo oxygen tensions would be to perfuse native vasculature
within tissue, ex vivo. This has not been accomplished using primary tissues, but there is

emerging research in the field of tissue engineering that demonstrates that microfluidic

technology may make vascular perfusion ex vivo possible in the future.89:88 |n a recent study
immortalized fibroblasts and human dermal microvascular endothelial cells (HDMECs) were

seeded into channels located underneath a media reservoir to culture cancerous spheroids.86

The media reservoir was connected to the fibro- blast and HDMEC channels by micropores 200

um in diameter. After 5 days of culture, the HDMECSs sprouted and formed a microvessel
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network. The network of microvessels formed tight walls, and could be perfused with media

selectively, potentially allowing for a more physiologically accurate perfusion of the spheroid.

It may be possible to connect an engineered microvessel network to existing vasculature
within primary tissue. A microfluidic chip, similar in design and concept to the one mentioned
above, was used to engineer a network of perfuseable microvessels adjacent to a culturing

spheroid composed of human lung fibroblasts (HLF) and human umbilical vein endothelial cells

(HUVECs).85 After 9 days in culture, the group observed angiogenic sprouts from the
engineered microvessels with connections to vessel-like structures within spheroids (Fig. 12).
Chip-based perfuseable net- works may one day allow for more physiological perfusion of tissue
ex vivo. However, further development must be done to determine how connections can be
made from an engineered microvascular network to mature vasculature within tissues.
Functionality of native vasculature in tissues ex vivo needs to be determined. Capillary-like
structures have been maintained in brain slices for up to 14 days in culture, but the results have

not indicated whether the capillary-like structures remain viable.87

In mammals, oxygen is carried through the body attached to hemoglobin. Hemoglobin

effectively increases the solubility of oxygen within blood and improves the efficiency of oxygen
exchange from the lungs to other tissues.82 Oxygen carrier molecules, however, are absent

from the media in microfluidic and conventional tissue model systems.82 Oxygen delivery to
cells is instead accomplished through simple diffusion from the media through the tissue, which
is not physiologically accurate. More work is needed to develop artificial oxygen carriers that
mimic the function of hemoglobin in vitro. This would be particularly useful in thicker tissue
culture systems when oxygen transport is needed over multiple cell layers. Realization of such

technology would allow microfluidic culture systems to better mimic in vivo oxygen transport.
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Other means of measuring and controlling oxygen have been developed. A recent in-depth
review offers a de- tailed look at the strategies used and challenges in implementing oxygen

control in microfluidic devices.82

On-chip tissue validation:

As microfluidic models become more common in the laboratory, developing proper
standardized on-chip validation of tissue health and functionality are important for characterizing
and comparing biological results. This is particularly true for microfluidic models involving the
culture of human tissue ex vivo, in which tissue injury and/or suboptimal timing during

processing may occur. In one study, less than 1% of total gene expression had changed in

excised prostate tissue one hour after surgery.88 However, more pronounced physiological

changes have been noted post-surgery in excised human tissue, and validation strategies

should account for this possibility.89 There is no single validation method that fits all tis- sue
types or microfluidic designs, making standardization of validation methodologies difficult.
Validation strategies are needed based upon the applicable parameters for each tissue of

choice. For instance, quantifying epithelial cell proliferation rates is an accepted and commonly

used methodology for measuring intestinal tissue health.18:90,91 This same measure may be
less sensitive when looking at brain-on-a-chip models, because cell turnover is spatially and

temporally more complex compared to intestinal tissue. Quantifying cell death on the other

hand, in brain-on-chip models provides a more universal indicator for assessing tissue health.92
If a system maintains the 3D structure of the tissue in question, the anatomical context may help
determine if the observed chemical markers and rates are consistent with in vivo

physiology.&18
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Measures of tissue function need to be validated, depending on the physiological
process that is being modeled. For example, if a system is designed to model and quantify
transport across barrier tissues, it becomes important to verify the integrity of tight junctions that
comprise the barrier. There are several ways to approach the question. One approach could be

assessing tight junction viability through the quantification of tight-junction protein expression.16

Measuring the transepithelial resistance (TEER) across a tissue barrier is another acceptable

option for evaluation in real-time.93 Another might be monitoring the passage of a labeled
compound (e.g., by fluorescence or a radiolabeled tracer such as mannitol). These measures
would be less useful in non-barrier tissues illustrating the need to validate tis- sue functions that

are relevant to the experimental model.

Tissue validation should include comparisons to an appropriate baseline as well as
appropriate controls. The answer to the question of ‘what constitutes functional and viable
tissue?’ may not be simple, and depends on the tissue being studied and the context of the
experiment. Simple measures of cell health that only quantify cell death and proliferation may be
insufficient. These measures, by themselves, are not robust indicators of biological validity or
physiological relevance, particularly when the aim of the model is to represent a complex organ
system. Additionally, markers of tissue integrity are often compared to past in vitro studies.
While this may have some value, in vitro markers of viability ideally should be compared to rates
derived from in vivo observation. Creating controls may be as simple as including parallel
microfluidic devices during studies when sufficient tissue is available but may also require more
creative methods with tissue supplies are limited. The value of all ex vivo systems will be in their

predictive validity for events that occur in vivo.

Conclusions:
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Collaboration between engineers and biologists will be key moving forward to design
microfluidic devices of the future. Such devices will maintain physiologically relevant
environments, while still offering cost effective and time-efficient de- vice generation. The
accuracy of models for in vivo physiology is important for designing organ-on-chip microfluidic
devices with heuristic value. For commercialization, it would helpful for models to be scalable
and offer high throughput results. Scalability for organotypic systems presents a challenge, but
one that can be overcome with advances in device technologies, and further understanding of

the physiological de- mands for tissue-on-chip.

Further utilization of microfluidic technologies and optimization of organ/tissue
physiology ex vivo will no doubt yield more relevant tissue models than static culture systems.
Controlling for the myriad variables in tissue viability, cell- cell interactions, and extracellular
matrix and signaling molecules will be an important challenge. The microfluidic designs of the
future will likely improve the efficacy of micro- fluidic models for applications such as drug

development and personalized medicine.

A recent survey shows that approximately 90% of all drugs entering clinical trials are not
approved.g4 Estimates for the cost of bringing a drug to market have risen to $2.6 billion

dollars.94 A significant portion of this cost is attributed to the high rate of rejection for drugs that
were identified as viable candidates through high-throughput cell culture screening and in vivo
animal research. Rejection is often due to unforeseen toxicity, unintended interactions, or lack of
efficacy. It has become evident that the current methodologies for pre-clinical research is
insufficient and do not accurately capture the complexity of heterogeneous cellular interactions
that occur within the human body. Cell-line based assays and in vivo animal testing will continue
to serve an essential role in drug development. Ex vivo tissue culture systems can provide

supplementary techniques for intermediate test-beds between preclinical and clinical testing.
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Adapting microfluidic technology to tissue culture systems will make them more accurate,
useful, and attractive for the testing of mechanisms and translation to the pharmaceutical

industry and clinical settings.
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CHAPTER 4 — A MICROFLUIDIC ORGANOTYPIC DEVICE FOR CULTURE OF MAMMALIAN
INTESTINES EX VIVO*

Overview:

The physiological characteristics of the gastrointestinal (Gl) tract are diverse and include
rapid rates of epithelial turnover, complex nervous and immune systems, a thick mucus layer,
and a large microbial population. Most Gl models in vitro rely upon cell lines or organoids and
consequently lack the diversity of cells and microorganisms present in vivo. In vivo studies
retain function and cellular diversity but are more difficult to control. Microfluidic tissue-on-a-
chip devices provide powerful alternatives for modeling physiological systems. Such devices
show promise for use in Gl research; however, most models use non-physiologic culture
environments with higher than in vivo oxygen levels and insufficient gut microbiota. Our goal is
to create a bridge between in vitro and in vivo using microfluidic devices by incorporating ex vivo
tissue explants in physiologically relevant environments. Here, we report a microfluidic
organotypic device (MOD) that enables media flow with differential oxygen concentrations
across luminal and muscular surfaces of gut tissue ex vivo. Tissue was shown to be viable for
72 h and lowering oxygen concentration to a more physiologic level impacted bacterial

populations.

Introduction:

Intestinal tissue is composed of a complex network of epithelial, neural, immune,
muscular, and vascular components.’ Bacteria that inhabit the intestinal lumen are major
contributors to maintaining intestinal homeostasis. An imbalance in microbial communities

(dysbiosis) is associated with a variety of local tissue diseases such as inflammatory bowel

4Richardson A, Schwerdtfeger LA, Eaton D, McLean |, Henry CS, Tobet SA. A microfluidic organotypic device for
culture of mammalian intestines ex vivo. Analytical Methods. 2020;12,297-303.
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(IBD) and celiac disease.>® More globally, dysbiosis influences disorders ranging from
cardiovascular disease to brain function.*® For in vitro and ex vivo intestinal models, cellular
diversity and recapitulation of the in vivo environment is paramount to better understanding the
relationship between dysbiosis and disease. For instance, bacterial cell products can activate
intestinal neurons, leading to the release of inflammatory cytokines associated with IBD.°
Traditional in vitro cell culture can recapitulate some aspects of intestinal physiology and is
useful for high throughput screening, but these models often rely upon cell monolayers to
represent the intestinal barrier. Cell monolayers lack the in vivo cellular diversity from both a
mammalian host and bacterial perspective and do not accurately represent the three-
dimensional architecture of the intestinal wall.”® Three-dimensional intestinal organoids
overcome some of these limitations by integrating multiple epithelial cell subtypes and exhibiting
villus/crypt organization, but they are generally missing the neural, immune, and muscular
components of the gut wall.?*

Improving upon static transwell models, ‘gut-on-a-chip’ microfluidic devices have been
developed that allow media to be continuously perfused across opposing sides of a cell-seeded
porous membrane representing the intestinal epithelial barrier.'®"®* The incorporation of
microfluidics in these devices improves cellular viability and longevity, constantly removes toxic
cellular waste, and allows for controlled nutrient delivery." Recently, microbes have been
incorporated into some in vitro microfluidic intestinal models by generating an oxygen gradient
between microfluidic channels.’ "

Organotypic intestinal culture models are an attractive middle ground between in vitro
and in vivo systems because they include the three-dimensional architecture of the gut wall
while still providing easily controllable experimental parameters.?® Ex vivo models of various
tissues have been successfully used in microfluidic devices previously.?"? Ex vivo models,

however, are generally low-throughput compared to cell-monolayer cultures and many have
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limited long-term tissue viability.®? The Ussing chamber is a well-established ex vivo model for
studying trans-epithelial drug, nutrient, and ion transport. While the Ussing chamber is valuable
for pharmacokinetic/pharmacodynamic studies, viable epithelial tissue can only be maintained

for several hours,?"%

making these models inappropriate for long-term host tissue-microbiome
interaction studies.?® In this report, we describe the design and testing of a microfluidic
organotypic device (MOD) for use with mammalian intestinal explants ex vivo. The MOD houses
full-thickness mouse intestinal tissue, including muscular, neural, immune, and epithelial

components. The MOD system was used to maintain mouse intestinal explants for 72 h and

showed differential bacterial growth as a function of oxygen concentration.

Methods:

Device prototypes were designed in SolidWorks (Dassault Systemes, Waltham, MA) and
3D printed with a Form 2 SLA printer (Formlabs, Somerville, MA). Once a final device design
was established, the MOD was manufactured via injection molding (Applied Medical, Rancho
Santa Margarita, CA) using cyclic olefin copolymer (COC; TOPAS Grade 8007) as material. All
devices used during tissue testing were injection molded. Injection molding was chosen over
other microfluidic device manufacturing methods because of its reproducibility and potential for
large-scale manufacturing.®® COC was chosen because of its biocompatibility, high chemical

resistance, low oxygen permeability, and excellent optical properties.®'*?
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Figure 13. Schematic illustration of the MOD design and
maintenance of tissue explants ex vivo. (A) an exploded model of
the MOD system showing luminal (red) and serosal (blue) flow
paths. (B)image of mouse colon explant inside the MOD. (C)
image of colon explant tissue at Oh ex vivo through the viewing
window. (D) image of different colon explant tissue at 72 h ex vivo
through viewing window. Scale bars in C and D are 2 mm.

The MOD (Figure 13A) consists of three COC layers separated by polyurethane gaskets
(PORON® AquaPro™, Rogers Corporation, Chandler, AZ); the gaskets define independent
fluidic channels (10 mm wide, 1.1 mm deep, ~ 50 mm long, ~ 450 pL). Intestinal tissue is
housed in the middle layer such that the mucosa and serosa face independent channels. The
edge of the tissue is supported by a thin lip molded into the middle layer, eliminating the need
for a porous membrane. The top layer was designed with integrated snap-fit fasteners for rapid,
reversible assembly (Video S1), which is crucial to minimizing the time tissue explants are
without media. Unlike other fasteners, snap-fit fasteners can be injection molded and enable
consistent assembly regardless of the user. Both the top and bottom layers contain threaded
inlet and outlet ports that connect to 10-32 PEEK finger-tight fittings (IDEX Health & Science,
LLC, Oak Harbor, WA). Rubber O-rings were installed at the base of each port to ensure airtight

leakproof connections (IDEX Health & Science, LLC, Oak Harbor, WA). Glass coverslips (VWR,
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Radnor, PA) were fixed on the top and bottom layers using cyanoacrylate glue (Krazy Glue,
Elmers Products, High Point, NC) directly above the tissue to enable on-chip imaging and tissue
visualization (VWR, Radnor, PA). Quick setting epoxy was applied around the edges of the
coverslips to further prevent leakage and the top and bottom layers were placed in a 65° C oven
for 15 min.

As a first step in instrumenting the device, oxygen sensor spots (OptiEnz, Fort Collins,
CO) were adhered to the inner surface of the top layer downstream of the tissue chamber. The
sensor’s response was measured at two dissolved oxygen concentrations (DOC) using an
external fiber optic probe (OptiEnz, Fort Collins, CO) to allow for the estimation of real-time
DOC using the Stern-Volmer relationship:

TT_°=1+K5V[02] , (1)
where 719 is the luminescent decay time in the absence of oxygen, 1 is the luminescent decay
time in the presence of oxygen, Ksv is the Stern-Volmer constant, and [O,] is the oxygen
concentration. Fluorescence of an oxygen-sensitive compound on the sensor spot is quenched
in the presence of oxygen, leading to a reduction in luminescent decay time.>*

After assembly, each device was tested for failure modes, sterilized, and placed in a
sterile environment until use. All fittings, ferrules, and tubing were submerged in diluted (1:10)
bleach for 10 min, rinsed thoroughly with DI water, placed in a soapy water bath and vigorously
scrubbed. After a second DI water rinse, the components and devices were submerged in a
70% ethanol solution containing 0.1% benzalkonium chloride for 30 min and rinsed with sterile
water. Lastly, all other components including the gaskets and collection tubes were autoclaved
at 120°C for 25 min. The devices could not be autoclaved due to COC’s glass transition
temperature of 78°C. Culture media was composed of CTS Neurobasal-A Medium (Thermo

Fisher Scientific, Waltham, MA), 5% (v/v) 1M HEPES Buffer (Sigma Aldrich, St. Louis, MO), 2%
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(v/v) B-27 Supplement (Thermo Fisher Scientific, Waltham, WA) and supplemented with 10 uM
Nicardipine (Sigma Aldrich, St. Louis, MO), an L-type calcium ion channel blocker, that has
previously been shown to block intestinal contractions ex vivo, a necessity when culturing
intestinal tissue slices beyond 48 h.*® For each device, two syringes were filled with media (one
containing 99.3 pM fluorescein), connected to NE-300 syringe pumps (New Era Pump Systems
Inc., Farmingdale, NY) and equilibrated in a 37°C incubator prior to experiments to remove any
air bubbles formed by the expansion of dissolved gasses in the media. Mouse tissue was
prepared as previously described® from mice approved under the Colorado State University
IACUC protocol 17-720(A). Briefly, adult mice were sacrificed and the intestines were removed
and placed in 4° C 1X Krebs buffer (in mM: 126 NaCl, 2.5 KCl, 2.5 CaCl,, 1.2 NaH2PO4, 1.2
MgCl,), and cut longitudinally along the mesenteric border to open the intestinal lumen and form
a flat sheet of tissue. Tissue was free-hand dissected to form slices with a diameter of ~5 mm
and placed in the center of the middle device layer. Cyanoacrylate glue was applied around the
perimeter of the tissue to fill gaps between the tissue and plastic. While cyanoacrylate glue has
been reported to be cytotoxic,*® we only observed higher than expected levels of cell death
where the glue directly contacted the tissue. After securing the tissue in the middle device
layer, the device was quickly assembled by stacking successive layers separated by the
gaskets and snapping them together. The devices were placed in a 37° C incubator, connected
to syringes, and purged with media at a flow rate of 2.5 mL/hr. Media containing fluorescein was
perfused through the luminal channel while media without fluorescein was perfused through the
serosa facing channel. Once effluent media reached the collection tubes, the flow rate was
reduced to 250 pL/hr for the remainder of the experiments to provide low shear stress across
the tissue. Collection tubes were changed every 10 h and immediately stored at -80°C. At the
conclusion of experiments, tissue explants were removed from the devices and placed in media

containing Ethidium Homodimer Il (EtHD; Biotium, Hayward, CA) at a concentration of 2.5 yM
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to evaluate cell death. After 30 min of incubation with EtHD, tissue explants were washed three
times with culture media and fixed in 4% formaldehyde for a minimum of 8 h. Fixed tissue was
washed with, and stored in, cold 0.05 M PBS until further analysis.

Fixed explants were sectioned at 50 um thick on a vibrating microtome (VT1000s, Leica
Microsystems, Wetzlar, Germany) before mounting on glass microscope slides. Imaging was
performed on a Nikon TE2000-U inverted microscope (20x Plan-Apo objective) with a UniBlitz
shutter system (Vincent Associates, Rochester, NY) and an Orca-flash 4.0 LT camera
(Hamamatsu, Hamamatsu City, Shizuoka Prefecture, Japan).

Fluorescein quantities contained in culture media effluents were analyzed using an
Epoch Gen5 Microplate Spectrophotometer (BioTek, Winooski, VT) with a wavelength of 488
nm. Absorbance was quantified in effluent media from both channels in 10 h increments, with
hour 0 representing initial placement of explants into devices. Background signal from phenol

red, a component of CTS Neurobasal Medium, was removed.

Results and Discussion:

Mouse colon explants were cultured in the MOD for up to 72 h ex vivo (in both low and
ambient mucosal DOC) maintaining healthy, intact tissue, as marked by patterned rows of
colonic crypts, with interspersed lamina propria and stereotypic arrangement of intestinal
submucosal and muscular layers (Figure 14A, B, C). Minimal cell death was shown across Oh —
72h ex vivo (Figure 14D, E, F), indicated by labelling with EtHD. As expected, some EtHD was
observed at the apical most epithelium, but not at the base of colonic crypts. Stem/progenitor
cells at the base of colonic crypts proliferate and progeny migrate along the length of the crypt,
towards the luminal aspect, before undergoing apoptosis and sloughing off into the intestinal
lumen.®” This cycle is continuously repeated to regenerate a new epithelium every 2-3 days in

the mouse.® Minimal cell death observed throughout our explants during ex vivo culture,
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coupled with the EtHD signal at the apical most aspect of the crypt, points towards healthy
tissue undergoing normal epithelial turnover. While others have maintained mammalian
intestines in microfluidic devices for up to 72 h,*® evidence of tissue health was minimal. Another

concern in many systems's 3941

is that serum-containing media with supplemented antibiotics
was used to culture the tissue. A key advantage of the MOD is that we have maintained tissue
in serum-free media, without antibiotics, and enables controlled substance delivery to the tissue

as well as studying the role of bacteria on tissue health and physiology.

Figure 14. Tissue health was maintained for 72 h ex vivo in MOD in both
ambient and low oxygen conditions. Brightfield images in A-C demonstrate
patterned rows of colonic crypts, and stereotypic anatomical arrangement
of gut wall musculature and submucosa at Oh (A), 72 h in ambient oxygen
(B) and 72 h in low oxygen (C). Fluorescent images in D-F demonstrate
EtHD labelling in colonic explants, with stereotypic signal observed at
apical most aspect of colonic crypts (arrows) at Oh (D), 72 h in ambient
oxygen (E) and 72h in low oxygen (F). ‘L’ denotes intestinal lumen, ‘m’
indicates mucosa, ‘sm’ submucosa, and ‘me’ muscularis externa. Scale
bars in A and B are 100 uym, scale bar in C is 50 ym, and scale bars in D-F
are 25 um.
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Figure 15. Media was separated across
channels as marked by fluorescein
absorbance in effluent media. Mean
absorbance (A.U.) at 488 nm wavelength
demonstrates significantly more fluorescein
presence in mucosal (circular points) effluents
compared to serosal (square points) (P <
0.001). No significant differences were
observed across time in either the mucosal (P
> 0.20) or serosal (P > 0.45) effluents. All
statistical analyses were performed using a
one-way ANOVA with a = .05. Representative
images show visible green color from
fluorescein in mucosal (m) effluent compared
to serosal (s) effluent.

In addition to maintaining viable tissue for 72 h, media was separated in independent
microfluidic channels facing the mucosal and serosal sides of the tissue. Mean (+/- standard
deviation) absorbance across all time points for luminal effluents was 0.11 +/- 0.03 and 0.00 +/-
0.02 for serosal effluents, indicating that media did not cross channels throughout the duration
of the experiments (Figure 15). One potential concern is that fluorescein leakage could be
diluted by the fluid flow, under the spectrophotometer’s detection limit. Since fluorescein and
fluorescein-isothiocyanate are commonly used to assess barrier permeability in vivo*? and in
vitro,*® any leakage below the detection limit is not biologically significant as an indication of
barrier disruption. If media had crossed through the tissue, absorbance values would have
increased substantially in the serosal effluent due to transfer or leakage of fluorescein across
the tissue. The verification of media separation is a critical indicator that the gut wall tissue

retained one of its most essential features ex vivo, that of a physical barrier with tight junctions
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between cells. This helps ensure that pathogens, pharmaceuticals, and other compounds of
interest for study ex vivo can only access tissue physiology by going through normal cellular
processes (e.g., active transport, diffusion, cellular transfer). By comparison, in most organ-on-
a-chip devices, a barrier is formed by a confluent cell monolayer without the underlying cellular

diversity needed to understand intestinal physiology.

Figure 16. Microbiota were maintained in MOD, and more bacteria
were visible in an explant cultured in lower oxygen conditions.
Baseline bacterial levels are shown at Oh ex vivo via hexidium
iodide (7.05 uM) fluorescence in red (A), signifying Gram-positive
bacteria, and SYTO9 (5.01 yM) fluorescence in green (A’),
signifying Gram-negative bacteria. Gram stain fluorescence was
noticeably higher in tissue cultured in lowered oxygen conditions
(B-B’; 3 mmHg) when compared to tissue cultured in ambient
oxygen (C-C’; 100 mmHg) containing media. Arrows in A’, B’ and
C’ denote a single colonic crypt. Scale bars in all panels are 100

The MOD enabled recapitulation of the in vivo oxygen gradient across the epithelial

layer. DOC in the luminal channel were maintained at 3.0 +/- 0.38 mmHg for 48 h using 0.5 M
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sodium sulfite. In vivo intraluminal oxygen concentrations at the mucosal interface are nearly
anoxic.** Perfusion of low oxygen-containing media within the luminal microfluidic channel
increased bacterial presence on the tissue’s mucosal surface compared to tissue perfused with
media at ambient oxygen levels (~ 100 mmHg), as marked by fluorescent gram stain® (Figure
16A-F). Increases were most notable for gram-negative bacteria. Increased bacterial presence
in a low oxygen environment was expected since many bacteria in the colon are anaerobic.*
Therefore, recapitulation of the in vivo oxygen gradient is vital to studying host tissue
interactions with a more diverse, physiologically relevant bacterial community. It is also
important to note that these experiments are proof-of-principle. Quantifying specific bacteria and
overall bacteria concentrations will be the focus of future reports.

Microfluidics provide a mechanism of tissue perfusion ex vivo that should allow for
healthier tissue over longer periods.' Previous ex vivo systems such as intestinal organotypic
slices maintained tissue for 6 days, but without a true luminal barrier.>> Other methods such as
Ussing chambers maintain full thickness tissues with an intact barrier, but with limited viability
over a few hours.?” Using dual flow microfluidics, the MOD allows for the culture of full
thickness explants with an intact barrier over an extended length of culture (3 days).

Future extensions to the MOD will include developing and integrating optical and/or
electrochemical sensors for analytes relevant to the intestinal environment (i.e. glucose,
lactate). Electrodes can be added to assess transepithelial electrical resistance, which has been
a useful measure of barrier integrity in other systems.'>*¢4” Ultimately, the MOD will be
implemented in long-term microbiome studies to elucidate the relationship among microbial,

epithelial, neuro and immune components of the gut wall in health and disease.

Conclusion:
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In conclusion, a novel ex vivo microfluidic organotypic device was designed and tested.
This system maintains viable polarized murine intestinal explants for 72 h ex vivo and enables a
physiological oxygen gradient to be established between independent microfluidic channels
rendering luminal and vascular compartments. The MOD bridges a substantial gap in current
approaches to modeling barrier tissue as it overcomes several limitations associated with both
in vitro and in vivo models. Due to the culture of full thickness explants, the MOD more closely
recapitulates the in vivo physiology of the gut wall, as tissue explants include the complex
cellular diversity and native tissue structural relationships of the gut wall. The MOD system

offers a novel approach to culturing intestinal tissues with intact luminal barriers.
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CHAPTER 5 — HUMAN COLON FUNCTION EX VIVO: DEPENDENCE ON OXYGEN AND

SENSITIVITY TO ANTIBIOTIC®

Overview:

Background: Human intestines contain a heterogeneous collection of cells that include
immune, neural and epithelial elements interacting in a highly complex physiology that is
challenging to maintain ex vivo. There is an extreme oxygen gradient across the intestinal wall
due in part to microbiota in the lumen and close to the gut wall, which complicates the design of
tissue culture systems. The current study established the use of an organotypic slice model of
human intestinal tissue derived from colonoscopy biopsies to study host-microbial interactions
after antibiotic treatment, and the influence of oxygen concentration on gut wall function.
Methods: Organotypic slices from human colon biopsies collected during routine colonoscopy
provided three-dimensional environments that maintained cellular morphology ex vivo. Biopsy
slices were used to study impacts of oxygen concentrations and antibiotic treatments on
epithelial proliferation rates, and metabolites from tissue culture supernatants.

Results: Immune function was validated via demonstration of a T lymphocyte response to
Salmonella enterica serovar Typhimurium. Following 24 h of Salmonella exposure there was a
significant increase in CD3" T-lymphocytes in biopsy slices. Metabolite profiling of tissue culture
supernatants validated the influence of antibiotic treatment under varied oxygen culture
conditions on both host and microbiome-mediated metabolism. Epithelial health was influenced
by oxygen and antibiotic. Increased epithelial proliferation was measured in lowered oxygen
conditions (1% = 5.9 mmHg) compared to atmospheric conditions standard at 5000 feet above
sea level in Colorado (~17% = 100 mmHg). Antibiotic treatment reduced epithelial proliferation
only in 5.9 mmHg oxygen cultured slices. Conclusions: A human colon organotypic slice model

5 Schwerdtfeger LA, Nealon NJ, Ryan EP, Tobet SA. Human Colon Function Ex Vivo: Dependence on Oxygen and
Sensitivity to Antibiotic. PLoS One. 2019;14(5):e0217170.
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was established for applications ranging from gut epithelial proliferation to enteric pathogen
influence on mucosal immune functions ex vivo. The results further support the need to account
for oxygen concentration in primary tissue cultures, and that antibiotic use impacts gut-microbe-

immune interactions.

Introduction:

Gastrointestinal issues send over 70 million Americans a year to a physician, often due
to complex inflammatory diseases such as ulcerative colitis and Crohn’s disease [1].
Physiological mechanisms underlying these diseases are poorly understood [2]. Teasing apart
the etiology of intestinal pathologies in humans requires the use of in vitro model systems to
mimic in vivo gut physiology. Methods for culturing human colon explants go back over 40
years [3], however there were issues of tissue degradation over time. Difficulties with
maintaining intestinal tissues ex vivo are due in part to the unique physiology of the human

colon, including the oxygen gradient seen across the intestinal wall.

The gastrointestinal tract is a complex multicellular tube with varied cellular composition
based on not only region (e.g. ileum vs ascending colon) but also location within each gut
region. The cellular heterogeneity of the intestine contributes to immunological functions
including pathogen surveillance, antigen presentation, and secretion of pro- and/or anti-
inflammatory cytokines. Lamina propria also contains dense enteric neural cell populations
comprised of enteric glial cells and neuronal fibers [4] with the former having been implicated in
issues ranging from barrier maintenance [5] to Crohn’s disease and ulcerative colitis [6,7].

Adding to the complexity of the colonic wall, the colonic mucosa sits in close proximity to
the microbial communities of the gut. Composed of thousands of distinct species, these

organisms, and in particular the metabolites they produce, play key roles in regulating intestinal
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physiology and homeostasis [8]. Microbial metabolism in the colon is responsible for production
of a wide array of metabolites, offering a measure of the functional output of the microbiome [9].
Short chain fatty acids (e.g., acetate) are among the most common, and are thought to play key
roles in inhibiting pro-inflammatory cytokine production [10]. How microbial derived metabolites
regulate tissue physiology in protective and detrimental manners is an active area of
investigation [11].

While the microbiome is normally commensal, pathogenic bacterial species such as
Salmonella enterica can invade the intestinal mucosa and cause infection [12]. Once inside the
gut wall, Salmonella can cause immune responses through a number of mechanisms, including
Toll-like and NOD receptor signaling. Such signaling leads to activation and expansion of
mucosal T lymphocyte populations [13,14]. In the present study, this Salmonella response was
used to validate the competence of biopsy slices to elicit an immune response in vitro.

A steep oxygen gradient is present across the intestinal wall [15]. The apical mucosa
closest to the lumen maintains in vivo oxygen concentrations of 0.1 — 1% oxygen (~1 -6
mmHg). Climbing rapidly across the intestinal wall, the oxygen concentration is ~6% (~42
mmHg) in the vascularized submucosa. The colonic muscle wall is the most well oxygenated
region, with 7-10% (42 — 71 mmHg) oxygen concentrations [16]. Alterations in this oxygen
gradient can lead to impacts on the composition of the gut microbiome both in vivo [17] and in
vitro [18]. Commensal bacteria can impact mouse intestinal contractions [19] and expression of
genes associated with inflammation and antigen presentation [20]. In addition to oxygen culture
condition, antibiotic exposure (e.g. penicillin-streptomycin) can substantially alter microbiome
composition [21,22] and microbial derived metabolites such as phenyllactate [23].

Several methods that have been employed to maintain human colon tissue in vitro
regularly use explants or immortalized cell culture monolayers (e.g. caco-2) at ambient oxygen

(~120 — 145 mmHg) [24,25,26] or higher (675 mmHg) [5,27] concentrations, in the presence of
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antibiotics. One system recapitulated an oxygen gradient across a caco-2 monolayer culture in
a gut-on-a-chip system using only a subset of bacterial strains instead of native human
microbiome [28]. Influences of varied oxygen culture conditions and antibiotic exposures on
microbially derived metabolites impacting gut immunity and general tissue physiology are
unknown. The current study presents a human colon tissue model system with a
heterogeneous mucosal cellular population at physiologic oxygen tensions, and without
antibiotics. The model maintains epithelial structure, components of the immune system in the
form of T-lymphocytes, and a metabolically active microbiome for up to 3 days ex vivo. The
results demonstrate impacts of oxygen concentration and antibiotic exposure on biopsy slice

epithelial structure, cell turnover rates, and metabolome composition.

Methods:
Biopsy collection:

Healthy adult participants were recruited prior to a routinely scheduled colonoscopy at
Harmony Surgery Center or Poudre Valley Hospital (Fort Collins, CO). For each participant,
colon biopsies of ~6mm diameter were collected from both the right (ascending) and left
(descending) colon using standard biopsy forceps (Figure 17A’), and subsequent slicing (Figure
17A”). In total, biopsies were collected from 31 participants (21 female and 10 male), with
between 10 — 30 slices being generated per biopsy. Mean age of participants was 56.1 +/- 2.8
years for females, and 56.2 +/- 2.3 years for males. Body mass index (BMI) was similar
between sexes, with male mean BMI 28.8 +/- 1.3, and female 27.3 +/- 1.5. Biopsies were
harvested from mucosal tissue, composed of colonic crypts and lamina propria, and did not
penetrate the muscle wall. De-identified biopsies were immediately placed into 1X Krebs buffer
(in mM: NaCl, 126; KClI, 2.5; CaCl., 2.5; NaH2PO4, 1.2; MgClz, 1.2) and maintained on ice for

transport to Colorado State University. For all participants, colon tissue samples had less than
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30 min transit time between collection and processing in the research lab. This project was
approved by the University of Colorado Health Institutional Review Board under IRB #15-6051,

and Colorado State University IRB registration number 00010144.

E o |8 T (G
Figure 17. Structural integrity of organotypic colon biopsy slices (schematic in A) was
maintained for up to 3 days ex vivo. Bright-field images of one organotypic biopsy slice at 0
(B), 24 (C), 48 (D) and 72h (E) ex vivo show intact colonic crypts and lamina propria. Crypt
enterocytes were organized at the luminal surface (arrows). A representative slice is shown
at 96h ex vivo with tissue degradation that rendered crypt patterning difficult to identify (F).
A representative image shows minimal cell death (EtHD label; RFP; G) at 48h ex vivo. No
differences were seen in EtHD label between 24 and 48h of culture regardless of sex (H).
Data in panel H are +/- SEM, n = 3 male and 3 female participants per time point. Black
bars in panel H represent males (M), and gray bars females (F). ‘L’ represents the luminal
aspect.

Organotypic slice preparation:

Slice preparation was similar to that previously described in [19]. Biopsies were placed
in 4°C 1X Krebs buffer and dissected free of any connective structure. The entire tissue was
submerged in 8% agarose (Agarose LM; Gold Biotechnology, St. Louis, MO) for a total of 7 min:
5 min on a room temperature shaker, and 2 min in 4°C to polymerize. Tissues were cut on a
vibrating microtome (VT1000S; Leica Microsystems, Wetzlar, Germany) at a thickness of 250
pm. Slices from both right and left colon biopsies were pooled. Slices were collected in 4°C 1X

Krebs buffer, and immediately transferred into a 60 mm plastic-bottom dish (Corning, Corning,
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NY) containing 5 ml of Hibernate media (Life Technologies, Grand Island, NY) and either zero
(nPS) or 1.3% penicillin-streptomycin (PS; HyClone Laboratories, Logan, UT). Slices spent at
least 15 min in Hibernate media (Gibco, Grand Island, NY) at 4°C before being transferred to 5
ml of Adult Neurobasal Media (ANB; Life Technologies) containing 5% B-27 supplement (B-27;
Life Technologies). For slices treated with antibiotic, PS was added to the media (final
concentration of 1.3%). Next, slices were transferred to a 37°C incubator for 35 min. Samples
were then plated on 35 mm diameter plastic bottom dishes (Corning). Slices were allowed to
adhere to the dish for 10 min at 37°C before being overlaid with a bovine collagen solution
[vol/vol: 10.4% 10X MEM (Minimal Essential Medium, Sigma-Aldrich, St. Louis, MO), +/- 1.9%
PS, 4.2% sodium bicarbonate, and 83.5% collagen (PureCol; Inamed, Fremond, CA)]. The
collagen solution was allowed to polymerize in 37°C for 20 min before a final 1 ml addition of
ANB with B-27 and +/- PS that was pre-incubated in either a standard 37°C, 5% CO_, ambient
oxygen incubator (100 mmHg), or a three gas incubator set for 37°C, 5% CO,, and 5.9 mmHg
oxygen as modulated by nitrogen injection (Panasonic MCO-5M-PA; Panasonic Healthcare,
Tokyo, Japan). Finally, slices were left at 37°C in either ambient or 5.9 mmHg oxygen until
visualization or experiments as described below. All slices generated from a given biopsy were
used for experimentation, however when a rare slice (< 5% of slices) had large amounts of cell
debris in the luminal aspect and un-patterned crypts with an undefined tissue edge, it was
discarded. Experiments were performed on slices after at least 24 h of culture, and no longer
than 72 h of culture. This ensured that slices were able to recover fully after cutting procedures
prior to experimentation (24 h), and also that slices were not undergoing tissue degradation

prior to experiments concluding (72 h).

Live slice imaging:
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Slices were imaged on one of two microscopes: a Nikon TE2000-U inverted microscope
(4X, 10X Plan-Fluor and 20X Plan-Apo objectives) with a UniBlitz shutter system (Vincent
Associates, Rochester, NY) and an Orca-flash 4.0 LT camera (Hamamatsu, Hamamatsu City,
Shizuoka Prefecture, Japan), or a Zeiss LSM 800 confocal microscope with an Axiocam 503

mono camera (Carl Zeiss, Inc., Thornton, NY).

Salmonella inoculation:

Organotypic colon biopsy slices were challenged with Green Fluorescent Protein (GFP)
tagged Salmonella enterica serovar Typhimurium (S. ser. Typhimurium-GFP; strain 14028s)
which was generously donated by Dr. Andres Vazquez-Torres (University of Colorado) and
prepared as previously described [29]. Briefly, S. ser. Typhimurium-GFP was brought up in
Luria Bertani Broth (Mo Bio Laboratory, Carlsbad, CA) to 1x108 colony forming units (CFU’s) per
1 ml. 1 plof S. ser. Typhimurium-GFP or vehicle (sterile Luria Bertani broth) was added
adjacent to the luminal aspect of nPS biopsy slices under 100 mmHg oxygen conditions, due to
the strict aerobic nature of this strain. Invasion into the colonic epithelium was visualized using
a Nikon inverted microscope setup for time-lapse video microscopy with a 488 nm excitation
wavelength. Time-lapse video microscopy was performed at 0 h post inoculation and again at 4
h, for 10 min each with 30 s between exposures. After 4 h, any non-tissue adherent S. ser.
Typhimurium-GFP was washed away with 3x media (ANB + B27) washes, and allowed to
incubate for an additional 20 h prior to fixation followed by immunohistochemistry for CD3" T-

lymphocytes.

Whole-mount immunohistochemistry (IHC):

Following live culture, slices were immersion fixed in 4% formaldehyde (Polysciences,

Inc. Warrington, PA) for 15 minutes and washed three times in 0.05 M PBS, pH 7.5.
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Immunohistochemical studies were performed similar to those previously described [19]. Post-
fixing and PBS washes, slices were incubated at 4°C for 2 h in 1% sodium borohydride in PBS.
Slices were then washed two times in PBS for 5 minutes and subsequently incubated in a
blocking solution composed of PBS, 5% normal goat serum (NGS; Lampire Biological,
Pipersville, PA), 3% hydrogen peroxide and 0.3% Triton-X (Tx) for 1 h before a change into
fresh solution for subsequent 1 h. Slices were then placed into affinity purified polyclonal anti-
CD3 (cell surface marker for T lymphocytes; Dako Denmark, Glostrup, Denmark), affinity
purified polyclonal anti-ZO-1 (tight junction protein; Invitrogen, Eugene, OR), polyclonal anti-
peripherin (peripheral neuronal marker; EMD Millipore, Billerica, MA), or monoclonal anti-S1003
(glial cell marker; Abcam, Cambridge, MA), composed of PBS with 5% NGS and 0.3% Tx for 4
days. Anti-CD3 was used at a concentration of 2 ug/ml, anti-ZO-1 at 2 ug/ml, anti-peripherin
diluted 1:300, and anti-S100p at 2.4 ug/ml. Samples without primary antibody were used as
control. After 4 days of incubation with primary antibody, slices were washed at 4°C with PBS
containing 1% NGS and 0.02% Tx for 2 h with 4 changes. Next, biotinylated secondary anti-
serum (anti-rabbit, 1:2500 for ZO-1, peripherin, S100p, and anti-mouse, 1:1000 for CD3;
Jackson ImmunoResearch, West Grove, PA), specific to the species of the primary antibody,
was made up in PBS with 1% NGS and 0.32% Tx and added overnight. Lastly, tissue was
washed 4 times at room temperature in PBS with 0.02% Tx before being placed into solution
containing the conjugated fluorophore (Cy-3 Streptavidin) for 3 h before being washed in PBS
for 2 h and subsequently mounted on slides and cover slipped with an aqueous mounting
medium (Aqua-Poly/Mount, Polysciences, Warrington, Pa). Following the IHC protocol, tissue
was imaged on either a Nikon TE2000 inverted microscope, or a Zeiss LSM 800 confocal
microscope (Carl Zeiss, Inc., Thornton, NY). A researcher blinded to treatment group counted

cells using the Imaged analysis software ‘analyze particles’ toolset.
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Metabolite profile analysis of supernatants:
Data processing and metabolite identification:

Metabolomics was performed by Metabolon Inc (Durham, NC, USA). Tissue culture
supernatants from ex vivo tissue slices (4 females, 4 males) were collected in triplicate and
stored at -80° C until processing. Supernatants were garnered from slices that were not treated
with S. ser. Typhimurium-GFP. Processing of supernatants was performed with an 80%
methanol extraction and metabolite detection via ultra-high-performance liquid chromatography-
tandem mass spectrometry. Raw data was processed by Metabolon Inc as described
previously [30], where it was extracted from the mass spectrometer, quality-controlled, and raw
peaks and retention times were aligned across individual samples. With the aligned data,
compound identifies were confirmed within an internal Metabolon library containing over 3,300
purified standards by comparing retention times and mass/charge ratios to those of purified
standards. Retention time indices had to match within a narrow window, their mass to charge
ratios had to include a mass within +/- 10 parts per million of a library entry, and their mass
spectral profiles had to contain forward and reverse match scores that fell between the
experimental data and spectral profiles from the Metabolon database. For each metabolite,
total ion current area under the curve quantitation was used to generate metabolite raw
abundances. These raw abundances were log2-transformed and median-scaled by dividing the
metabolite’s raw abundance by the median raw abundance of that metabolite across the entire
data set. For any sample missing a metabolite, the minimum median scaled abundance was
input. For each metabolite, fold differences were determined between pairs of treatments by
dividing the average median scaled abundance of a metabolite across one treatment group by

another. Pairs of treatments used to calculate fold differences included: 100 mmHg O2,
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antibiotic; 100 mmHg O2, no antibiotic; 5.9 mmHg O2, antibiotic; 5.9 mmHg O2, no antibiotic.

Pathway enrichment score calculations:

Following annotation, metabolites were grouped into pathways based on their
biological/biochemical functions. Pathway enrichment scores (PES) were calculated to assess
the overall contribution of a pathway to explaining treatment differences between 100 mmHg
and 5.9 mmHg oxygen in both the presence and absence of antibiotics. PES were calculated
using the following equation:

()

&
Where “k” represents the number of statistically-significant metabolites in the pathway, “m” is
the total number of metabolites in the pathway, “n” is the number of statistically-significant
metabolites across all pathways, and “N” is the total number of detected metabolites. PES

greater than one are considered major contributors to treatment differences. GraphPad Prism

Version 7.0 (San Diego, CA, USA) was used to visualize all PES.

Cell proliferation analysis:

Incorporation of the thymidine analog 5-ethynyl-2’-deoxyuridine (EdU; Invitrogen) was
used to label cells undergoing DNA synthesis. After slices were plated, they were incubated at
ambient oxygen, 5% CO: or in an incubator with 5.9 mmHg oxygen, 5% CO; for 24 h before the
addition of EdU at a final molarity of 4 yM. Half of slices were subjected to PS treatment for the
entirety of their time ex vivo and experimental process while the other half did not receive
antibiotic. All slices were fixed at 48 h ex vivo in 4% formaldehyde prior to processing for

visualization. Slices were washed 3 times in phosphate-buffered saline (0.05M PBS), followed
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by 30 min in glycine (Fisher Scientific, Pittsburgh, PA) at 4°C, and again washed with PBS for
10 min with 1 change. Slices were then blocked in 3% bovine serum albumin buffer (BSA;
Lampire Biological, Pipersville, PA) and 0.5% Tx for 2 h. Post blocking, tissue was washed
twice with 3% BSA before addition of Click-IT cocktail (1X click-It Reaction Buffer, CuSOs,
Alexa-Fluor azide, 1X reaction buffer additive; Invitrogen) for 2 h at room temperature. Finally,
slices were washed 3 times in 3% BSA with 0.02% Tx for 30 min each, and left in a final wash of
3% BSA prior to imaging. Analysis of EAU incorporation was performed using ImageJ Image
Processing and Analysis software (NIH; Version 1.49) to determine the percentage of area
labeled, with the whole biopsy slice as the region of interest. EdU incorporation was determined
to be cellularly localized based on the cell size and anatomical localization in the colonic crypts.
Using ImageJ, regions of interest (ROIs) were chosen based on crypt anatomy, with ‘Crypt’
ROIs encompassing one crypt region in that plane, and ‘nCrypt’ ROIs being similarly sized
regions not containing any portion of a crypt. Optical density was used to set image thresholds,
and small objects were eroded to remove spurious signals, and measured using the ‘analyze

particles’ tool. A researcher blinded to treatment condition counted cells contained within ROls.

Cell death analysis:

The incidence of cell death was measured using Ethidium Homodimer (EtHD; Biotium,
Hayward, CA), a membrane impermeable, red fluorescent (RFP), DNA marker. EtHD was
added to slice dishes containing three slices each, ex vivo, for 45 minutes, at a volume of 1 pl of
2.5 mM stock EtHD per 1 ml of media (ANB + B-27 + PS). This resulted in a final concentration
of 2.5 uyM of EtHD, before the unbound material was washed out. EtHD labeling was analyzed
using Imaged (NIH; Version 1.49). One image per slice, totaling three images per biopsy were
taken prior to thresholding according to optical density. Subsequently, objects smaller than 10

um? were deemed too small to be cells and were eroded to remove spurious signals. Finally,
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images were measured using the ‘analyze particles’ tool to garner cells counts. All data were

collected by a researcher blinded to treatment condition.

Statistics:

All slices were generated from two biopsies from the same colon as biological replicates,
and slices were used in triplicate to generate technical replicates, prior to statistical analyses
being performed with the number of patients = n for analysis. T- lymphocyte data were
analyzed by repeated measures ANOVA that accounted for pathogen exposure and sex of the
tissue donor. For all metabolite analyses, statistics were performed by Metabolon Inc using
Array Studio (Omicsoft, Cary, NC, USA). Briefly, a 2-way ANOVA was applied across all
metabolite abundances over the treatment groups described above with a Welch’s post-hoc
test. To account for multiple comparisons, a false discovery rate (g-value) was calculated for
each metabolite across each contrast. Given the small number of samples and the large
number of metabolites, there was insufficient power to generate statistically reliable sex
differences. The metabolite data presented is combined for males and females. Cell
proliferation data were analyzed by repeated measures ANOVA that accounted for oxygen
condition, sex of tissue donor and antibiotic treatment, with antibiotic treatment as a repeated
measure. Finally, cell death data were analyzed by 2-way ANOVA that accounted for sex of
tissue donor and time point as a repeated measure. A p-value < 0.05 was considered as

statistically significant in all analyses.

Results:

135



Tissue integrity was maintained for 72 h (3 days).
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Figure 18. Barrier integrity was intact at 24 hours ex vivo, as assessed by the presence of tight
junction protein ZO-1 at the apical mucosal surface (A). Neural components of lamina propria were
present at 24h ex vivo. Representative images show S100B-immunoreactivity at 24h ex vivo
indicating enteric glial cells (B) and peripherin immunoreactivity indicating neuronal fibers ex vivo
(C). Scale bars in panels A — C are 25 ym. ‘L’ represents the luminal aspect and ‘c’ represents a
colonic crypt. Arrowheads in panels B and C represent fibers with stereotypic immunoreactivity.

There was strong evidence of morphological preservation from freshly collected biopsy
tissue in the form of patterned rows of crypts with minimal cell debris and a defined tissue edge.
Cell turnover was also observed in organotypic slices for up to 3 days ex vivo. In 250 um slices
at 24, 48, and 72 h, colonic crypts were intact and patterned in rows and columns, and showed
organized tissue at the crypt surface (Figure 17 B-E). At 96 h ex vivo, there was degradation of
observable patterned rows of crypts in many slices (Figure 17F) indicating a decline in tissue
viability. The apical epithelia were organized with tight junction protein ZO-1 present between
epithelial cells at 24h (Figure 18A). Immunohistochemistry for enteric glial marker S100 and
the neuronal intermediate filament protein peripherin show presence of neural components of
the colonic mucosa at 24h ex vivo (Fig 18B-C). Intestinal function was further confirmed by
measures of epithelial cell turnover using indicators of death (EtHD) and proliferation (EdU
incorporation). Cells in slices died at a mean rate of 60 +/- 11.9 cells/mm? across 24 h and 48 h
ex vivo (less than 5% of tissue area; Figure 17H) consistent with the rate of cell turnover seen in

the human colon in vivo [31].
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T — Lymphocytes increase in response to S. Typhimurium infection

Figure 19. S. ser. Typhimurium-GFP infiltrated colon mucosa within 24
h of culture. At4 h ex vivo (A) S. ser. Typhimurium-GFP were seen
approaching the luminal aspect of the colonic mucosa (arrows) with
minimal mucosal binding observed (open arrow heads in A). S. ser.
Typhimurium-GFP appeared in colonic mucosa at 24 h post inoculation
(B), and were often clustered together (arrowheads in B). Scale bar in
both panels is 100 ym.

T-lymphocyte counts increased in biopsy slices after a 24 h challenge with S. ser.
Typhimurium-GFP. After 4 h, fluorescence was visible in the apical most regions of colonic
mucosa (Figure 19A), primarily as scattered individual fluorescent particles. At 24 h post
inoculation, there were notably more Salmonella seen throughout the colonic mucosa,
particularly in clusters (Figure 19B, arrow heads), but with some bacteria still independently
bound to the mucosa (arrows). After slice fixation and subsequent IHC for CD3, biopsy slices
showed CD3" cells localized closely with tissue adherent S. ser. Typhimurium-GFP (Figure
19C). Figure 20A presents a visualization of the ROls used for generating CD3-IR data. After
biopsy slices were challenged with S. ser. Typhimurium-GFP, immunoreactive (IR) T-

lymphocytes were increased in slices from both males (Figure 20B, control; 2.8C, treatment)
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and females (Figure 20D, control; 2.8E treatment) 24h later (48h ex vivo; Figure 20F).
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Figure 20. Challenge with S. ser. Typh|mur|um GFP lead to an up-regulation of CD3* T-
lymphocytes after 24 h, regardless of sex. Images of CD3-IR (RFP in A-E) were captured from
a region of lamina propria close to a colonic crypt. An example region of interest where higher
magnification images were acquired is represented with a white square in (A) that applies
conceptually to B-E. Representative images of CD3-IR in slices show less immunoreactivity in
control (B, male; D, female) versus S. ser. Typhimurium-GFP treated slices (C, male; E
female). There was a significant impact of treatment on CD3-IR, regardless of sex (F). Black
bars represent males (M) and grey bars females (F). L =lumen, m = mucosa, C = colonic
crypt. Arrows point to individual bacterium. Open arrows point towards cells with stereotypic
CD3-IR. * Signifies p < 0.05. Data in panel | are +/- SEM, n = 4 male and 3 female
participants.

There was a significant increase in T-lymphocytes following pathogen challenge, independent of

sex [F(1,5) = 7.480; p <0.05)].

Metabolites and metabolic pathways were impacted by oxygen concentration and antibiotic

presence
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Table 2. Number of identified metabolites from tissue culture supernatants across
oxygen and antibiotic treatments, organized by chemical class.

100 mmHG 100 mmHG _ 5.9 mmHg 5.9 mmHg
Chemical Class Oxygen, Oxygen, No Oxygen, Oxygen, No
Antibiotic Antibiotic Antibiotic Antibiotic
Amino acids 116 118 110 118
Peptides 3 3 3 2
Carbohydrates 12 13 12 12
Energy/Tricarboxylic 8 9 9 8
Acid Cycle
Lipids 46 46 39 45
Nucleotides 22 24 21 24
Cofactors/Vitamins 20 20 19 20
Xenobiotics 22 20 18 22
Total number of 249 253 231 251
identified
metabolites

There were 258 metabolites identified in the tissue culture supernatants maintained for
48 h ex vivo from 31 colon slices obtained from 8 participants. Table 2 provides an overview of
the number of metabolites in each of the chemical classes detected, including: amino acid
(119), peptide (3), carbohydrate (13), energy/tri-carboxylic acid cycle (9), lipid (46), nucleotide
(24), cofactors and vitamins (20), and xenobiotics (24). Statistically significant [p < 0.05]
changes were identified based on the concentration of oxygen in the tissue culture incubator
(5.9 mmHg oxygen versus 100 mmHg oxygen) as well as due to the presence or absence of
antibiotic in the tissue culture media. Across oxygen concentrations, independent of antibiotic
status, there were 41 metabolites that were significantly different (Table 2). When comparing
antibiotic treatments, independent of oxygen concentration, 198 metabolites differed (Table 2).
In addition, there was an interaction between antibiotic and oxygen status for 28 metabolites
(Table 2). A complete list of identified metabolites, including those that were statistically
different when accounting for oxygen concentration, antibiotic presence, and for

oxygen*antibiotic are provided in the supporting information (S1 Table).
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Figure 21. Pathway enrichment scores were calculated for 100
mmHg versus 5.9 mmHg oxygen in both the presence of antibiotic
(grey) and absence of antibiotic (white). Bars that extend past the
dotted line (at a score of 1) were considered the primary pathways
contributing to treatment differences. Lack of a white or grey line for
any pathway indicates that no metabolites were statistically-different
between treatments (p<0.05) within that pathway.

The analysis of tissue culture supernatants indicates the presence of microbially derived
metabolites, including lipids, amino acids, and carbohydrates. These metabolites included
trimethylamine N-oxide (TMAOQ), indole-containing metabolites (e.g. indolacetate), and
phenyllactate, amongst others. Additionally, these three metabolites were decreased in
response to antibiotic treatment (S1 Table). Pathway enrichment scores were calculated to
identify pathways that had highest contributions to the treatment differences. In each pathway,

a score greater than or equal to 1 was defined as a major contributing pathway [32]. Pathway
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enrichment scores are displayed for 100 mmHg versus 5.9 mmHg oxygen in the presence and
absence of antibiotic (Figure 21). In the presence of antibiotic, 8 pathways distinguished 100
mmHg oxygen from 5.9 mmHg oxygen treatments, while in the absence of antibiotic, 25

pathways distinguished 100 mmHg oxygen from 5.9 mmHg oxygen treatments (Figure 21).

Antibiotic and oxygen impact epithelial proliferation

Following the finding that antibiotics and oxygen impacted microbial metabolites,
mucosal epithelial proliferation was assessed by EdU incorporation in response to antibiotic
treatment and oxygen concentration. After 48h ex vivo, slices maintained at 5.9 mmHg oxygen
showed significantly more EdU labeling compared to ambient oxygen slices [Figure 22G-H;
F[(1,14) = 41.1, p < 0.01], regardless of sex [p > 0.5]. Interestingly, antibiotic treatment
impacted EdU incorporation in slices maintained at 5.9 mmHg oxygen (Figure 22C-D), but not
100 mmHg (Figure 22E-F). There was a statistically significant interaction between antibiotic
and oxygen conditions [F(1,14) = 10.4, p < 0.01] that was due to the enhanced impact of
antibiotic on EdU incorporation at 5.9 mmHg oxygen (Figure 22G-H). Mean cell counts within
regions of interest (ROIs; circle in Fig 6A) inside colonic crypts were compared to ROls outside
colonic crypts. Significantly more cells incorporated EdU in Crypt regions compared to nCrypt
regions, independent of sex [Figure 22B; F(1,12) = 102.9, p < 0.01] and consistent with DNA

synthesis being localized primarily to epithelial cells in the crypt proliferative regions.
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Figure 22. Incorporation of Ethynyl deoxyuridine (EdU) as indicative of DNA synthesis was
observed in all oxygen and +/- PS treatments and across all time points (0 — 72h ex vivo). EdU was
localized to cells in the colonic crypts (A). This localization was quantified (B), with significantly
more EdU* cells per ROI observed in the crypts compared to non-Crypt (nCrypt) regions, regardless
of sex (p < 0.05). Representative images of cells in slices from a male participants biopsy show
increased EdU" cells in 1% nPS (C) compared to 1% PS (D), both of which are have higher cell
counts than 17% nPS (E) and 17% PS (F). Antibiotic had a significant impact on EdU incorporation
in slices incubated at 1% oxygen independent of sex (G), with more cells / mm? of tissue seen in
nPS slices compared to PS slices. Additionally, oxygen concentration significantly impacted EdU
incorporation, with more cells / mm? in 1% slices compared to 17% oxygen cultured slices (G and
H). There was no significant impact of PS treatment on slices cultured in 17% oxygen, regardless of
sex (H). In B, G and H, black bars are males (M), and grey bars are females (F). Arrows in A point
toward stereotypic EdU" cells. “c” represents a colonic crypt, and the circle is encapsulating one
crypt. ** Signifies p < 0.01, * signifies p < 0.05, and n.s. = not significant. Data in B, G and H are +/-
SEM, n = 5 female, 4 male participants for all EAU experiments except Crypt vs nCrypt analysis, in
which n = 3 female, 3 male participants.
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Discussion:

The current study validates an organotypic slice model for the study of human intestinal
physiology ex vivo. Three-dimensional tissue integrity was maintained by embedding the tissue
in a solid agarose support that allowed the culture of the diverse cells of the intestine in a
physiologically appropriate arrangement. Tissues were maintained for up to 3 days ex vivo,
preserving crypt structure, normal cell proliferation and death rates, enteric glia and neuronal
fibers, and an immune response to pathogen. Tissue culture supernatants contained known
microbial metabolites [9] indicating the maintenance of functional microbiota. These metabolites
were sensitive to treatment with antibiotic (PS), demonstrating the influence of antibiotic on
microbial populations and/or their metabolite secretory competence. The model further
demonstrated a difference in human colonic epithelial health in response to oxygen condition
and antibiotic exposure, both known to alter gut microbial diversity [21]. Of paramount
importance was that the influence of antibiotic on epithelial proliferation was dependent on
oxygen culture condition, further implicating microbes as key influencers of mucosal epithelial
biology. These findings highlight the need for better definition of the microbial composition (or
the functional metabolite profile output) in ex vivo systems moving forward.

The efficacy of the organotypic model in the present study to elicit a functional immune
response ex vivo was validated via a demonstrated T-lymphocyte response to challenge with S.
ser. Typhimurium-GFP. T-lymphocytes in colon biopsy slices showed a more than 2-fold
increase in response to pathogen when compared to vehicle (no pathogen, Figure 20F). The
increased T lymphocyte count was similar to that seen in mice [33,34], and chickens [13] where
T-lymphocytes were up-regulated after dosing with S. Typhimurium. This immune response to
pathogen ex vivo supports the utility of this model for future studies investigating host pathogen

defense and gut mucosal protection in human intestines.
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Analysis of colon tissue culture supernatants revealed the presence of a number of
microbial metabolites [23] including phenyl containing organic acids (e.g., phenyllactate), the
choline/carnitine bacterial breakdown product TMAO, and indole containing metabolites
involved in the bacterial metabolism of tryptophan. The substantial impact of both oxygen
concentration and antibiotics on the production of metabolites was notable for lipids and amino
acids spanning diverse metabolic pathways (Table 2). Interestingly, differences in the influence
of oxygen on metabolites were only visible in antibiotic free tissue supernatants. Treatment with
penicillin has been shown to decrease bacterial sequence counts and microbial diversity in the
cecum of chickens [35], potentially due to antibiotic treatment (PS) resulting in a decrease in
select PS-sensitive microbiota, allowing PS-resistant bacteria to flourish. Penicillin treatment
has also been shown to directly decrease the microbially derived metabolite phenyllactate, a
change also observed in the present study (S1 Table). Similarly, as intermittent hypoxia has
been shown to alter gut microbial diversity of mice [36] it is likely that lower oxygen
concentrations facilitate the growth of some facultative and anaerobic bacteria, but perhaps
decrease the growth rates of aerobic bacteria. A determination of bacterial species that
contribute to these metabolic changes will require future metagenomics analyses.

Maintenance of tissue in ambient oxygen conditions has been standard in mammalian
cell and tissue culture for decades [37]. While gut cell cultures can survive under these
conditions, they do not represent physiologically relevant oxygen concentrations. Oxygen
concentrations in the colonic mucosa range from roughly 1% (~6 mmHg) near the lumen, to
between 5-10% (~25 — 70 mmHg) near the vascularized submucosa or deeper muscle layers
[38]. The gut oxygen gradient is important for regulating the transcription factor hypoxia
inducible factor-1 alpha (HIF-1a) that helps control numerous metabolic and physiologic
pathways, including creatine metabolism [39] and intestinal angiogenesis [40]. Recapitulating

this oxygen gradient ex vivo is a difficult task, and one that was not attempted in the current
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study. The present study mimicked the in vivo oxygen concentration seen in the apical colonic
mucosa (approximately 1%, ~6 mmHg), ex vivo. Under 5.9 mmHg oxygen conditions,
significantly more crypt cells underwent DNA synthesis, marked by EdU incorporation, when
compared to slices cultured in ambient (100 mmHg) oxygen. In addition, the exclusion of
penicillin-streptomycin treatment, and subsequent culture in 5.9 mmHg oxygen lead to a further
significant increase in EAU incorporation compared to tissue cultured without PS. The amount
of EdU incorporation observed at 5.9 mmHg oxygen without PS is consistent with the rates of
another thymidine analog, 5-bromo-2’-deoxyuridine, incorporation seen in numerous in vivo
human colonic mucosal proliferation studies [31,41]. The statistical interaction between oxygen
and PS conditions pointed towards the importance of oxygen tension for antibiotics to have an
effect on DNA synthesis in colonic mucosal crypts ex vivo. Altered oxygen availability can lead
to varied bacterial metabolism [42] and secretion of products such as virulence factors [43]. The
lowered oxygen concentration in the current study could thus influence microbial metabolism,
potentially rendering bacteria more susceptible to antibiotic treatment. Further investigation into
the interaction between oxygen concentration in culture and antibiotics influence on microbial

metabolites is warranted.

Conclusions:

This report provides an organotypic slice model for human intestinal tissues ex vivo that
optimizes cellular diversity and 3-dimensional integrity. This model can be used to tease apart
complex multi — system — gut interactions with translational potential, including enteric pathogen
interactions and intestinal immune responses to host - microbiome interactions. Importantly,
cell proliferation in this model was impacted by two factors that influence microbial diversity and
function: oxygen tension and antibiotic exposure. The physiological relevance of these factors

may be missed under standard culture conditions with higher oxygen tension and exogenous
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antibiotic added, especially in the context of how commensal microbial interactions impact
tissue function. The current findings set the stage for use of the present organotypic slice model
for studies of the complex roles of commensal microbiota and microbially-derived metabolite
secretions in regulating human gut health. There is significant cell diversity in the colon along
with unique physiologic oxygen tensions that are coupled with the presence of differentially
active tissue and microbial metabolism. The system described in the current study offers
important similarities to the intestinal wall ex vivo. It provides for live microscopic imaging of
fluorescently tagged bacteria interacting with the native human gut environment, setting the
stage for unravelling specific microbial — host cell interactions. For example, the complexity of
local immune cell responses to pathogen will be more accessible in vitro as in the T-cell
proliferation observed in the current study. Particular microbial metabolites may be manipulated
to discern potential cellular mechanisms that may be disturbed in different disease states or

tested for potential therapeutic value.
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CHAPTER 6 — VASOACTIVE INTESTINAL PEPTIDE REGULATES ILEAL GOBLET CELL
PRODUCTION IN MICE®

Overview:

Innervation of the intestinal mucosa has gained more attention with demonstrations of
tuft and enteroendocrine cell innervation. However, the role(s) these fibers play in maintaining
the epithelial and mucus barriers are still poorly understood. The present study therefore
examines the proximity of mouse ileal goblet cells to neuronal fibers, and the regulation of
goblet cell production by vasoactive intestinal peptide (VIP). An organotypic intestinal slice
model that maintains the cellular diversity of the intestinal wall ex vivo was used. An ex vivo
copper-free click-reaction to label glycosaminoglycans was used to identify goblet cells.
Pharmacological treatment of slices was used to assess the influence of VIP receptor
antagonism on goblet cell production and neuronal fiber proximity. Goblet cells were counted
and shown to have at least one peripherin immunoreactive fiber within 3 um of the cell, 51% of
the time. Treatment with a VIP receptor type | and Il antagonist (VPACa) resulted in an
increase in the percentage of goblet cells with peripherin fibers. Pharmacological treatments
altered goblet cell counts in intestinal crypts and villi, with tetrodotoxin and VPACa substantially
decreasing goblet cell counts. When cultured with 5-Ethynyl-2’-deoxyuridine (EdU) as an
indicator of cell proliferation, colocalization of labeled goblet cells and EdU in ileal crypts was
decreased by 77% when treated with VPACa. The present study demonstrates a close
relationship of intestinal goblet cells to neuronal fibers. By using organotypic slices from mouse
ileum, vasoactive intestinal peptide receptor regulation of gut wall goblet cell production was

revealed.

6 Schwerdtfeger LA, Tobet SA. Vasoactive intestinal peptide regulates ileal goblet cell production in mice. Physiol
Rep. 2020;8:¢14363.
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Introduction:

Gut luminal microbiota are separated from the small intestinal epithelial barrier by an a
non-adherent mucus layer in the small intestine (26). Goblet cells in the intestinal wall secrete
large quantities of mucus, composed of mucins — principally Muc2 in intestine — which are
comprised of a protein core, connected to chains of O-linked glycans, usually in the form of
glucosamino- or glycosamino- glycans (21). How the gut mucus layer and epithelial barrier are
regulated in health and disease is poorly understood. This is partially due to investigations
using monolayer epithelial culture models that until recently did not contain a mucus layer (50).
While this is an advance, epithelial culture systems miss the cellular diversity of the gut wall, a
critical aspect of in vivo physiologic function (33, 44). Understanding intestinal wall function
ultimately requires parsing the interactions of the diverse cellular elements. The current study
addresses the impact of neural regulation on gut wall goblet cells in an organotypic model of gut
physiology that maintains numerous cell types ex vivo, including goblet cells and neurons.

There have been several recent demonstrations of neural influence(s) on gut epithelial
components, principally on secretory epithelial cell types (49). One line of study focused on glial
— enteroendocrine cell (EEC) interactions (6) and more recently, direct innervation of EECs via
vagal afferents (26). Another line of study focused on tuft cells and show close proximity to
neuronal fibers, with more connections observed in the proximal small intestine (11). There are
peptidergic neuronal fibers throughout the intestinal mucosa (19) in close proximity to the apical
enterocytes in the sub-epithelial plexus (16, 28). Whether, and which, peptides/factors regulate
goblet cell function is unclear. Corticotropin releasing hormone (CRH) has been shown to
stimulate mucus secretion in the colon of rats (40), and blocking neuronal firing with tetrodotoxin
has been shown to inhibit goblet cell secretion normally evoked by electrical field stimulation

(38). Vasoactive intestinal polypeptide (VIP) has been shown to cause goblet cell secretion (14,
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30), but other reports have not found influences of VIP on intestinal goblet cell mucus secretion
(20, 34). Given the critical role goblet cells play in maintaining the gut mucus layer (1) and in
direct interactions with microbiota (5, 22, 31), the current study was conducted to further
delineate the peptide regulation of goblet cell function.

VIP is a 28 amino acid peptide secreted by enteric neurons (17, 46), and has known
roles in gut smooth muscle contractility/relaxation (27), and ion secretion (13). While VIP
shares high sequence homology with pituitary adenylate cyclase-activating polypeptide
(PACAP), both peptides bind the same receptors, VPAC1 and VPAC2, however at slightly
different affinities (47). Both receptors can be antagonized by [D-p-Cl-Phe® Leu’’]-VIP (37)
which will be referred to as “WPACa”. Given the large distribution of VIP receptors throughout
the gut wall (23), it is reasonable to consider the potential for a neuronal regulation of goblet cell
quantities, production of mucus, and/or secretion, at baseline and potentially in response to
bacterial infiltration.

The current study uses organotypic intestinal slices (42, 43) as a platform for
investigating neural — goblet cell interactions in mouse ileum ex vivo. This intestinal slice
method allowed for use of three pharmacological tools for altering goblet cell function ex vivo in
a cellularly heterogenous tissue. Lipopolysaccharide (LPS), which causes intestinal goblet cells
to secrete mucus in the mouse colon, but not ileum (5). The sodium ion channel blocker
tetrodotoxin (TTX), which blocks large amounts of enteric neuronal signaling (36), and finally
VPACa, an antagonist for both VIP receptors (37). These ex vivo pharmacological treatments
were coupled with molecular visualization tools to reveal an anatomical bases for neuronal fiber
signaling with ileal goblet cells. Further, this study suggests a specific role for neuronal fibers
containing VIP to play in regulating intestinal goblet cell production.

Materials and Methods:
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Animals:

Male and female adult mice aged between 8-16 wk old, of the C57BL/6 background
were used for all experiments. Mice were housed at Colorado State University, under the care
of Laboratory Animal Resources, and kept in cages with aspen bedding (autoclaved Sani-chips;
Harlan Teklad, Madison, WI). Mice were housed under a 14:10-h light-dark cycle, with ad
libitum access to water and food (no. 8649; Harlan Teklad). Intestinal slices were generated
from a transgenic strain where animals expressed yellow fluorescent protein (YFP) driven by a
neuronally selective Thy-1 promoter (15) (Thy-1 YFP). Animal studies were approved by the
Colorado State University IACUC under protocol #17-7270a. Intestines from at least 3 animals

were used for all experiments and matched by sex where possible.

Organotypic slice preparation:

Preparation of intestinal slices was similar to that previously described (43). Briefly,
mice were deeply anesthetized with isoflurane and subsequently killed via decapitation, to
ensure severing of vagal fibers. The entire small intestine was removed from the pylorus-
duodenal junction, to the ileo-cecal junction. Tissue was immediately placed into 4°C 1X Krebs
buffer and the ileum was separated from the remainder of the intestine based off tissue
anatomy. Remnant mesenteric fat and connective tissue was dissected away, and tissue was
cut into pieces roughly 2-4-mm in length. Tissue was blocked in low melting point, 8% agarose
(Gold Biotechnology, St. Louis, MO) and spent 5 min on a room temperature shaker and 2 min
in 4°C to ensure gelation. Slices were cut at 250 um thick on a vibrating microtome (VT1000S;
Leica Microsystems, Wetzlar, Germany) and collected into ice cold 1X Krebs buffer, before
transfer into a 60 mm plastic-bottom dish (Corning, Corning, NY) containing 5 ml of Hibernate

Media (Life Technologies, Grand Island, NY). Slices spent 15 min at 4°C in Hibernate media
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prior to being transferred into 5 ml of CTS Neurobasal-A Media (ANB; Life Technologies) with
5% B-27 supplement (B-27; Life Technologies, Carlsbad, CA) where they spent 35 min at 37°C.
Samples were plated on 35 mm plastic bottom dishes (MatTek, Ashland, MA) with excess
media being siphoned from the dish, and incubated at 37°C for 10 min. Next, slices were
covered by a thin layer of collagen solution [vol/vol: 10.4% 10X MEM (Minimal Essential
Medium, Sigma-Aldrich, St. Louis, MO), 4.2% sodium bicarbonate, and 83.5% collagen
(PureCol; Inamed, Fremond, CA)] which was allowed to polymerize for 15 min prior to final
addition of 1 ml of ANB + B-27. Tissue was left in a 37°C, 5% CO3, and 1% O incubator until

experiments were performed.

Glycosaminoglycan Visualization and Drug Dosing:

Slices were created as above and cultured in ANB with B-27 for 24 h prior to the addition
of an azido-modified galactosamine, Tetraacetylated N-Azidoacetylgalactosamine (GalNAz;
12.5 uM; Fisher Scientific, Pittsburgh, PA). GalNAz was allowed to incubate in the slice dishes
for 24 h prior to development. Concurrently with GalNAz treatment, slices were dosed with one
of four compounds at 24 h ex vivo: vehicle (10 pl Milli-Q Water), TLR grade lipopolysaccharide
derived from E. coli Serotype EH100 (10 ug/ml; Enzo Life Sciences, Inc. Farmingdale, NY), the
sodium ion channel blocker tetrodotoxin (10 uM; Abcam, Cambridge, MA) or the vasoactive
intestinal peptide receptor antagonist [D-p-CI-Phe®,Leu’]-VIP (10 uM, Bio-Techne Corporation,
Minneapolis, MN). After 24 h of incubation, the fluorophore-tagged alkyne, Dibenzocyclooctyne-
Cy3 (DBCO-Cy3; 2 uM; Sigma-Aldrich, St. Louis, MO) was added to visualize GalNAz. This
copper-free click reaction was allowed to proceed in the dark for 15 minutes at 37°C, 5% CO.,
1% O.. Finally, culture supernatant was removed, and slices were fixed in 4% formaldehyde

prior to re-sectioning.
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Re-sectioning of Slices:

After 48h of culture, ileum slices were fixed for 10 min in 4% formaldehyde. Tissue was
then placed in a 4% agarose solution (w/v; Fisher Scientific, Pittsburgh, PA) and subsequently
put in a 4°C fridge for 4 min to ensure agarose gelation. Illeum slices were then sectioned on a
vibrating microtome (VT1000S; Leica Microsystems, Wetzlar, Germany) at 50 um thick (Figure

1C) before being processed for immunohistochemistry.

Immunohistochemistry:

After re-sectioning, 50 um sections were washed in PBS for at least 10 min prior to
receiving 0.1M glycine made in 0.05M PBS for 30 min. Tissue was subsequently washed three
times in PBS for 5 min each wash. Next, sections received 0.5% sodium borohydride in PBS for
15 min. Sections were then washed twice for 5 min in PBS before blocking in 5% NGS, 0.5%
Tx, and 1% H202in PBS for 30 min. After blocking, sections received one of three primary
antisera for two days: a monoclonal anti-peripherin (1:300; Chemicon International, Temecula,
CA), a polyclonal anti-VIP (1:8000; Immunostar, Inc. Hudson, WI), or a polyclonal anti-MUC2 (3
pug/mL; Novus Biologicals, Centennial, CO). After primary, sections were washed with 1% NGS
in PBS four times for 15 min each wash. Next, secondary antibody was added for 2 h at room
temperature and consisted of 1% NGS and 0.5% Tx in PBS with a biotinylated goat anti-rabbit
secondary antibody (1:2500; Jackson Immunoresearch Inc. West Grove, PA). Secondary
antibody was washed out with four 15 min washes composed of 0.02% Tx in PBS. Sections
were next incubated with an Alexa Fluor 488 conjugated to streptavidin (1:500; Invitrogen,
Carlsbad, CA) in 0.32% Tx in PBS for 1 h. Finally, sections received three PBS washes prior to

mounting and imaging.
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Tissue Imaging and Analysis:

Slices and re-sectioned tissue were imaged on either a Nikon TE2000-U inverted
microscope (10X Plan-Fluor and 20X Plan-Apo objectives) with a UniBlitz shutter system
(Vincent Associates, Rochester, NY) and an Orca-flash 4.0 LT camera (Hamamatsu,
Hamamatsu City, Shizuoka Prefecture, Japan), or a Zeiss LSM 880 confocal microscope with
an Axiocam 503 mono camera (Carl Zeiss, Inc., Thornton, NY). Data in GaINAz-DBCO-Cy3
fluorescent cell counting and the EAU / GalNAz colocalization experiments were gathered via
confocal Z-stack with 30- 1 ym planes being captured through the center of the tissue. A max
intensity Z-projection was performed using FIJI (ImageJ, v1.0; NIH) and cells were manually
counted by a researcher blinded to treatment. Data for GaINAz-DBCO-Cy3 fluorescent cell
proximity to peripherin immunoreactive fibers was performed by a researcher blinded to
treatment who randomly sampled 3- Z-planes throughout the tissue section based on GalNAz-
DBCO-Cy3 fluorescence only. Analysis was performed in FIJI using a 3 um dilation around all
GalNAz-DBCO-Cy3 fluorescent cells before using the analyze particles tool to quantify

peripherin immunoreactive fibers within the 3 um dilations.

Statistics:

All statistical analysis was performed using Prism 8 (Graphpad, San Diego,CA). For all
GalNAz cell count analysis and peripherin-GalNAz analysis, a two-way ANOVA was performed
by treatment and region. A Sidak’s multiple comparisons post-hoc test was performed for
comparison of individual group means. For the GalNAz — EdU colocalization experiment, data
was analyzed using a one-way ANOVA by treatment, with a Tukey’s multiple comparisons post-

hoc test. All data is presented as means +/- standard error of the mean (SEM).
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Figure 23. Schematic representation of culture protocol path from a ~2cm long ileum explant
(A) to a 250 pym thick ex vivo ileum slice (B) to a 50 um thick re-sectioned piece of fixed ileum
(C), and a representative confocal photomicrograph of GaINAz-DBCO-Cy3 reactivity (D). In D,
arrow heads point to stereotypic GaINAz-DBCO-Cy3 labeled cells, and ‘L’ represents the
lumen, ‘v’ a villus, and ‘c’ a crypt. Scale bars are 250 um in C, and 25 pm in D.

Results:
Intestinal slices maintain goblet cells ex vivo

Organotypic intestinal slices from mouse ileum (Figure 23A-B) maintained glycosaminoglycan

producing goblet cells ex vivo for at least 48 h. Labeling of glycosaminoglycans was
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Figure 24. Schematic representation of both the metabolic incorporation of GalNAz into
goblet cell glycosaminoglycans (Step 1), and the copper free azide-alkyne cycloaddition
(CFAAC) of DBCO-Cy3 onto GalNAz (Step 2). GalNAz-DBCO-Cy3 labeled cells are
indicated with orange/red granules.

accomplished using a copper free azide-alkyne cycloaddition (CFAAC; Figure 24) click reaction.
Incorporation of Tetraacetylated N-Azidoacetylgalactosamine (GalNAz) into goblet cell
glycosaminoglycans was visualized with dibenzocyclooctyne-Cy3 (DBCO-Cy3) and thereby
labeled glycosaminoglycan producing goblet cells ex vivo (Figure 23C-D). For preliminary
experiments, slices of mouse colon from 4 animals per treatment were cultured in either
atmospheric oxygen conditions at 5000 feet above sea level in Colorado (~17% = 100 mmHg)
or low oxygen (1% = 5.9 mmHg) incubators. The percentage of area labeled in regions of
interest drawn around the colonic mucosa with GalNAz-DBCO-Cy3 fluorescence were
measured. GalNAz-DBCO-Cy3 label was 2-fold higher in 1% cultured slices compared to 17%
oxygen cultured tissue, with slices cultured in 1% oxygen showing a mean of 20.16 +/- 2.3

percentage area labeled, while 17% oxygen slices had 10.55 +/- 1.9 percent area labeled ([t =
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3.23, df = 33] p < 0.01). Area analyzed was similar for both conditions and incorporated dozens
of crypts per treatment. Mean area analyzed was 409.8 +/- 43.3 mm? for 17% oxygen slices,
and 306.5 +/- 56.7 mm? for 1% oxygen slices ([t = 1.436, df = 33] p = 0.16). All subsequent
experiments were conducted in the low oxygen environment. Organotypic intestinal slices from
mouse ileum housed GalNAz-DBCO-Cy3 labeled cells along the length of the crypt-villus axis.
Post-hoc immunohistochemistry showed regular colocalization of MUC2 immunoreactivity with
GalNAz-DBCO-Cy3 fluorescence (Figure 25A-B). Across all treatments in mouse ileal slices,
GalNAz-DBCO-Cy3 fluorescent cells were colocalized with immunoreactive MUC2 62% of the

time.

Figure 25. GalNAz reliably
labels intestinal goblet cells.
(A) shows GalNAz-DBCO-
Cy3 reactivity in a single
gobilet cell. (B) shows MUC-
2 immunoreactivity in the
same goblet cell as panel A.
C and D show a
representative goblet cell
that has MUC-2
immunoreactivity (D) but no
GalNAz-DBCO-Cy3
reactivity (C). Scale bars in
all panels are 2 ym.

161



Neural fibers densely innervate ileal mucosa

§ A —

Figure 26. Representative z-projected confocal images of peripherin (A-
C) and VIP (D-F) immunoreactivity in 50 ym sections of mouse ileum.
Panels A and D show patterns of fiber distribution throughout the
mucosa. Panels B and E show dense ileal crypt innervation patterns,
and panels C and F show neuronal fibers in the villi, with arrows pointing
to fibers of the sub-epithelial plexus running beneath the apical-most
epithelial layer. Outlined and highlighted areas labeled with ‘e’ in panels
C and F represent apical enterocytes. High magnification images in
panels B and C are not directly taken from the same section as the low-
magpnification image in panel A. In all panels, ‘L’ represents the lumen,
‘v’ a villus, ‘c’ a crypt, ‘'sm’ submucosa, ‘me’ muscularis externa, and ‘Ip’
lamina propria. Scale bars 100 ym in A and D, and 25 ym in B,C,E,F.

An extensive network of enteric neuronal fibers infiltrated the gut mucosa. Fibers
containing immunoreactive peripherin densely wrapped around intestinal crypts weaving
throughout the lamina propria towards the intestinal lumen (Figure 26A-B). In these same
sections peripherin immunoreactive fibers were projected to the apical most enterocytes
(outlined and highlighted in Figure 26 C and F) that form the gut epithelial barrier (arrow, Figure
2C). VIP — immunoreactive fibers were also observed densely wrapping intestinal crypts

(Figure 26D-E) and throughout the villus lamina propria and extended to the villus apex (arrows,
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Figure 26F). These fibers were detected projecting directly to the apical-most enterocytes in the

ileal villi, as with peripherin fibers.

Peripherin fibers project to ileal goblet cells
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Figure 27. Percentage of GalNAz+ cells with peripherin fibers within
3um is increased in VPACa treatment in ileal crypts.

Representative photomicrograph (A) shows GalINAz-DBCO-Cy3
reactive cells in red (arrow and arrow head) with peripherin-
immunoreactive fibers in cyan throughout the mucosa. (A’) is a
magnified view of (A) showing numerous fibers projecting towards a
GalNAz-DBCO-Cya3 reactive cell (arrow), and a second cell without
any fibers (arrow head). (B) quantification of the percentage of non-
GalNAz reactive enterocytes peripherin fibers. (C) quantification of
the percentage of GalNAz-DBCO-Cy3 reactive cells with peripherin
fibers. ‘L’ represents the lumen, ‘v’ a villus, ‘c’ a crypt. The *in
panel B denotes p < 0.05. Scale bars are 25 ymin Aand 10 um in
A’. Data from n = 4 animals (2 males, 2 females). Values are
means +/- SEM.

Neuronal fibers were in close proximity (within 3 um) to GaINAz-DBCO-Cy3 reactive
goblet cells throughout the mucosa (Figure 27A-A’; arrow). Neuronal fibers containing

immunoreactive peripherin were denser in the submucosal and crypt regions of ileal tissue
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(Figure 27A) than in the villi. This was consistent with both peripherin- and VIP-
immunoreactivity patterns in fixed 50 um sections of ileum (Figure 26A-C). Numerous fibers
were found in close proximity to GaINAz-DBCO-Cy3 fluorescent goblet cells (e.g., arrow in
Figure 27A-A’). There were also many goblet cells that did not have closely apposed peripherin
fibers (arrow head in Figure 27A-A’). In addition, when looking at enterocytes directly adjacent
to GalNAz labelled cells, there was no change in percentage of these enterocytes with proximal
peripherin fibers, regardless of region ([F(1,24) = 3.18]; p = 0.09) or treatment (Figure 27B,;
[F(3,24) = 1.02]; p = 0.4). When analyzing GalNAz-DBCO-Cy3 reactive cells, vehicle treated
slices had 53.9 +/- 9.2 percent of goblet cells with at least one peripherin fiber. LPS treated
slices showed 44.7 +/- 12.4 percent with a fiber, while VPACa and TTX had 56.7 +/- 11.7 and

48.4 +/- 10.4 percent of cells with a fiber, respectively.
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Flgure 28. Dosmg W|th VPACa or TTX substanhally decreases the quantity of GaINAz+ cells per
crypt, and per villus compared to vehicle and/or LPS. (A) a representative photomicrograph of a
vehicle treated slice showing large quantities of GaINAz-DBCO-Cy3 reactive cells in both the crypts ‘¢’
and the villi 'v’. (B) a representative photomicrograph of DBCO-Cy3 reactive cells in a VPACa treated
slice. Arrows in both A and B point to a stereotypic DBCO-Cy3 labelled cell in the villus, while hollow
arrows point to a stereotypic cell in the crypt. (C) Representative negative control image showing a
lack of clearly labeled goblet cells. (D) quantification of the GalNAz+ cell counts throughout the crypt
and villi. ‘L’ represents the lumen. In panel C, * denotes p < 0.05, and ** denotes p < 0.01. Scale bars
in A— C are 25 ym. Data from n = 6 animals (3 males, 3 females). Values are means +/- SEM.
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No differences were observed across these treatments ([F(3,44) = 0.24]; p = 0.86). When
separated by anatomic region, no differences were observed in the percentage of GalNAz-

DBCO-Cy3 reactive cells with closely apposed peripherin fibers across all treatments ([F(3,24) =
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0.59]; p = 0.62) or by region (i.e. crypt vs villus; [F(1,24) = 1.03]; p = 0.32) except for slices
treated with VPACa. Slices treated with VPACa for 24 h showed an increase in the percentage
of GaINAz-DBCO-Cy3 fluorescent cells with peripherin fibers in the crypt (95 +/- 5 percent)

compared to vehicle (40.3 +/- 7.5) and LPS (46.7 +/- 13.7; Figure 27C [F(3,11) =6.07]; p =

0.01).
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Figure 29. Dosing with VPACa decreased the number of GalNAz+ cells with EJU colocalization. (A)
shows the base of a single crypt in a vehicle treated slice, with a GaINAz-DBCO-Cy3 reactive cell
(red) colocalized with EdU (green). In A there is an EdU reactive cell (hollow arrow) and a
colocalized cell (arrow). (B) shows the base of a single crypt in a VPACa treated slice, and an EdU
reactive cell (hollow arrow), and a GalNAz-DBCO-Cy3 reactive cell (red) without any EdU
colocalization are visible. White line denotes the crypt base in A-B. (C) quantification of total EAU
cell counts per crypt. (D) quantification of GalNAz — EdU colocalization. Scale bar in A is 5 um.
Scale in B is the same as A. Data from n = 3 animals (2 males, 1 female). Values are means +/-
SEM.

VPAC receptors regulate goblet cell count and production

GalNAz-DBCO-Cy3 fluorescent goblet cell count and proliferation were altered by ex
vivo pharmacological treatment with VPACa. There was a 50% decrease in GalNAz+ cell
counts in the crypts and villi compared to vehicle and/or LPS (Figure 28) that can be seenin a
representative image of a vehicle treated slice (Figure 28A) compared to a VPACa treated slice
(Figure 28B). When separated by region, more GaINAz-DBCO-Cy3 reactive cells were
observed in the ileal villi compared to crypts across treatments (Figure 28A-D; [F(3,32) = 131.4];
p < 0.0001). This effect was also observed between vehicle and VPACa, as well as vehicle and

TTX (Figure 28D; [F(3,32) = 68.9]; p < 0.0001). Negative controls were performed for the
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CFAAC reaction, showing no fluorescently labeled goblet cells when mouse ileal slices were
cultured with DBCO-Cy3 alone, without GalNAz (Figure 28C). When vehicle (Figure 29A) and
VPACa (Figure 29B) treated slices were given the thymidine analog 5-Ethynyl-2’-deoxyuridine
(EdU) ex vivo, incorporation of EJU was detected in 9.3 +/- 1.09 cells / crypt across all
treatments. No differences were observed in EdU cell counts per crypt between treatments
(Figure 29C). Slices treated with EAU and GalNAz-DBCO-Cy3 ex vivo showed colocalization in
~30% of all EdU cells in ileal crypts in vehicle treated slices (Figure 29A,D). When treated with
LPS, there was no difference compared to control. However, treatment with VPACa (Figure
29B) resulted in a 77% decrease in the number of GalNAz-DBCO-Cy3 reactive cells that were

colocalized with EdU (Figure 29D; [F(2,6) = 13.4]; p < 0.01).

Discussion:

The intestinal wall functions as an ensemble of cellular constituents that provide for
nutrient absorption on one hand and protection from the outside world on the other. From the
luminal space to the outside of the wall, the constituents include microbiota, mucus, and then
epithelial, immune, neural, and muscle cells. Communication among these elements is
extensive, but poorly defined in many places. The present study provides an anatomical basis
for neural signaling to enteric goblet cells of the epithelial layer and shows the selective impact
of VIP receptors on goblet cell production. There have been demonstrations of neural —
epithelial signaling in the intestine via enteroendocrine cells (6, 7), and cholinergic regulation of
goblet cells in the eye conjunctiva (18). Peptidergic regulation of goblet cells in the intestine has
been suggested, but potential sources have been vague. The close proximity of enteric
neuronal fibers to a subset of goblet cells labeled for live mucus synthesis in the current study

provides an anatomical linkage for potential functional signaling between these cells. Goblet
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cells with live glycosaminoglycan labeling in the crypts were more likely to be in close proximity
to peripherin immunoreactive neuronal fibers when slices were treated ex vivo with a VIP
antagonist (VPACa) compared to control, an inhibitor of synaptic signaling through sodium
channels (tetrodotoxin), or an immune system stimulant (LPS). Thus, VIP of local origin may be
a key modulator of goblet cell function in the intestinal wall.

The current study adapted a powerful technique to label goblet cells and mucus in vivo
(25) to label ex vivo and ultimately will make it possible to examine live. Copper-catalyzed
azide-alkyne additions have been used but are traditionally thought to be cytotoxic to living cells
and tissues (3). Copper-free azide-alkyne cycloadditions (CFAACs) have gained some
prominence due to their biocompatibility and have been used to label intestinal goblet cells in
fixed tissue (41). CFAACs have not previously been used ex vivo to label goblet cells in
cellularly heterogenous tissues. The present study verified that a CFAAC method labeled live
glycosaminoglycan producing intestinal goblet cells ex vivo. GalNAz incorporation and
subsequent label via CFAAC with a fluorophore had a consistent colocalization with Muc2-
immunoreactivity in ~62% of cells. This colocalization matched a previous study that labeled
mouse colonic goblet cells in vivo with GaINAz and subsequently labeled with Muc2 via
immunohistochemistry (25). These data indicate that the percent incorporation of GalNAz into a
Muc-2 immunoreactive goblet cells in ileum is similar ex vivo as in vivo removing the concern of
tissue toxicity due to copper while retaining the labeling efficiency. Whether the percent of
goblet cells labeled for glycosaminoglycan synthesis being less than the total indicates unique
attributes of the cells such as synthesis of sugars other than galactosamines, or is due to
limitations of the technique as suggested previously (24) remains to be determined.

The presence of a subepithelial plexus of neural fibers in intestinal villi was first observed

by Ramon y Cajal, among others, in the late 1800s (9, 16). However, in-depth phenotyping of
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these fibers along the length of the gastrointestinal tract is still incomplete. Neuronal fibers
carrying immunoreactive VIP have been shown to travel in close proximity to enterocytes in the
intestinal crypts (51), however, the role these fibers play in regulating goblet cells (production
and/or function) is unclear. In the present study, VIP receptor antagonism affected neuronal
fiber localization close to goblet cells in the ileal crypts, but not villi. Therefore, VIP’s role may
be spatially limited, and other transmitters may be involved in goblet cell signaling as they
ascend the length of the villi. There are a large number of neuronally secreted peptides in the
intestine that may play roles in modulating goblet cell secretion (16), including corticotropin
releasing hormone (10), substance P (48), somatostatin (48), and calcitonin gene related
peptide (39), among others. Additionally, bi-directional neuroimmune signaling between enteric
neuronal fibers and mast cells (8) can regulate mucus secretion (10) among a host of other
cellular responses (4). Therefore, VIP produced in neurons is not the only pathway for
peptidergic regulation of goblet cell functions, and further fleshing out of the molecular signaling
mechanisms between enteric neuronal projections, mast cells, and goblet cells will be important.

Enteric neurons express a large variety of receptors, produce numerous different
peptides and transmitters, and vary in their excitatory state dependent upon region (35). TTX
blocks voltage gated sodium channels, of which there are numerous types in the intestine, with
differential expression based on neuron type (2). Inhibition of sodium channels via TTX dosing
served as a more global, non-specific, neuronal inhibition for pharmacological studies in which
the specific receptor antagonist, VPACa, was used. Observations in the present study showed
similar influences of TTX and VPACa on the counts of goblet cells incorporating GalNaz ex vivo
in both crypts and villi. This points toward a neural (TTX) influence on goblet cells, and a

potentially more specific pathway via VIP receptors (VPACa). Further work is needed to
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explicitly define the peptide receptor expression on enteric goblet cells, with a focus on crypt
and villi cell populations as a distinct variable.

Goblet cell function in the intestinal tract is likely regulated by neural factors, however,
there is a large intestinal immune component that holds influence over epithelial function. The
pathways involved in goblet cell signaling with neurons, immune cells, or both, remain poorly
understood. Treatment with the bacterial cell wall component LPS has been shown to increase
mast-cell activation (12). While mast cells have been observed to be involved in enteric neuro-
immune signaling (8), and are known to have VIP-receptors (29), there was no direct influence
of LPS on the counts of goblet cells incorporating GalNaz ex vivo in any of the present
experiments. This suggests that there may not be a direct immune signaling altering
glycosaminoglycan synthesis in goblet cells or their proximity to neuronal fibers. Given the
influence of VPACa dosing on neuronal fiber localization and goblet cell counts, VIP may be a
key regulator of goblet cells in the ileal mucosa. However, given the likely role of neural —
immune signaling in host-pathogen interactions (45), further work is needed to flesh out more
obscure influences of the immune system on enteric goblet cell regulation.

The results of the current study are consistent with the hypothesis that epithelial cell
functions (e.g., goblet cell production) in the small intestine are modulated by peptides normally
produced in neurons, such as VIP. There is a dense network of neuronal fibers wrapping
around intestinal crypts (16). The mechanisms of signaling between neural fibers and crypt
epithelia remains unclear. Incorporation of the thymidine analog EdU into DNA has previously
been used to quantify the rate of epithelial cell production in mouse small intestine both in vivo
(32) and ex vivo (43). In the current study, the number of glycan synthesizing goblet cells that
were also undergoing DNA synthesis as marked by EdU was substantially decreased in slices

treated with the VIP receptor antagonist VPACa. This indicates potential ongoing VIP regulation
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of goblet cell production. Further investigation is required to determine whether this was a direct
impact on goblet cell proliferation from a progenitor, or a later influence on differentiation into a
goblet cell fate.

In conclusion, the present study provides an anatomical foundation for neural influences
on goblet cell function in the mouse ileum. Further, these interactions are seemingly important
for regulation of the extent of the proximity of neural fibers to goblet cells, and the production of
new goblet cells in the ileal crypt. The experiments in this study lay a foundation for analyzing
goblet cell — neuronal interactions in the mouse ileum. Future investigation will be needed to
tease apart the role of other neuropeptides in mediating neural interactions with goblet cells

along the length of the intestinal crypt-villus axis.
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CHAPTER 7 — SEX DIFFERENCE IN NEURONAL MEDIATION OF ILEAL PANETH CELL

RESPONSE TO LIPOPOLYSACCHARIDE

Overview:

Information on neuronal peptide regulation of gut mucosal epithelial function is sparse,
but likely important for maintaining a healthy gut barrier. Previously, we have shown that
vasoactive intestinal peptide may play a role in regulating production of mouse ileal goblet cells,
a type of specialized epithelium. In the present study, data show vasoactive intestinal peptide
immunoreactive neuronal fibers coursing intimately with UEA-1 lectin reactive Paneth cells in
the base of mouse ileal crypts, with no difference observed between tissue from males and
females. A sex difference in the fluorescent intensity of UEA-1 reactive Paneth cells was
observed, regardless of treatment, with slices from female ileum having more fluorescently
intense Paneth cells. When challenged with lipopolysaccharide, Paneth cells from male slices
became as intense as Paneth cells in slices from females. Removal of the basal sex difference
upon challenge with lipopolysaccharide was largely driven by a sharp decrease in intensity in
Paneth cells in female derived slices treated with a VIP receptor antagonist, but not those
treated with tetrodotoxin. This may point towards a VIP specific influence over Paneth cell
function; however, further work is needed to correlate UEA-1 intensity more directly with

secretion by Paneth cells in ileal crypts.

Introduction:

Neuronal fibers or glial projections to mucosal epithelia have been shown for goblet (1),
tuft (2), and enteroendocrine (3, 4) cells. Functional roles of neural — epithelial connections are
not well known. Much of the work in the field has been centered around enteroendocrine cell
signaling with neuronal (3) and glial (5) fibers. Recent work demonstrated an influence of

vasoactive intestinal peptide (VIP) over production of mouse ileal goblet cells (1). Better
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anatomical understanding of neural — epithelial signaling pathway is needed to begin

understanding potential functional influence of neural elements over barrier maintenance.

Situated at the base of intestinal crypts in the small and large intestine, Paneth cells secrete
large amounts of anti-microbial molecules including alpha-defensins (6). Paneth cell secretions,
including defensins, are thought to play roles in protection of closely localized crypt progenitor
cells. Neural elements, along with Paneth and stem progenitor cells are included in the intestinal
‘stem cell niche’ (7), however, neural inputs to Paneth cells are not well characterized. In this
study, we show anatomic localization of neuronal fibers and Paneth cells, a pathway potentially

mediated by immune components like mast cells during pathogen invasion.

Numerous sex differences in various aspects of immunity have been demonstrated in recent
years, with females often showing a baseline level of inflammation and more adaptive immune
cells (8). While sex differences are known in enteric immune cell populations (9), data is needed
on potential sexual differences in Paneth cell quantities, secretory capacity, and anatomic

localization with neural elements.

The present study uses organotypic intestinal slices of mouse ileum which can be challenged
with lipopolysaccharide (LPS), a component of bacterial cell walls. In this study, we use this
system to build off previous work that showed a different epithelial subset, goblet cells, being
regulated in their production by VIP (1). Paneth cells stand as the logical next target for
investigation of VIP regulation of gut epithelial populations, particularly when concerned with

bacterial challenge, as they are first line defenders that produce anti-microbial products.

Materials & Methods:

Animals:
178



Male and female mice aged between 8-12 wk old were used for all experiments. Mice were
housed at Colorado State University in cages with aspen bedding (Sani-chips; Harlan Teklad,
Madison, WI) with ad libitum access to water and food (No. 8649; Harlan Teklad) under a
standard 14:10 hour light-dark cycle. Mice were on the C57BL/6 background and expressed a
yellow fluorescent protein (YFP) driven by a promoter that is neuronally selective (Thy-1; (10)).
YFP fluorescence was used to ascertain base levels of tissue/neuronal health ex vivo. Colorado

State University’s IACUC approved work under protocol #1021.

Organotypic slice preparation:

Preparation of intestinal slices has been previously described at length (1, 11), and was
performed similarly here. In short, mice were deeply anesthetized with isoflurane prior to
decapitation. Gastrointestinal tract was removed from duodenum to the ileo-cecal junction, and
tissue was placed in 4°C 1X Krebs buffer prior to dissection of mesentery and separation of
ileum. Small pieces (2-4mm) of ileum was blocked in 8% low melt point agarose (Gold
Biotechnology, St. Louis, MO) and allowed to polymerize prior to slicing at 250 um thick on a
vibrating microtome (VT1000S; Leica Microsystems, Wetzlar, Germany). Slices were adhered to
culture dishes using a thin layer of collagen solution [vol/vol: 10.4% 10X MEM (Minimal
Essential Medium, Sigma-Aldrich, St. Louis, MO), 4.2% sodium bicarbonate, and 83.5%
collagen (PureCol; Inamed, Fremond, CA)]. Slices were cultured in CTS Neurobasal-A Media
(ANB; Life Technologies) with 5% B-27 supplement (B-27; Life Technologies, Carlsbad, CA)

and maintained in an incubator at 37°C under 5% CO., and 1% O- gas.

Drug Treatments:
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Slices of mouse ileum were treated in accordance with Table 3 at 24 h ex vivo for a subsequent
24 h. For those challenged with LPS, slices were treated at O h ex vivo prior to LPS at 24 h ex

vivo for a subsequent 4 h.

Table 3. Drug treatments used throughout experiments

Treatment Concentration Source
Vasoactive Intestinal Peptide (VIP) 10 uM ABBIOTEC (Escondido, CA)
[D-p-Cl-Phe6,Leul7]-VIP (VPACa) 10 uM Bio-Techne Coproration (Minneapolis, MN)
Tetrodotoxin (TTX) 10 uM Abcam (Cambridge, MA)
TLR-grade Lipopolysaccharide (LPS) 10 pg/ml Enzo Life Sciences, Inc. (Farmingdale, NY)
Immunohistochemistry:

To improve visualization of cellular elements, 250 um slices were re-sectioned at 50 ym prior to
immunohistochemistry (IHC) as previously described (1). IHCs were performed as previously
described (1, 11). Briefly, 50 um re-sectioned ileum sections were placed in 0.1M glycine made
in 0.05M PBS for 30 min prior to three PBS washes before 15 min in 0.5% sodium borohydride
in PBS. Sections were washed twice in PBS before blocking in 5% NGS, 0.5% Tx and 1% H20-
in PBS for 30 min. Sections received anti-VIP (Immunostar, Inc., Hudson, WI) at 1:8000 dilution
in PBS with 1% BSA and 0.3% Tx simultaneous with Ulex europus agglutinin — 1 (UEA-1;
Vector Laboratories, Burlingame, CA) conjugate to fluorescein with 5% CacCly, 2%
polyvinylpyrolodine-40, and 0.125% Tween-20 in PBS prior to incubation for ~72 h. After
incubation with primary, sections were washed four times in 1% NGS in PBS for 1 h before
addition of a Cy-3 conjugated donkey anti-rabbit secondary at a 1:500 dilution for 1 h (Jackson
Immuno Research Laboratories, Inc. West Grove, PA). After secondary, sections were washed
in PBS before mounting with Aqua-Poly/Mount (Polysciences, Inc., Warrington, PA) prior to

imaging.
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Tissue Imaging and Analysis:

All tissues were imaged on a Zeiss LSM 880 confocal microscope with an Axiocam 503 mono
camera (Carl Zeiss, Inc., Thornton, NY). 50 um Z-stacks were acquired in 1 ym intervals prior to
a max intensity Z-projection through the center 30 um of each stack using FIJI (v1.0; NIH).
Individual Paneth cells were used to define regions of interest that were manually drawn by a

researcher blinded to treatment. Cells and neuronal fiber appositions were counted using FIJI.
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Figure 30. Paneth cells reactive to UEA-1 (green) are
intimately associated with VIP immunoreactive fibers (red),
regardless of sex. (A) is a representative image from a male
ileal crypt, with an exemplary Paneth cells outlined in white
and denoted ‘pc’. Arrows point towards areas of VIP-
immunoreactive fibers and UEA-1 reactive Paneth cell
association. (B) is representative from a female ileum.
Quantification is shown in (C). ‘sm’ denotes submucosa. n = 3
males, 3 females. Scale bars are 10 ym in (A) and (B).

Statistics:

Statistical analyses were performed in Prism 9 (Graphpad, San Diego, CA). Analyses were
performed using either a one-way ANOVA (Figure 28) or two-way ANOVA (Figure 29-30)
looking at cell counts across sex, and treatments. All ANOVAs had a Tukey’s multi

comparison’s post-hoc test performed. All data are means +/- standard error of the mean.

Results:
Paneth cells were closely opposed by VIP-immunoreactive neuronal fibers in both

fixative perfused and ex vivo cultured mouse distal ileal tissues. In slices from male and female
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mice, Paneth cells had VIP-IR fibers within 1 ym (Figure 30A&B) with male ileal tissue showing
50.1 +/- 14.6 % and female 57.3 +/- 15.86 % of UEA-1+ cells within 1 um of a VIP-IR Fiber
(Figure 30C). The differences in VIP apposition of UEA-1 cells across sex was not significant as
measured by a one-way ANOVA ([F(2,2) = 1.187] p > 0.5). Quantification of images from slices
cultured ex vivo showed that treatment with vehicle, VIP, VPACa, or TTX, did not impact the
percentage of UEA-1+ cells within 1 ym of a VIP-IR fiber, regardless of sex (Figure 31A-D;
[F(3,23) = 0.5] p > 0.5). Challenge with LPS alongside either vehicle, VIP, VPACa, or TTX, did
not impact the percentage of UEA-1+ cells near a VIP-IR fiber, again independent of sex (Figure

31E-H: [F(3,23) = 0.07] p > 0.5).
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Figure 31. No sex differences were observed in the percentage of UEA-1 reactive
Paneth cells (green) associated within 1 um of a VIP-immunoreactive neuronal fiber
(red). (A) and (B) are representative images from male and female ileums
respectively. (C) and (D) are quantification of a group effect (C), and a treatment
effect by sex (D) with grey bars representing males and white bars females. (E) and
(F) are representative images from males and females respectively, with
quantification in (G) and (H). ‘c’ represents a ileal crypt region, and ‘pc’ a Paneth
cell. n = 4 males, 4 females for A-D and 5 males, 5 females for E-H. Scale bars in
(A,B,E,F) are all 10 um.

Fluorescent intensity of UEA-1 was observed to be higher in slices of ileum from female than

male mice, regardless of treatment with vehicle, VIP, VPACa, or TTX (Figure 32A-D; [F(1,23) =
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6.2] p < 0.05). When challenged with LPS there was a general increase in UEA-1 intensities
with a significant decrease in female UEA-1 intensity in VPACa + LPS treated slices (Figure

32E-H; [F(1,23) = 1.8] p > 0.5). This change eliminated the sex difference.

- 1507
- 150+ 5
5 b L4 .
* o0
g o 100- S e . °
[ ] o o,
@ 100 S .
o = > °
S o L w =
[ - 2 50+ [
T 2 501 < 0
< 9 we
9 S £
=
0- Vehicle VIP VPACa TTX
Male Female Treatment
Sex 1507
[ |
-
150 c
£ g
o 0
g 5
- 100
o 3 5
5 . [To
(= T e
- n . (7]
35" S 2
=Y > £
=
0_

M
] QX 0 x
G Male Female H
Sex Treatment
Figure 32. Paneth cells from female slices had more fluorescently intense Paneth cells,
regardless of treatment. (A,E) and (B,F) are representative images of male and female
Paneth cells, respectively. Quantification of mean fluorescent intensity is shown in treated

(C-D) and treated + LPS challenged (G-H) slices. ‘c’ represents a ileal crypt region, and ‘pc’
a Paneth cell. n = 4 males, 4 females for A-D and 5 males, 5 females for E-H. Scale bars in

(A,B,E,F) are all 10 um.

Discussion:

Regulation of the intestinal epithelial and mucus barrier is critical for maintaining a
healthy gut wall and host. Previous demonstrations of neural peptide influence over epithelial
function concerning the barrier have been shown, with goblet cell production being regulated by
VIP (1). In cases of pathogen invasion, acute inflammation, and other barrier compromising
events, epithelial secretions by Paneth cells play a critical role in protecting host cells by
producing numerous anti-microbial compounds like alpha-defensins and lysozyme (6). Data in
the present study demonstrate a close association of Paneth cells with VIP+ neuronal fibers,

and define a sex difference in Paneth cell intensity that is eliminated post LPS challenge.
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Together, the data highlight the need to consider sex as a relevant variable when investigating

Paneth cells and their functional roles during bacterial challenge.

The present study shows VIP-IR fibers coursing intimately with Paneth cells in the base of ileal
crypts. There were no sex differences observed in the percentage of Paneth cells near a VIP-IR
fiber, regardless of treatment or challenge with LPS. There was a substantial sex difference in
the fluorescent intensity of ileal Paneth cells, with females having more intense cells across all
treatments. After challenge with LPS, Paneth cell intensities from male slices caught up to
females. This effect was largely driven by a substantial decrease in Paneth cell intensities in
slices from females treated with VPACa. This could potentially point towards a VIP regulation of
observed sex differences in fluorescent intensities, however, substantially more investigation is

required to clarify the significance of this data.

Fluorescent intensity of UEA-1 was used in this study as an indirect marker of Paneth cell
activity, as it is not a direct secretory product. It is possible that more fluorescently intense
Paneth cells have larger stores of cellular cargo (12), ready to secrete contents like alpha-
defensins (6). Conversely, it is possible that less fluorescently intense Paneth cells have
recently secreted their contents. Defined measurements of Paneth cell secretion products like
alpha-defensins will be needed to define the role of VIP and neuronal signaling in regulating

Paneth cell function during healthy and bacterial challenged states.

In conclusion, Paneth cells are closely associated with VIP neuronal fibers, which potentially
play a role in regulation of their secretion. Other measures of Paneth cell function are needed to
ascertain the mechanistic role of VIP in regulating Paneth cell secretion, particularly in

bacterially challenged tissues. Harnessing neural regulation of anti-bacterial secretion by
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Paneth cells could serve as a novel pathway for treating acute infections in the long term,

however, design of such therapeutics must include analysis of sex as a variable.
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CHAPTER 8 — SEX DIFFERENCES IN ANATOMIC PLASTICITY OF GUT NEURONAL —

MAST CELL INTERACTIONS

Overview:

Background: Mast cells are anatomically situated in close proximity to myriad enteric
neuronal fibers in the gut mucosa, however, roles of specific neuropeptides in modulating
function of immune components like mast cells in response to challenge with bacterial
components are relatively unknown. The present study compared responses between tissues
derived from male and female mice to examine neural — immune signaling in the gut wall after
selected treatments.

Methods: An organotypic slice model was used to maintain cellular diversity in the gut wall ex
vivo. Mouse ileum slices were treated with selected pharmacological reagents that block
neuronal function (e.g., tetrodotoxin) or VIP receptors prior to challenge with lipopolysaccharide
(LPS) to assess their influence on anatomic plasticity of VIP-IR fibers and activation of mast
cells.

Results: Sex differences were observed in the number of mucosal mast cells (c-kit/ACK2
immunoreactive) at baseline, regardless of treatment, with female ileum tissue having 46%
more ACK2-IR mast cells than males. After challenge with LPS, male mast cell counts rose to
female levels. Further sex differences were observed in the percentage of ACK2-IR cells within
1 um of a vasoactive intestinal peptide (VIP) neuronal fiber, as well as the size of mast cells, a
metric previously tied to activation, with females having larger basal mast cell sizes. Male mast
cell sizes reached female levels after LPS challenge.

Conclusions: This study suggests sex differences in neural-immune plasticity and in mast cell
activation both basally and in response to challenge with LPS. These sex differences could

potentially impact functional neuro-immune response to pathogens. Additional data is needed to
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test the hypothesis that VIP has a functional role in regulating mast cell secretion in pathogen

challenged states.

Introduction:

Neural regulation of immune components throughout the gut wall has gained increased
attention. Mucosal immune cells, like mast cells among others, express neuropeptide receptors
for vasoactive intestinal peptide (VIP; Keita et al., 2013), calcitonin gene related peptide
(CGRP), substance P, and many others (Forsythe & Bienenstock, 2012). Mast cells are a multi-
functional population of immune cells anatomically situated in close proximity to myriad enteric
neuronal fibers in the gut mucosa (Stead et al., 1989). Neural stimuli can trigger the release of
histamine from cultured mast cells (Piotrowski & Foreman, 1985) among other functions
(Jacobson et al., 2021). Roles of specific enteric neuronal populations in regulating bi-directional
communication with heterogenous mast cell subsets are important for understanding the neuro-

immune axes of the gut.

VIP and pituitary adenylate cyclase activating polypeptide (PACAP) are vasoactive peptides
transcribed and translated from different genes, but with significant sequence homology (Sikora
et al., 1984) and are secreted by enteric neurons (Furness & Costa, 1979) and mucosal mast
cells (Cutz et al., 1978). More than half of submucosal enteric neuronal fibers projecting
throughout the mucosa of the small intestine are VIP-immunoreactive (VIP-IR; Fantaguzzi et al.,
2009). VIP-IR neuronal fibers have been shown in close proximity to mast cells more regularly
in rats with inflammatory bowel disease (Casado-Bedmar et al., 2019). VIP signaling has also
been shown to regulate gut smooth muscle contraction (Katsoulis et al., 1993), and enteric
goblet cell production (Schwerdtfeger & Tobet, 2020) among other functions. VIP and PACAP
bind VPAC receptors 1 and 2 at slightly different affinities (Vaudry et al., 2009) and both are

immunoreactive to most antisera targeting VIP. Therefore ‘VIP’ shall refer to VIP and PACAP
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immunoreactivity and activity throughout this paper. VPAC receptors can be blocked using a
receptor antagonist ([D-p-Cl- Phe®,Leu'"]-VIP (Pandol et al.,1986), and will be referred to as

“‘VPACa”.

Mucosal mast cells are bone marrow progenitor derived immune cells that play roles in the gut
ranging from inflammatory events via histamine release, to innate immune responses to
pathogenic bacteria (Albert-Bayo et al., 2019). Mucosal mast cells mature from mast cell
precursors resident in blood and the gut wall, both of which express c-kit/CD117 (Liu et al.,
2010) which can be labeled immunohistochemically with an anti-CD117 antibody (ACK2).
Mucosal mast cells have been shown to sense and respond to bacteria and their wall
components like lipopolysaccharide (LPS) during barrier breach of the gut wall (Malaviya et al.,
1996; Piliponsky & Romani, 2018). Mast cells are also capable of producing and releasing VIP
in response to LPS stimulation (Martinez et al., 1999). Neural regulation of the mast cell
responses to pathogen challenge is largely unknown, partially due to the requirement of culture

methods that maintain all three cellular components in proper anatomic arrangements.

A number of immunological sex differences have been reported, with females tending towards
more adaptive immune cell expression and basal levels of inflammation in healthy states (Klein
& Flanagan, 2016). Females are more likely to have gut pathologies such as irritable bowel
syndrome (Lovell & Ford, 2012), and mucosal mast cell counts are increased in certain
pathologies in females compared to males (Lee et al., 2016; Cremon et al., 2009). However,
presence of basal sex differences in immune components, including mast cells, have not been
well studied in intestinal cell populations. Neuronal modulation of mast cell production and
secretion pathways is an unexplored target for better understanding of the effect sex plays in

neuroimmune communications in the gut wall in healthy and perturbed states.
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This study harnesses an organotypic intestinal slice model that has previously been shown to
maintain slices of mouse intestine with neural, immune, epithelial, and bacterial components ex
vivo (Schwerdtfeger et al., 2016), and can be challenged with bacterial antigens like LPS
(Schwerdtfeger & Tobet, 2020). Organotypic gut slices were recently used to show the dense
apposition of goblet cells by neuronal fibers in the mouse ileum, with VIP antagonism inhibiting
production of new goblet cells (Schwerdtfeger & Tobet, 2020). These results pointed towards
the importance of VIP in gut epithelial functional regulation. The immune system is a critical
component of gut wall function, and was investigated in the context of VIP neuronal regulation

of mast cell activation and function with respect to sex, and post challenge with LPS.

Materials and Methods:

Animals:

Mice aged between 8-12 wk old, of both sexes were used for all experiments. Animals were
housed at Colorado State University under the care of Laboratory Animal Resources. Mice were
housed in cages with aspen bedding (autoclaved Sani-chips; Harlan Teklad, Madison, WI) with
ad libitum access to food (No. 8649; Harlan Teklad) and water under a 14:10 — h light-dark
cycle. All slices were generated from mice (C57BL/6 background) expressing yellow fluorescent
protein (YFP) driven by a neuronally selective promoter (Thy-1) as previously described (Thy-1
YFP; Feng et al., 2000). Animal studies were approved by the Colorado State University IACUC

under protocol #1021.

Organotypic slice preparation:

Preparation of intestinal slices has been previously described at length (Schwerdtfeger et al.,
2016; Schwerdtfeger & Tobet, 2020), and was performed similarly in the current study. Briefly,
mice were deeply anesthetized with isoflurane and killed via decapitation. The small intestine

was removed from the pylorus-duodenal junction, to the ileo-cecal junction. Tissue was
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immediately placed into 4°C 1X Krebs buffer and the ileum was separated and cut into pieces
roughly 2-4-mm in length. Tissue was blocked in 8%, low melting point agarose (Gold
Biotechnology, St. Louis, MO) until polymerization prior to cutting on a vibrating microtome
(VT1000S; Leica Microsystems, Wetzlar, Germany) at 250 um thick. Slices were transferred into
a 60 mm plastic-bottom dish (Corning Inc., Corning, NY) containing 5 ml of Hibernate Media
(Life Technologies, Grand Island, NY). Slices spent 15 min at 4°C in Hibernate media prior to
removal of hibernate and addition of 5 ml of CTS Neurobasal-A Media (ANB; Life Technologies)
with 5% B-27 supplement (B-27; Life Technologies, Carlsbad, CA) where they spent 35 min at
37°C. Samples were plated on 35 mm plastic bottom dishes (MatTek, Ashland, MA) and
covered by a thin layer of collagen solution [vol/vol: 10.4% 10X MEM (Minimal Essential
Medium, Sigma-Aldrich, St. Louis, MO), 4.2% sodium bicarbonate, and 83.5% collagen
(PureCol; Inamed, Fremond, CA)] until polymerized before a final addition of 1 ml of ANB + B-

27. Tissue was left in a 37°C, 5% CO,, and 1% O incubator until experiments were performed.

Drug Treatments:
Slices of mouse ileum were treated in accordance with Table 4. Slices were treated at 24 h ex
vivo for a subsequent 24 h. Treatments were added to LPS challenged slices prophylactically at

0 h ex vivo prior to addition of LPS at 24 h ex vivo for 4 h followed by fixation.

Table 4. Drug treatments used throughout experiments

Treatment Concentration Source
Vasoactive Intestinal Peptide (VIP) 10 uMm ABBIOTEC (Escondido, CA)
[D-p-Cl-Phe6,Leul7]-VIP (VPACa) 10 uM Bio-Techne Coproration (Minneapolis, MN)
Tetrodotoxin (TTX) 10 uM Abcam (Cambridge, MA)
TLR-grade Lipopolysaccharide (LPS) 10 pg/ml Enzo Life Sciences, Inc. (Farmingdale, NY)
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Re-sectioning of Slices:

To improve visualization of cellular elements, 250 um slices were re-sectioned at 50 um as
previously described (Schwerdtfeger & Tobet, 2020). Briefly, slices were fixed in 4%
formaldehyde prior to blocking in 4% agarose solution (w/v; Fisher Scientific, Pittsburgh, PA)
and subsequently put in a 4°C fridge for 4 min to allow for agarose polymerization. lleum slices
were then re-sectioned on a vibrating microtome (VT1000S; Leica Microsystems, Wetzlar,

Germany) at 50 um thick prior to processing for immunohistochemistry.

Immunohistochemistry:

Immunohistochemistry (IHC) was performed as previously described (Schwerdtfeger et al.,
2016; Schwerdtfeger & Tobet, 2020). Briefly, 50 um re-sectioned tissue sections received 0.1M
glycine made in 0.05M PBS for 30 min prior to three PBS washes before 15 min in 0.5% sodium
borohydride in PBS. Sections were subsequently washed twice in PBS prior to blocking for 30
min in 5% NGS, 0.5% Tx, and 1% H202in PBS. Sections then received 2.0 ug/ml of anti-c-kit 2
(ACK2; Novus Biologicals, Centennial, CO) primary antibody in PBS with 1% BSA and 0.3% Tx.
After incubation in the first primary, tissue sections were washed with 1% NGS in PBS four
times for a total of 1 h. Next, a biotinylated donkey anti-rat secondary made with 1% NGS and
0.5% Tx in PBS was added for 2 h at room temperature. Secondary antibody was washed out
with four 15 min washes composed of 0.02% Tx in PBS. Sections were next incubated with
Alexa Fluor 555 — streptavidin (Invitrogen, Waltham MA) conjugated tertiary with solution
composed of 0.32% Tx in PBS for 1 h. Sections then received three PBS washes prior to the
addition of the secondary primary antisera composed of anti-VIP (Immunostar, Inc., Hudson,
WI) at 1:8000 dilution in PBS with 1% BSA and 0.3% Tx. Post primary incubation, tissue
sections were washed four times for a total of 1 h in PBS with 1% NGS prior to the addition of

an Alexa Fluor 488 conjugated goat-anti-rabbit secondary (Invitrogen, Waltham, MA) for 1 h.
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After secondary antibody, sections were washed three times in PBS before mounting on slides

with Aqua-Poly/Mount (Polysciences, Inc., Warrington, PA) and subsequent imaging.

Tissue Imaging and Analysis:

Randomly selected ex vivo slices were imaged on a Nikon TE2000-U inverted microscope using
a 10X Plan-Fluor objective and a UniBlitz shutter system (incent Associates, Rochester, NY) to
visualize Thy-1 YFP fluorescence to confirm presence of fluorescent neurons and neuronal
fibers as a rudimentary marker for tissue health. Tissues perfused and sectioned at 50 ym, and
re-sectioned slice tissue were imaged after mounting on a Zeiss LSM 880 confocal microscope
with an Axiocam 503 mono camera (Carl Zeiss, Inc., Thornton, NY). Z-stacks were acquired in 1
um intervals through all 50 ym of each tissue section prior to a max intensity Z-projection being
performed through the center 30 um of each stack using FIJI (v1.0; NIH). Regions of interest
around individual mast cells were manually drawn by a researcher blinded to treatment. Cells

and neuronal fiber appositions were counted using FIJI.

Statistics:

Statistical analyses were performed in Prism 9 (Graphpad, San Diego, CA). Comparisons of
ACK2-IR cell counts and the percentage of ACK2-IR cells with a VIP-IR Fiber in Figure 1 were
both performed using one-way ANOVA. Data in Figure 2E, which looked at ACK2-IR cell counts
across sex, treatment, and LPS challenge, were analyzed via 3-way ANOVA with a post-hoc
Tukey’s multiple comparison test to compare individual means. Data in Figure 2F also used a 3-
way ANOVA with a Tukey’s post-hoc test. Data in Figures 3, 4, and 5 compared means using a
2-way ANOVA by sex and treatments. All data are presented as means +/- standard error of the

mean (SEM).

Results:
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In fixative perfused ileum sections, mucosal mast cells were regularly opposed by VIP-IR
neuronal fibers in mouse distal ileum. Tissue from females had significantly more mast cells per
crypt-villus axis (CVA) than male Figure 33A,B / 1A’,B’) (Figure 33C; [F(1,10) = 23.0], p < 0.01).
ACK2-IR cells from female ileum sections were also significantly larger than males (Figure 33D;
[F(1,10) = 5.1], p < 0.05). Immunoreactivity to ACK2 was used to localize mast cells, and dual
labeling with VIP showed large amounts of fiber appositions on ACK2-IR mast cells throughout
the lamina propria of male (Figure 33A/A’) and female (Figure 33B/B’) ileal tissue. There were
no notable differences in the percentage of ACK2-IR cells within 1 ym of a VIP-IR neuronal fiber

in perfused ileum sections (Figure 33E).
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Figure 33. Basal sex difference in mast cell count per crypt-villus axis (CVA)
and mean ACK2 cell size were observed. Representative images from male (A)
and female (B) ileum samples with arrows denoting representative ACK2
immunoreactive (IR) cells (red) not near a VIP-immunoreactive fiber (green),
while arrow heads point to exemplary ACK2-IR cells within 1 um of a VIP-
immunoreactive fiber. Cropped images in (A’) and (B’) show zoomed views of
ACK?2 cell proximity with VIP neuronal fibers. (C) quantification of ACK2 cell
counts per CVA. (D) quantification of the percentage of ACK2-IR cells within 1
pum of a VIP-IR fiber. n = 6 males, 6 females. ‘sm’ denotes submucosa, ‘c’ crypt,
and ‘me’ muscularis externa. Scale bars in (A) and (B) are both 25 um.

Sex and LPS effects were observed in ACK2-IR cell counts per CVA regardless of treatment.
Representative images show male (Figure 34A/B) and female (Figure 34C/D) ileal villi with
immunofluorescent ACK2 (red) and immunofluorescent VIP (green) closely localized.
Quantification of image sets from slices cultured ex vivo showed that treatment with vehicle,
VIP, VPACa, or TTX, did not impact ACK2-IR cell counts per CVA ([F(3,55) = 0.4] p > 0.4),

however, sex ([F(1,55) = 7.8] p < 0.01) and LPS challenge ([F(1,55) = 8.2] p < 0.01) both
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significantly influenced the ACK2-IR cell counts per CVA. Female tissues had more ACK2-IR
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Figure 34. Sex and LPS effects were observed in ACK2-IR cell counts per CVA
regardless of treatment, and in the percentage of ACK2-IR cells within 1 ym of a fiber.
(A-D) representative images from a male ileum treated with VIP (A) and TTX + LPS (B)
showing ACK2-IR cells (red) and VIP-IR fibers (green). Representative images from
female ileum treated with VIP (C) or Vehicle + LPS (D). (E) is a 3-way ANOVA
quantitation showing effects of sex and LPS treatment on ACK2 cell counts. (F) is a 3-
way ANOVA quantitation showing effects of sex and LPS treatment on the percentage of
ACK2-IR cells within 1 um of a VIP-IR fiber. n = 4 male, 4 female in ‘NO LPS’ groups,
and n = 5 male, 5 female in ‘LPS’ groups Arrow heads in (A-D) point towards exemplary
ACK2-IR cells within 1 um of a VIP-IR fiber. ‘v’ denotes a villus, ‘L’ lumen. Scale bars are
25 ym in A-D. * denotes a p < 0.05, and ** a p < 0.01.
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cells than males, and LPS treatment increased ACK2-IR counts, regardless of sex, as there was
no interaction between sex and LPS challenge (Figure 34E; [F(1,55) = 0.5] p > 0.4). In addition,
the percentage of ACK2-IR cells within 1 um of a VIP-IR fiber was not significantly different
between sexes ([F(1,55) = 2.8] p = 0.10), but was altered by challenge with LPS ([F(1,55) = 4.8]
p < 0.05). There was an interaction between sex and LPS challenge([F(1,55) = 5.9] p = 0.018)
and between sex and treatment ([F(3,55) = 2.9] p < 0.05). This effect was partially driven by VIP
treatment in females, which had the lowest levels of % ACK2-IR within 1 um of a VIP-IR fiber

regardless of LPS challenge (Figure 34F).

50 50
[ ]
— *% —
E a 40 . E a 40 ° °
V< V< 3 ° °
e £ 307 x £ 307 .
&3 PO
g3 2 g7 2
VU N U N
< »n 10+ < v 104
0- 0 T T T T
Male Female Vehicle VIP VPACa TTX
Sex Treatment
50 50
[ ] [ )
= .. 4 = ‘. ¢ ¢
v N . [T °
U< 30 3= VU < 301 o T
« E e £ |8 : I 1B
a = 20 a = 20 of |o
S 2 S 3
<in ' <in '
. Male Femal 0 : X :
ale Female > o =3 ]
X\g x\g x\g .‘.X\g
( 5 H &° & <&
Sex & & <
Treatment

Figure 35: Female ACK2-IR cells were larger than males, an effect lost when slices were
challenged with LPS. (A/E) and (B/F) are representative images of ACK2-immunoreactive cells
from a male and female ileum slices respectively. (C) and (D) are quantification of mean ACK2-
IR cell size across treatments. (G) and (H) are quantification of mean ACK2-IR cell size in slices
challenged with LPS ex vivo. n = 4 male, 4 female in ‘NO LPS’ groups, and n = 5 male, 5 female
in ‘LPS’ groups Scale bars in (A/E) and (B/F) are all 5 pm.

Mast cell size was sex dependent, with ACK2-IR cell sizes larger in females than males. ACK2
area of immunoreactivity (um?) was smaller in male slices (Figure 35A) than it was in female
(Figure 33B), regardless of treatment (Figure 33C-D; [F(1,23) = 10] p < 0.01). When challenged

with LPS, ACK2-IR cell sizes from male mice (Figure 35E) were similar to those in females
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(Figure 35F), independent of treatment (Figure 35G-H; [F(1,32) = 0.1] p > 0.50). ACK2-IR cells
within 1 uym of a VIP-IR neuronal fiber (Figure 35A/E) were larger than those not within 1 um of
a VIP fiber (Figure 34 B/F), regardless of treatment (Figure 36C/D; [F(1,54) = 10.8] p < 0.01).
When challenged with LPS, those ACK2-IR cells within 1 um of a VIP-IR fiber were still larger
than those not near a fiber, regardless of treatment (Figure 36G/H; [F(1,72) = 5.43] p < 0.05; for

all groups in Figure 36).
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Figure 36. ACK2-IR cells within 1 um of a VIP-IR neuronal fiber were larger than those not within 1
pm of a VIP-IR fiber, regardless of treatment or challenge with LPS. (A/E) and (B/F) are
representative images of ACK2-immunoreactive cells (red) and VIP-immunoreactive fibers (green)
from a cell < 1 ym from a VIP fiber or > 1 ym from a fiber, respectively. Quantification in (C) and (D)
of the mean ACK?2 cell size in um? by treatment. (G) and (H) are quantification in the same fashion
as (C/D) but in slices challenged with LPS. n = 8 animals Scale bars in (A/E) and (B/F) are all 5 um.

There was a sex difference in the number of ACK2-IR cells that were also heavily
immunoreactive for VIP was observed, but only in response to LPS challenge. lleal tissue from
males (Figure 37A/E) had an equivalent percentage of ACK2 cells also reactive for VIP per

villus as females (Figure 37B/F), regardless of treatment (Figure 37C/D; [F(1,23) = 0.06] p >
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0.40). When challenged with LPS, the percentage of ACK2-IR cells heavily immunoreactive for
VIP in male tissue remained largely unchanged, while females increased significantly,

regardless of treatment (Figure 37G/H; [F(1,32) = 5.03] p < 0.05).
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Figure 37: Slices from female ileums had more ACK2-IR cells also immunoreactive to VIP in
response to LPS challenge than males. (A/E) and (B/F) are representative images of ACK2
immunoreactivity (red) and VIP immunoreactivity (green) with arrows pointing towards
exemplary cells immunoreactive to both ACK2 and VIP. (C) and (D) are quantifications of the
percentage of ACK2-IR cells that were greater than 20% of their area immunoreactive for
VIP. (G) and (H) are quantifications the same as in (C/D) but in slices challenged with LPS. n
= 4 male, 4 female in ‘NO LPS’ groups, and n =5 male, 5 female in ‘LPS’ groups Scale bars
in (A/JE) and (B/F) are all 10 um.

Discussion:

Complex and diverse cellular elements in the intestinal wall must work in concert to
maintain a healthy epithelial and mucus barrier, prevent pathogen invasion, and
immunologically fight foreign antigens and pathogens if they breach the barrier. The extent to
which enteric neuronal peptides are determinant, or modulatory players among gut wall
signaling circuits is not well understood. Intestinal mucosal mast cells have been known to sit in
close anatomic proximity to enteric neuronal fibers (Stead et al., 1989) and are capable of

themselves producing a host of classical ‘neuro’ peptides like VIP (Cutz et al., 1978). Mucosal
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mast cells also express VIP receptors (Keita et al., 2013), and produce VIP once exposed to
LPS (Martinez et al., 1999). Data in this study documents a sex difference in anatomic
arrangement, cell size, and VIP production capacity of enteric mast cells. Many of the observed
sex differences were eliminated upon challenge with LPS, potentially indicating differences in
basal compared to activated immunological states of the gut mucosa of males and females.
Together, these data highlight the need to consider sex as a relevant variable when

investigating enteric mast cell functional interactions with the rest of the gut wall.

Sex differences in immune components are relatively common, with female immune systems
often being thought of as more ‘active’ than those in males (Klein & Flanagan, 2016).
Additionally, differential levels of mast cell quantities and activation states during various gut
pathologies across sexes has previously been shown (Lee et al., 2016; Cremon et al., 2009). In
the current study, there was a sex difference in mast cell counts (ACK2-IR cells) at baseline in
perfused ileum tissues, with females having higher cell counts. In ex vivo cultured slices, mast
cell counts were higher at baseline in samples from female mice. Challenging with LPS reduced
the observed sex difference in mast cell quantities, with males ‘catching up’ to female levels.
The observed sex dependent response to challenge with LPS points towards a cohort of mast
cells in female ileums that are either less likely to respond to a bacterial antigen or are already
at capacity in their quantities in the gut wall. Conversely, male mast cells increased their
quantities within 24 h, pointing towards a potentially more active mast cell population in male
ileums. Preliminary data shows that ileums from a male animal had more proliferative mast cells
in their villi lamina propria than female ileums, as measured by incorporation of 5-ethynyl-2’-
deoxyuridine. This points towards the increase in male mast cell counts being potentially driven
by proliferation at a local level, as these slices are removed from the body during culture and

there is no external lymph node supply to shuttle lymphocytes.
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Sex differences in mast cell sizes are not commonly reported, however, mast cell size has been
correlated with activation, and secretory capacity, with mast cells being activated in vitro being
larger in size (Levi-Shaffer et al., 2000). Larger mast cells could provide increased cytoplasmic
area for packaging and storing secretory granules. This principle is in-line with a larger,
potentially more ‘active’ female mast cell at basal state observed in this study, compared to a
smaller, less ‘active’ male mast cell. When challenged with LPS, female mast cells did not
change size, however, male mast cells increased in size compared to non-LPS dosed slices
and became equivalent with female mast cell sizes. This points towards a potentially basal state
activation of female mast cells in murine ileum, a sex difference in mast cell activation state only

rectified in males when bacterial antigens like LPS are presented to mast cells.

Measurements of anatomic plasticity can be useful indicators of potential cell — cell signaling
pathways like neuronal — immune networks. Proximity of mucosal mast cells to neuronal fibers
has been tied to visceral pain levels in human irritable bowel syndrome patients (Barbara et al.,
2004). This study also points toward mast cells in close proximity to neuronal fibers being more
activated than those not near a fiber. In the present study, those mast cells that were within 1
pum of a VIP neuronal fiber were larger than those 1 um of further away from a fiber, regardless
of treatment. These data suggest a subset of more activated mast cells in close proximity to VIP
neuronal fibers, echoing the human data from Barbara et al., 2004, while extending the
hypothesis by specifying one specific neuronal fiber type potentially involved in activated mast

cell interactions with neuronal fibers.

Mucosal mast cells are capable of producing numerous classical neuropeptides, including VIP,
however, sex differences in this peptide production have not been shown. While baseline levels
of VIP production have been observed in mast cells, the quantities are relatively minimal (Cutz

et al., 1978) and we did not observe VIP-IR mast cells in perfusion fixed ileum sections in the
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present work. Challenging mast cells with LPS was shown previously to trigger production and
subsequent release of VIP (Martinez et al., 1999). In this study, we did not observe sex
differences, irrespective of treatment, in the percentage of mast cells ‘producing’ VIP as
indicated by VIP-IR in ex vivo slices. However, when challenged with LPS, there was an
increase in the percentage of VIP-IR mast cells in female tissues only. This sex difference
indicates that female mucosal mast cells are potentially more readily able to produce VIP in
response to bacterial antigens like LPS, however, the downstream function of mast cell

produced VIP after LPS challenge needs further investigation.

In conclusion, the results of this study illuminate a sex difference in the anatomical localization
and plasticity of neuronal — mast cell interactions, and in mast cell size and capacity to produce
the neuropeptide VIP. Female neuro — immune signaling seems to be in a more activated basal
state, however, dosing with VIP or its antagonists did not substantially alter female or male mast
cell numbers or size or VIP — mast cell anatomic relations or interactions. Not until LPS
challenge did males recover from their decreased mast cell counts, sizes, and activation levels.
Together, these data offer a different perspective on neuronal — mast cell signaling, suggesting
sex differences in gut mucosal immunology and pointing towards the need to consider sex as a

relevant variable when investigating mucosal neural — immune signaling pathways.
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DISCUSSION

Methods to the madness:

Attempting to culture the >25 cell types found in a gut explant individually in a dish would
seem akin to the labors of Hercules. Fortunately, because these numerous cell types subside
together and work synergistically in vivo, letting nature ‘do the engineering’ means we can
simply remove the organ from the body, slice it relatively thin using a microtome, and then
proceed with culturing while having the anatomical arrangement of the diverse cellular
components in their proper positions. Developing our labs method for gut organotypic slices
took large amounts of trial and error (Schwerdtfeger et al., 2016). However, lessons learned
during that development process allowed for an easier time creating the human colon biopsy
slice model contained in Section 2, Chapter 5 (Schwerdtfeger et al., 2019). Tissue garnered
from human colons during routine colonoscopy allowed a more translational model to be used
for investigation of the influence of antibiotics and oxygen concentration on gut wall health. The
set of experiments that went into this manuscript served numerous purposes. They validated the
use of our previously developed murine gut slice method in human colon biopsy samples.
Additionally, the experiments demonstrated the critical role of oxygen in regulating gut epithelial
proliferation, an effect compounded in non-antibiotic treated slices. This pointed towards the
microbiome as playing a key role in regulating cellular proliferation in the human colon ex vivo.
Probing with salmonella in these experiments offered a validation of the method for use in
pathogen challenge studies and showed a local proliferation of T-lymphocytes, independent of

lymph nodes as would be seen in vivo.

The principal downside of the organotypic slice methods is their inability to recapitulate

the intestinal barrier ex vivo, something that is accomplished with microfluidic systems including
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the Microfluidic Organotypic Device (MOD) described in Section 2, Chapter 4 of this dissertation
(McLean et al., 2018; Richardson et al., 2020). Using mouse gut explants as a partition between
two media flow channels allows the MOD to recapitulate the in vivo barrier observed between
the lumen and its contents and the gut wall. Experiments conducted in the manuscript were
designed to validate the MOD system as a means for maintaining mouse intestinal explants ex
vivo, with a barrier present and an in vivo — like oxygen gradient imposed upon the tissue using
nearly anoxic media in the luminal channel. With the MOD system validated, design
modifications are planned to make it more amenable to higher throughput analyses of intestinal
explants ex vivo. Further iterations currently in development in the laboratory include a larger
device for maintenance of pig, and eventually human, intestinal explants. Additionally, sensor
work is ongoing to create on-chip and in-line sensor modules for analysis of glucose, lactate,

pH, and metabolites among other molecules.

Anatomy and Function:

It would be valuable to learn the biochemical languages that neurons and glia use to
communicate directly with gut wall epithelia and immune components. Neural — epithelial
signaling is a developing field, with main focuses being on neuronal signaling with Tuft (Cheng
et al., 2018) or enteroendocrine cells (Bohorquez et al., 2014; 2015). Mechanisms with other
epithelia cell types are less well known. As a first step in that direction in our lab, a notable
interaction between two cell types, enteric submucosal neurons/fibers and a specialized
epithelia called goblet cells, was noted in Section 3, Chapter 6 of this dissertation
(Schwerdtfeger & Tobet, 2020). The roles of neuronal peptides in regulating epithelial function in
the gut have been postulated. We demonstrated that goblet cells, a subset of epithelia, are
intimately associated with submucosal neuronal fibers. This anatomical arrangement is plastic,

and significantly increased when treated with a VIP antagonist ex vivo. Notably, the production
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of new goblet cells was substantially decreased when VIP receptors were inhibited, potentially
pointing towards a functional role of a specific neuronal peptide on epithelial production. Further
work is needed to flesh out direct mechanism(s) of neuropeptide signaling with enteric goblet
cells or their stem precursors to ascertain what influences these pathways have on gut wall

maintenance in healthy and diseased intestines.

Paneth cells in the base of intestinal crypts are a unique epithelial population because
they secrete anti-microbial products, protecting the stem cell niche from pathogens. Neural
regulation of Paneth cell function is not well understood, and baseline investigations into
neuronal fiber anatomic pathways for potential signaling with Paneth cells was needed. Section
3, Chapter 7 lays out the anatomical foundation of VIP neuronal fibers coursing intimately with
ileal Paneth cells. This chapter also contains data demonstrating a sex difference in Paneth cell
fluorescent intensity, with females having more intense Paneth cells than males, with male
intensities rising to female Paneth cell levels post challenge with LPS. These data are
preliminary but provide a starting off point for future work into neural regulation of Paneth cell

function in response to bacterial challenge, while taking into account sex as a relevant variable.

Results in Chapter 6 pointed towards VIP as being potentially critical in maintenance of
gut epithelial populations. However, immune components regulating neuronal and epithelial
function have also been demonstrated. Coupling this with the fact that VIP signals bi-
directionally with enteric mast cells, first line defenders against foreign bacterial invasion of the
gut wall, the potential for neural — immune — epithelial anatomic and functional communication
could not be ignored. Chapter 8 of this dissertation dives into the spatial relationships of VIP
neuronal fibers with a bone marrow derived immune population called mast cells. Importantly,
these experiments yielded data showing sex differences in the anatomic arrangements of VIP

fibers with mast cells and larger and more abundant mast cell populations in females compared
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to males. These differences were responsive to challenge with a component of bacterial cell
walls, lipopolysaccharide, in a sex dependent manner, with male ileal mast cells showing large
changes in all measures, while female mast cells did not change. These data add to a growing
body of literature that shows female intestinal walls have more active immune populations at
basal state than males (Klein & Flanagan, 2016). Sex differences are a critical aspect of human
physiology that cannot be ignored in the intestinal wall, particularly when investigating
immunological mechanisms. Future work in this arena should focus on the functional roles of
VIP and other neuropeptides in regulating mast and epithelial cell secretions and anatomic

plasticity in response to bacterial pathogens.

In conclusion, the data contained within this dissertation provide guidelines for
generating culture methods for maintenance of intestinal tissue outside the body (Schwerdtfeger
& Tobet, 2019; Schwerdtfeger & Tobet; 2020b). Further, it provides details of two methods for
culturing mouse, human, and porcine intestinal tissues ex vivo (Schwerdtfeger et al., 2019;
Richardson et al., 2020). Finally, the methodologies outlined are put to work to investigate
neural — immune and neural — epithelial signaling pathways and anatomic plasticity with respect
to sex in the mouse intestine (Schwerdtfeger & Tobet 2020a). These data, derived using
organotypic culture methodologies, lay a foundation for studying neural — immune — epithelial
signaling in the gut wall, with sex as a relevant variable. Important mechanisms of mast cell
signaling, mediated by enteric neural elements, are being shown in arenas ranging from
infection to neurodegenerative diseases, and neural — epithelial regulation of the gut barrier is
seemingly more critical every day. Designing the next generation of treatments for bacterial and
viral infections, drugs that modulate the immune reservoir in the intestine, among many others,
requires using physiologically relevant culture systems, while not ignoring the critical variable of

sex. Hopefully, these data will prove informative for future students and investigators when
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designing and implementing organotypic culture methods for study of morbidities afflicting the

intestinal tract and drug discovery for treatment of these complex diseases.

< | Section 1
Design

Section 3
Implement

Figure 36. Graphical illustration of the dissertation project.

W
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