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ABSTRACT

CALCITONIN GENE RELATED PEPTIDE INVOLVEMENT IN GUT HEALTH AND MODELS OF

PARKINSON'S DISEASE

The gut plays a central role in maintaining overall health, serving not only as the site of digestion
and nutrient absorption but also as a key player in immune function, microbial interactions, and
metabolic regulation. Emerging research has highlighted the gut’s influence on various
diseases, including inflammatory bowel diseases, autoimmune disorders, and
neurodegenerative conditions such as Parkinson's disease. Disruptions in intestinal barrier
integrity, often referred to as ‘leaky gut’, have been linked to these conditions, with increased
intestinal permeability allowing potentially harmful immunomodulatory substances to enter the
bloodstream, triggering inflammation, cellular immune reactivity, and myriad other potential
detrimental pathways. Many available models to study gut health lack the cellular diversity and
complexity to investigate mechanisms of intestinal barrier dysfunction and epithelial — neural —
immune signaling pathways. We developed a device that can maintain the intestinal barrier of
intestinal tissue ex vivo for up three days. This was accomplished through the utilization of a
dual-flow microfluidic device that uses two gaskets to create individual fluidic channels where
luminal and serosal sides of the intestine are separated. The addition of bacterial collagenase to
the luminal chamber of this device resulted in a model for investigating ‘leaky gut’ in the
laboratory with recapitulation of important anatomic arrangements and physiologic conditions

seen in the in vivo gut wall.

A large proportion of Parkinson’s disease patients have impaired intestinal barrier
integrity. Gastrointestinal symptoms often precede motor symptoms in Parkinson’s disease,

indicating early gut involvement. The neuropeptide known as calcitonin gene related peptide

il



(CGRP) is involved in regulating gut motility, inflammation, and nociception, and has been
linked to both neurodegeneration and altered gut function in Parkinson’s disease. A hallmark
pathology of Parkinson’s is the accumulation of the protein alpha synuclein, in both the central
and peripheral nervous systems. Investigation of CGRP’s involvement in gastrointestinal
pathology of Parkinson’s revealed elevated levels of CGRP in the colon. Treatment with CGRP
resulted in increased alpha synuclein within gut neurons, implicating a role of CGRP in enteric
alpha synuclein accumulation. Understanding CGRP's multifaceted role in PD may provide a
novel pathway for therapeutic intervention aimed at improving both gut and central nervous

system health in neurodegenerative diseases.
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INTRODUCTION

Gut Involvement in Health and Disease:

Investigations into gut health have exploded in recent years as the role of the microbiome and
enteric nervous system have emerged as targets for disease modulating treatments and overall
well-being. Not only is the gut responsible for digestion and nutrient absorption but also serves
as a key player in immune function, microbial interactions, and the regulation of metabolic
processes. Additionally, the gut is intricately connected to the brain through the gut-brain axis,
influencing mood, cognition, and even behavior. Disruptions in gut function have been linked to
the pathogenesis of a wide range of conditions such as inflammatory bowel diseases (IBD)
(Michielan and D’Inca, 2015), autoimmune diseases such as celiac disease (Akobeng et al,
2020; Christovich and Luo, 2022), neurodegenerative disorders such as Alzheimer’'s and
Parkinson’s Disease, (Braak et al, 2006; Kim et al, 2019; Holmqvist, 2014; Caradonna et al,
2024) and multiple sclerosis (Schwerdtfeger et al., 2024), and neurodevelopmental disorders
such as autism spectrum disorder (Min et al, 2022). With emerging evidence highlighting the
gut's role in diseases like Parkinson’s disease, understanding mechanisms of gut homeostasis
and pathogenesis of disease is essential for developing therapeutic strategies that address both

gut-related and systemic health issues.

Intestinal Barrier:

The intestinal barrier separates the contents of the gastrointestinal tract from the underlying
tissues and bloodstream, ensuring proper digestion and nutrient absorption while protecting the
body from harmful substances. Epithelial cells of the gut physically separate luminal contents
from the underlying lamina propria through apical transmembrane mucins and tight junctions
(Schwerdtfeger & Tobet, 2020a). Specialized epithelial cells, known as goblet cells, produce

and secrete mucin to create a mucosal barrier that protects the mucosa from commensal



microbes and pathogens (Schwerdtfeger & Tobet, 2020b). When the intestinal barrier is
compromised, it can lead to increased permeability leading to a condition known as ‘leaky gut’,
allowing harmful substances to leak into the bloodstream and underlying lamina propria
ultimately triggering immune activation and inflammation. Leaky gut is associated with various
diseases, including autoimmune disorders (Akobeng et al, 2020; Christovich and Luo, 2022),
inflammatory bowel disease (Michielan and D’Inca, 2015), and neurodegenerative conditions
including Parkinson’s Disease (Braak et al, 2006; Kim et al, 2019; Holmqvist, 2014). Maintaining
the integrity of the intestinal barrier is essential for overall health, however, models to study the
intestinal barrier are limited. Therefore, we have developed devices capable of maintaining the
intestinal barrier of intestinal tissue explants for up to 72 hr. The devices discussed in Section 1
maintain the intestinal barrier through the utilization of two gaskets to create individual fluidic
channels where luminal and serosal sides of the intestine have separate channels. | worked
alongside engineers to maintain tissue health and evaluate relevant physiology. Hopefully these
devices will guide the ability to study disease states associated with intestinal barrier

dysfunction.

Models for Studying Gut Health:

When designing a device to study intestinal health, it is important to consider the previously
employed approaches to studying organ function outside of the body, each with its own
strengths and limitations. In vitro models such as 2D monolayers and 3D cell culture systems,
using either cell lines or primary progenitor cells, have been developed to model organs like the
gastrointestinal (Gl) tract (Schwerdtfeger & Tobet, 2019). The integration of microfluidics into 2D
culture systems has greatly enhanced their functionality by allowing the application of physical
forces such as fluid shear stress, cyclic strain, and mechanical compression (McLean et al.,
2018). While these advances have enhanced the modeling of certain Gl features, in vitro

models still fall short in accurately replicating the full complexity and intricacy of the gut. Key



characteristics such as villi structure, Peyer’s patches, the microbiome, active and synchronous
contraction of gut smooth muscle, and the intrinsic enteric nervous system are not captured.
Without these critical components, these reductionist models can only offer partial
representations of Gl functions and are therefore unable to accurately predict behavior of cells
or organs in living organisms limiting their effectiveness to study the gut with relevance to
human health.

Ex vivo models offer an alternative approach, utilizing tissue explants that closely
resemble the physiological conditions of in vivo tissues, maintaining 3D architecture, cellular
diversity, and biological complexity. The microfluidic organotypic model system discussed in
Chapter 1 serves as a bridge between 2D and in vivo systems enabling more accurate
recapitulation of in vivo Gl conditions such as leaky gut (Richardson et al., 2020; Martinez et al.,
2022; Cherwin et al., 2023). By introducing bacterial collagenase into the luminal flow of the
device, the epithelial and mucosal barriers of the gut were disrupted resulting in a leaky gut
phenotype. The device discussed in Chapter 2 further enhances this system by incorporating
transepithelial resistance (TEER) measurements, which allow for real-time monitoring of
changes in barrier permeability (Way et al., 2024). The ex vivo culture systems outlined in
Section 1 offer methods for investigating physiological, functional, and pathological pathways in

the intestinal barrier.

Parkinson’s Disease and Calcitonin Gene Related Peptide (CGRP):

While investigating mechanisms of intestinal barrier dysregulation, Parkinson’s disease (PD)
became of particular interest as a large proportion of PD patients have been reported to have
impaired intestinal barrier integrity (Clairembault et al, 2015; Mertsalmi et al, 2017). Parkinson’s
disease (PD) is the second most widespread neurodegenerative disease, affecting over 1
million people in the United States and over 10 million people worldwide (Maras et al, 2018;

Poewe et al, 2017). While motor symptoms are the most well-known, up to 80% of patients with



PD experience pre-motor gastrointestinal (Gl) symptoms such as constipation, bloating, and
nausea up to 20 years prior to motor symptom onset (de Laue and Breteler, 2006). These
gastrointestinal symptoms significantly impact quality of life and can lead to severe
complications such as, malnutrition, intestinal obstruction, megacolon, impaired medication
effectiveness, and dehydration (Skjaerbaek et al, 2021; Warnecke et al, 2022). These
complications are not trivial as they often lead to hospitalization and greatly decrease patients’
quality of life. However, the underlying pathophysiology of prodromal gut symptoms in PD is
largely unknown. Since these symptoms often arise years before diagnosis, it is critical to
determine mechanisms of PD pathology in the gut.

Regardless of whether the origin of PD is in the brain or periphery, it is increasingly
recognized as a multi-system disorder that extends beyond the central nervous system (CNS)
(Adams et al, 2019; Craig et al, 2021; Bayati et al, 2024; Sun et al, 2019). Growing evidence
suggests that immune activation and inflammation, both peripherally and centrally, play
significant roles in contributing to neurodegeneration in PD (Harms et al, 2017). When
neuropeptides are released from activated fibers this can initiate an inflammatory reaction
known as neurogenic inflammation (Jansco and Szolcsanyi, 1967). Several neuropeptides and
their involvement in both central and peripheral PD pathology are discussed in Chapter 3. The
neuropeptide calcitonin gene related peptide (CGRP) is of particular interest in PD pathology as
alterations in CGRP have been closely linked to various disease states that are strongly
associated with PD, including IBD (Pascual-Mato, 2024), migraine (Juhasz et al, 2005), and
increased enteric and CNS aSyn (Na et al, 2020). Additionally, treatment with CGRP
antagonists have been shown to reduce neuroinflammation and aSyn aggregation in mouse
brain, further supporting a role for CGRP in PD pathophysiology (Benemei et al, 2009; Na et al,
2020).

CGRP is a 37 amino acid neuropeptide that belongs to the calcitonin family of peptides

and exists in two forms — a and 3, which share around 90% homology (Russell et al., 2014) and



have nearly identical biological activity (Mulderry et al., 1988; Noguchi et al., 1990). aCGRP is
primarily found in sensory peripheral and central nerves while, BCGRP is found primarily in
motor enteric neurons (Mulderry et al., 1988). Importantly, both aCGRP and BCGRP are found
in the gut and the brain and utilize the same receptors. In the gut, CGRP is involved in
regulating nociception, gastric acid secretion, vasodilation, and regulating motility (Ailani et al,
2022). Constipation is the most common Gl symptom associated with PD and is often one of the
earliest symptoms to appear (Adams-Carr et al, 2016; Cersosimo et al, 2013). Therapeutic
interventions targeting CGRP significantly inhibit colonic transit, leading to constipation (Haanes
et al, 2020; Ailani et al, 2022), while elevated CGRP is associated with diarrhea suggesting that
CGRP plays a role in Gl motility. Using the rotenone pesticide model of PD, Chapter 4
demonstrates alterations in colonic CGRP expression associated with increased aSyn in enteric
CGRP* neurons and mucosal projecting fibers. Along with its role in gut motility, CGRP is
thought to play a large role in the neuro-immune axis by inducing shifts in immune cell
recruitment, proliferation, and cytokine release (Assas et al, 2014). Patients with inflammatory
bowel disease are reported to have greater risk of developing PD, indicating that gut
inflammation may play a role in PD (Mertsalmi et al, 2017; Park et al, 2019). However, the role
of intestinal inflammation in aSyn aggregation and neurodegeneration has yet to be fully
elucidated. Enteric glia have immune functions and are of particular interest in PD, because
they play key roles in supporting and maintain neuronal health. Additionally, both CGRP and
aSyn can activate brain glial cells (Afroz et al, 2019; Harms et al, 2017; Grozdanov et al, 2019).
Chapter 5 discusses the potential role of alterations in enteric CGRP and aSyn that may result
in reactive enteric gliosis that initiates, perpetuates, or worsens PD pathology in the gut. The
work presented in section 2 highlights the importance of studying the gut, specifically the
neuropeptide CGRP, in neurodegenerative disorders such as PD. Targeting peripheral CGRP
signaling pathways may provide a promising therapeutic strategy to reduce enteric aSyn

aggregation. Given that CGRP plays a role in both inflammatory and neuroprotective processes,



modulating gut CGRP signaling could have wider implications for treating PD, especially in the
early disease stages when peripheral aSyn accumulation may serve as a precursor to disease

progression.
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CHAPTER 1 -MICROFLUIDIC ORGANOTYPIC DEVICE TO TEST INTESTINAL MUCOSAL
BARRIER PERMEABILITY EX VIVO!

Overview:

To protect the body from external pathogens, the intestines have sophisticated epithelial and
mucosal barriers. Disruptions to barrier integrity are associated with a variety of disorders such
as irritable bowel disease, Crohn’s Disease, and celiac disease. One critical component of all
barriers are collagens in the extracellular matrix. While the importance of the intestinal barrier is
established, current models lack the ability to represent the complex biology that occurs at these
barriers. For the current study a microfluidic device model was modified to determine the
effectiveness of collagen breakdown to cause barrier disruption. Bacterial collagenase was
added for 48 h to the luminal channel of a dual flow microfluidic device to examine changes in
intestinal barrier integrity. Tissues exhibited dose-dependent alterations in immunoreactive
collagen-1 and claudin-1, and coincident disruption of the epithelial monolayer barrier as
indicated by goblet cell morphologies. This ex vivo model system offers promise for further
studies exploring factors that affect gut barrier integrity and potential downstream consequences
that cannot be studied in current models.

Introduction:

The importance of the intestinal barrier has become more obvious with recent
observations of its involvement in disease progression and human health.'® To ensure survival,
the gut must maintain a barrier that retains the ability to digest and absorb nutrients while
protecting the body from harmful substances.? 2 The diverse functions of the intestinal barrier
are mediated by complex biochemistry and anatomy including epithelial, immune, neural, and
bacterial interactions.® 7 Epithelial cells of the gut physically separate luminal contents from the

underlying lamina propria through apical transmembrane mucins and tight junctions. Together
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with the epithelial barrier, a mucosal barrier prevents unregulated passage of luminal contents
into underlying tissue.® Disruptions to the epithelial and mucosal layers can lead to alterations in
paracellular and transcellular permeability in what is termed as “leaky gut.”? Leaky gut has been
associated with the pathogenesis of conditions such as inflammatory bowel diseases (IBD),* "
autoimmune diseases such as celiac disease,? neurodegenerative disorders such as
Alzheimer’s and Parkinson’s Disease,'? '* and neurodevelopmental disorders such as autism
spectrum disorder.' Generation of an intestinal model that maintains the complexity of intestinal
anatomy, microenvironment, and barrier is necessary to better understand how alterations in
barrier integrity may contribute to disease states.

There are currently many approaches to study organ function that each have strengths
and weaknesses. In vivo studies have the benefit of maintaining communication across organ
systems. The gut is difficult to access in vivo, and probes inserted to monitor changes could
disrupt the natural environment. Using an alternative approach such as an ex vivo system can
have significant benefits. Ex vivo models using tissue explants represent reasonable
physiological similarity to tissue in vivo in terms of 3D structure and biological complexity.'®
They offer a powerful tool for studying cell-cell interactions, cellular responses, and extracellular
matrix (ECM) remodeling processes.'® 7 However, tissue explant models are limited by
shortened lifespan of the tissues and challenges in recreating the microenvironment.®
Simplified approaches to modeling these organs have been done by using in vitro models with
2D'820 monolayer or 3D?': 22 cell culture systems (e.g., using cell lines or primary progenitor
cells) to mimic the gastrointestinal (Gl) tract. The incorporation of microfluidics with 2D culture
systems greatly increased these in vitro systems functionality by allowing for the inclusion of
physical forces such as fluid shear stress, cyclic strain, and mechanical compression.?® These

“organ-on-a-chip” models offer utility in high throughput screening approaches for
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pharmaceutical, industrial, and toxicological research.'® However, they fail to model the Gl tract
as they don’t capture the complexity of either the microbiome or the cellular composition of the
intestinal wall. Since these models do not have all the components which comprise the barrier,
they can only provide partial modeling for conditions such as leaky gut.

To create a paradigm for intestinal microphysiological systems, several approaches?+2¢
have incorporated microfluidics, but these models are still missing valuable components for gut
health. Models such as the GOFlowChip?® recapitulate some of the cellular diversity by using
host cells that are derived from stem cells combined with inter- and extraluminal flow to carry
nutrients and remove waste. However, there is no native microbial population so microbes must
be injected into the organoid to have functionality and to study host-microbe interactions.’® Even
when systems include added bacteria, many of these systems do not consider the oxygen
gradient that exists within the Gl tract. Our previous work showed that low oxygen is required for
better preservation of microbiota ex vivo.2” These systems lacking a microbiome or lacking an
appropriate environment for a microbiome are missing a vital component of the cellular
ecosystem of the host relevant for studying diseases like leaky gut. Alternatively, organotypic
devices which utilized whole tissue explants have a variety of advantages including
maintenance of local microbiome and cell diversity.'® 2628 For example, the Intestinal Explant
Barrier Chip?® measured the functionality of porcine and human gut explants in terms of its
ability to perform transcellular and paracellular transport of drug compounds over 24 h.
Although, questions remain about the integrity of the tissue given that hemotoxylin and eosin
staining indicated significant tissue disruption and specific cellular elements were not examined.
While these approaches provide valuable information to the study of intestinal physiological
processes, they fail to recapitulate important aspects of the complex environment of the

intestines.
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The model system in the current study serves as a bridge between 2D and in vivo
systems currently in use and provides a layer of complexity that aids in investigating the gut
barrier—which is necessary to understand conditions such as leaky gut. This study expands the
utilization of an ex vivo dual flow microfluidic device to create a model of leaky gut using
bacterial collagenase. Bacterial collagenases are enzymes produced by endogenous gut
bacteria that have the natural ability to digest collagen, thus contributing to the degradation of
the extracellular matrices (ECM).?° Here, we introduced bacterial collagenase into the luminal
flow of the device to disrupt the epithelial and mucosal barriers of the gut, resulting in a leaky
gut-like phenotype. We observed changes to gut permeability, collagen type 1 within the ECM,
and epithelial cell (goblet cell) morphologies as a result of collagenase exposure. Using an
enzyme that can be secreted by commensal bacteria provides a model for future studies of
leaky gut. The purpose of this study was to create a model of leaky gut that recreates

physiological hallmarks of the disorder enabling future investigation into causative mechanisms.

Materials and Methods:
Device design

The device (Figure 1) was designed in SolidWorks (Dassault Systémes, Vélizy-
Villacoublay, France) and manufactured via injection molding (Applied Medical, Rancho Santa
Margarita, CA) and consisted of three cyclic olefin copolymer (COC; TOPAS Grade 8007) layers
separated by polyurethane gaskets (PORON AquaPro, Rogers Corporation, Chandler, AZ).
Details on device design, as well as a video demonstrating device assembly can be found in our
previous publication.?” Briefly, each gasket made individual fluidic channels and tissue was
placed in the middle layer where luminal and serosal sides have separate channels. The tissue

was placed in the device such that the luminal side of the tissue was facing up when it was
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placed inside. A significant modification to the previous design was the use of 50um pore Nitex
mesh (Genesee Scientific, San Diego, CA) that was secured at the bottom of the middle layer
with quick-setting epoxy (J-B Weld, Marietta, Georgia, USA) to support the tissue. The luminal
side of the tissue had an additional piece of mesh glued onto it so that the full perimeter of the
tissue was securely held in place. This mesh had a 2mm diameter hole in the center to allow the
media to reach the tissue that wasn’t in contact with any glue (Figure 1A). This modification was
made to eliminate the use of nicardipine, a calcium channel blocker. Nicardipine was previously
used in the media to keep the tissue flat in the device by decreasing intestinal muscle

contractions.?” The use of mesh and epoxy ensured the tissue remained flat in the device even

"\ Exploded View

Side View

A
— —

_

: Y

Figure 1. The organotypic microfluidic device. Exploded view of the device with the
tissue piece between two gaskets that define flow paths for luminal (above, red) and
serosal (below, blue) media flows, respectively. A shows the components held within
the middle piece of the device; two mesh pieces provide support above and below the
tissue. Below shows a side view of the assembled device, with the flow paths for
luminal (above, red) and serosal (below, blue) media flows.
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when contractions were occurring. The top mesh piece and the tissue were secured around the
edge using cyanoacrylate glue (Loctite Super Glue, Henkel Corporation, Bridgewater, NJ) to
help prevent leakage. The top piece of the device had integrated snap-fit fasteners that allowed
for quick assembly to decrease the time tissue was without media.

Animals, tissue collection, and device loading

Male C57BL/6 background mice aged 3-4 months were used in all experiments. Animal
protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at
Colorado State University. Mice were kept on a 12-h light/dark cycle with access to standard
chow and water ad libitum.

To prepare for tissue collection, mice were deeply anesthetized with isoflurane and
terminated via decapitation. The intestines were removed from stomach to colon and
immediately placed in 4°C 1x Krebs buffer (in mM: 2.5 KClI, 2.5 CaCl,, 126 NaCl, 1.2 MgCla, 1.2
NaH2POQO4) containing 1ul/1mL nicardipine (Sigma Aldrich, St. Louis, MO), an L-type calcium ion
channel blocker, to prevent contractions during dissection. Proximal colon was then dissected to
remove any remaining mesentery. Using angled vascular scissors, the tissue was cut
longitudinally to form a flat piece of tissue which was then cut into ~5mm sections (Figure 1A).
Using a small strainer spoon, tissue sections were gently scooped up and transferred to the
device. This method allowed the tissue section to remain flat and promoted a smooth transfer to
the device. Only a small corner of the tissue needed to be touched with forceps to move the
tissue to the device’s middle piece. This significantly decreased tissue stretch, which was
previously associated with tissue damage.®® Once the tissue was placed inside the device, the
top layer of Nitex mesh was gently placed on top and cyanoacrylate glue was placed around the
edges of the mesh. Careful attention was paid to not allow glue to contact the tissue beyond the

perimeter. To cure the glue, 1x Krebs buffer was applied. The device was immediately snapped

' Cherwin AE, Templeton HN, Ehrlich AT, Patlin BH, Henry SC, Tobet SA. Microfluidic organotypic device to test intestinal
mucosal barrier permeability ex vivo. Lab on a Chip. 2023.

18



closed and transferred to a 37°C incubator where the media inlets were connected. The syringe
pumps were run at a purge setting for ~10s to fill the device so the tissue was in contact with
media in less than 60s after it was removed from the Krebs solution.
Media preparation and experiments

Adult Neurobasal CTS culture media with 2% B27 supplement (Thermo Fisher Scientific,
Waltham, WA) and 3% 1 M HEPES buffer (Sigma Aldrich, St. Louis, MO) was used.
Experiments to investigate tight junctions and the mucus layer were done with the same media
except for lower glucose (4mM versus 25mM) and the omission of phenol red in the culture
media. Luminal media contained 0.5 M sodium sulfite (oxygen scavenger) to decrease oxygen
levels.?” The addition of Nitex mesh and cyanoacrylate glue securely held the tissue in place
eliminating the need for nicardipine to prevent muscle contractions and maintain tissue viability.
Media was loaded in sterile 10 mL syringes and placed in a 37°C incubator to equilibrate and
remove air bubbles before experiments. Experiments to analyze barrier permeability after
collagenase exposure included luminal media with 0.1% 10kDa dextran fluorescein (Thermo
Fisher Scientific, Waltham, WA) for only the last 2 h of the experiment.

Each device had two 10 mL syringes filled with media connected to NE-300 pumps (New
era Pump Systems Inc., Farmingdale, NY) that continually flowed media across both luminal
and serosal sides of the tissue. For the first 24 h of the experiment, control media was used to
allow the tissue to stabilize and to establish a baseline of device performance with an intact,
healthy barrier. The flow rate on the luminal side was 250 pL/h, and on the serosal side it was
200 pL/h. The flow rates were optimized using computational fluid dynamics simulations to
identify appropriate levels of shear stresses to the tissue surface. After 24 h, the media for the
luminal side of the tissue was replaced with collagenase-containing media—control (0 U), low

(5.80*102 U), or high (1.16*10" U) collagenase (Worthington Biochemical Corporation,
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Lakewood, NJ) concentrations. These concentrations were chosen after performing a dosage
curve to determine levels of collagenase that showed measurable disruption of the tissue over
48 h without complete destruction. Working stocks of bacterial collagenase were diluted in water
and because media is composed mainly of water, control media did not utilize the addition of
water as a vehicle.

Following collagenase addition, the device ran for an additional 48 h. After 72 h, the
tissue was removed from the device and placed in a small weigh boat. A solution containing
0.5% cetyl pyridium chloride (CPC) in 4% paraformaldehyde (PFA) was then gently pipetted
onto the luminal surface of the tissue. After approximately 5 min the tissue was removed from
the weigh boat and stored in 0.5% CPC in 4% PFA at 4°C for 24 h. Tissue was then stored in
0.05 M phosphate buffered saline (PBS) at 4°C for sectioning.

Tissue sectioning and histochemistry

Tissue sections were prepared from 1-3 mm sections of colon and submerged in 4%
agarose. The tissue was in agarose for a total of 9 min: 5 min on a room temperature shaker,
and 4 min at 4°C to ensure polymerization. Once the agarose was hardened, tissue was cut at a
thickness of 50 um on a vibrating microtome (VT1000S; Leica microsystems, Wetzlar,
Germany).

For lectin histochemistry and immunohistochemistry, sections were washed in 1x PBS
for 10 minutes at 4°C and were then incubated in 0.1M glycine for 30 min at 4°C, followed by
three, 5-min PBS washes. Next, tissue was incubated in 0.5% sodium borohydride at 4°C for 15
min, followed by three, 5 min PBS washes. Sections were blocked in PBS with 5% normal goat
serum (NGS; Lampire Biological, Pipersville, PA), 1% hydrogen peroxide, and 0.3% Triton X
(TX) for 1 h at 4°C with a change of solution at 30 min. Following blocking, sections were placed

into primary antisera with PBS containing 5% NGS and 0.3% TX for 3 days. Primary antibodies
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used were anti-c-kit (ACK2; Novus Biologicals) at 1:250, Ulex Europaeus Agglutinin |
conjugated to Rhodamine (UEA-1; Vector Labs) at a concentration of 0.125ug/mL, anti-claudin-
1 (Invitrogen) 1:200, anti-peripherin (Sigma-Aldrich) 1:300, anti-Collagen | (Novus Biologicals)
1:500 and anti-MUC-2 (Novus Biologicals) at 3 pg/mL. Following primary antibody addition,
sections were washed at room temperature in PBS with 1% NGS and 0.32% TX four times at
15-min intervals. Sections with anti-peripherin and anti-claudin-1 primary antibodies were
incubated for 2 h at room temperature in PBS containing 0.02% TX and Alexa fluor 594
conjugated to secondary antibodies specific to the species of the primary antibodies at a 1:500
dilution. Sections originally incubated with anti-MUC2, anti-collagen I, anti-ACK2 primary
antibodies were incubated for 2 h in biotinylated secondary antiserum (anti-rabbit 1:2500 or anti-
rat, 1:1000; Jackson ImmunoResearch, West Grove, PA) specific to the species of the primary
antibodies and were constituted in PBS with 0.32% TX. Sections were washed four times at 15-
min intervals in PBS with 0.02% TX before being placed in their tertiary conjugated antibody (AF
594) constituted in PBS with 0.32% TX for 1 h at room temperature. Sections were then washed
in PBS, mounted on slides, and cover slipped with an agueous mounting medium (Aqua-
Poly/Mount, Polysciences, Warrington, PA). More information about primary antibodies can be
found in Table S.1.
Tissue imaging and analysis

Images were taken using a Zeiss LSM800 upright confocal laser scanning microscope
and a 20x (W Plan-Apochromat 20X/1.0 DIC Vis-ir = /0.17) objective or Olympus BX61
equipped for epifluorescence imaging. All image analyses were performed using Fiji (v1.0; NIH).
To quantify the relative fluorescence intensity of 10kDa dextran fluorescein penetration into the
tissue, 12 lines were drawn from the luminal surface to the bottom of the crypts and a plot profile

of the fluorescence intensity (gray value) across each line was generated; the data from all 12
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lines was averaged to produce a representative measure of dextran fluorescein penetration
(Figure 3D). Plots of the relative fluorescence of each tissue were compared to relate the
permeability to the respective treatment regime, where a higher gray value correlated to more
dextran fluorescein within the tissue (Figure 3D). To compare treatment groups to control, a
one-way ANOVA was performed.

To analyze mucin 2 immunoreactivity (MUC2-IR), max intensity Z-projections were
performed through the center 30 um of each image stack. Regions of interest (ROI) were
defined as 60 x 75um sections of the apical half a crypt. Three crypts were analyzed per
sample. Mean grey value of MUC2-IR was analyzed after performing a Gaussian blur and
watershed to eliminate false signal and clearly define cells.

Results and Discussion:
Tissue Health and Batrrier Integrity in the Device

We first sought to verify that the modifications to the original device and experimental
setup did not compromise tissue health. Following previous protocol,?” colon explants were kept
in the device for 72 h ex vivo without antibiotics and with low dissolved oxygen in the mucosal
media and ambient oxygen in the serosal media, producing a gradient across the tissue. A key
update to device design in the current study was eliminating the use of nicardipine in the media.
Nicardipine is an L-type calcium channel blocker that is commonly used in ex vivo preparations
to prevent muscle contractions. Calcium channels play vital roles in several cellular
physiological functions by allowing controlled transport of calcium across the plasma
membrane.?' By eliminating the need for nicardipine in our device media, we have eliminated a
possible variable of physiological disruption and ensured a more accurate physiological

environment.
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Colon explants maintained patterned crypts and proper arrangement of submucosal and
muscular layers (Figure 2A). A specific type of epithelial cell, known as goblet cells, are
responsible for producing and secreting mucus in the colon. Goblet cell mucopolysaccharides
were identified via Ulex Europaeus Agglutinin | (UEA-1) conjugated to Rhodamine. Peripherin is
a type lll intermediate filament protein largely expressed on peripheral neurons and was
therefore used to label enteric neurons. Mast cells are important cells of the innate immune
system and were labeled using an antibody known as ACK2 that recognizes c-kit receptors
found on the surface of mast cells. Immunohistochemistry (IHC) showed maintenance of neural
(peripherin), epithelial (UEA-1), and immune (ACK2) cell populations in control tissue after 72 h
in the device (Figure 2C-E). The mucosal barrier of the colon is composed of two layers-an
inner layer firmly attached to epithelial cells and a loose outer layer. To ensure that constant
flow over the tissue did not remove the mucous layer, tissue was fixed in 0.5% CPC in 4% PFA
to preserve the inner mucus layer by maintaining the glycosaminoglycans in the extracellular
space.®?* UEA-1 labeling of mucopolysaccharides confirmed maintenance of the inner mucosal
layer after 72 h in the device (Figure 2D). We previously confirmed that luminal and serosal
flows remained independent over 72 h by including fluorescein in only luminal media; only
luminal effluents were found to have a measurable amount of fluorescence, confirming that the
barrier was still intact.?” Figure 2B shows relative fluorescence of the luminal and serosal
effluents, respectively, for the last 2 h of the experiment where the luminal media contained 10
kDa MW dextran fluorescein. The relative fluorescence units (RFUs) were determined using a
plate reader (PerkinElmer, USA), where the RFU value of a blank sample (serosal media that

was not used in a device) was subtracted. The data plotted is an average from three replicates.
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Figure 2. Device maintained tissue health and barrier function without nicardipine
over 72 h. A) Brightfield image showing maintenance of colon morphology. B) Relative
fluorescence of 10kDa dextran fluorescein in the luminal and serosal effluents from the
device from the last 2 h of the experiment. C) Peripherin labeled nerve fibers in crypts,
mucosal plexus, and myenteric plexus. D) Maintenance of epithelial cells and inner
mucosal layer indicated by UEA-1* material. E) Maintenance of immune cells indicated by
ACK2* mast cells in lamina propria. F) Maintenance of tight junctions indicated by claudin-1
immunoreactivity. L=lumen, MUC=mucus layer, m=mucosa, sm=submucosa,
me=muscularis externa, cr=crypt, scale bars are 50um for A, C, & E, scale bar is 25um for
D&F.

Only measurable fluorescence was detected in the luminal channel, confirming that the barrier
was still intact after 72 h in the device.
Effect of Collagenase on Barrier Permeability

We next sought to determine if tissue treated with collagenase could serve as a model
for leaky gut and determine its impact on barrier permeability. A key physiological hallmark of

leaky gut is increased epithelial permeability indicated by increased passage of luminal
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molecules across epithelial cells into underlying lamina propria.®® To investigate this, 10 kDa
molecular weight dextran fluorescein was included in the luminal media for the last 2 h of the
experiment. Dextran fluorescein does not covalently attach to anything within the tissue but can
freely diffuse. Analysis of epithelial and mucosal tissues revealed some diffusion of dextran
fluorescein into the epithelial layer of all tissue explants, with collagenase-treated tissue
showing greater fluorescence intensity into the underlying mucosa (Figure 3B-C). The relative
fluorescence of each tissue was measured using Fiji (v1.0; NIH), where a higher gray value
correlated to more diffusion of dextran fluorescein into the tissue; the average gray value from
each treatment group (n=3) is shown in Figure 3D, where the fluorescence values from the first
140 um starting from the luminal edge of the tissue toward the crypt base were averaged and
shown as a single bar per treatment group. Not all tissue sections were equal in crypt length, so
140 um was chosen as a depth that would give a meaningful amount of dextran fluorescein
penetration into the crypts for all tissue sections. The high collagenase treatment group showed
the highest gray levels, and the control group had the lowest. From these results, we concluded

that collagenase increased permeability of the gut barrier.
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Another physiological indication of increased epithelial permeability is alterations in tight
junction proteins. Tight junctions function to prevent passage of molecules and ions between

epithelial cells. Claudins are a specific type of tight junction protein that can be classified as
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Figure 3. Collagenase exposure altered dextran fluorescein penetration and type 1
collagen morphology indicative of increased barrier permeability. A) Tissue exposed to
media containing no collagenase had minimal dextran fluorescein penetration into the
mucosa. B) Tissue exposed to low levels of collagenase had increased dextran fluorescein
penetration into the mucosa. C) Tissue exposed to high levels of collagenase had increased
dextran fluorescein into the mucosa and into the submucosa. D) Average fluorescence
intensity of 10 kDa dextran fluorescein penetration into the first 140 um of the tissue moving
from luminal edge towards serosa across treatment groups. E) Type 1 collagen
immunoreactivity (COL1-IR) showed distinct vertical crimping pattern with no tortuosity in
media with no collagenase. F) Exposure to low levels of collagenase exhibited some COL1-
IR tortuosity. G) Exposure to high levels of collagenase increased COL1-IR tortuosity and
decreased vertical crimping. Arrows indicate tortuous COL1. H) Tissue not exposed to
collagenase exhibits clear claudin-1 immunoreactivity around epithelial cells indicating
maintenance of tight junctions. 1) Exposure to low levels of collagenase moderately
decreased claudin-1 immunoreactivity. J) Exposure to high levels of collagenase
dramatically decreased claudin-1 immunoreactivity. L= lumen, m=mucosa, sm=submucosa,
cr=crypt, me=muscularis externa, scale bars are 50um.

sealing/tight or pore-forming. In leaky gut, the expression of sealing claudins have been shown

to decrease.?* We examined claudin-1, which is broadly expressed in the intestinal epithelium
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and thought to have an essential role in tight junction integrity.3% 3¢ Explants that were exposed
to collagenase had decreased claudin-1 immunoreactivity compared to control (Figure 3H-J)
indicative of impaired barrier integrity.

To further explore effects of collagenase on barrier integrity, type 1 collagen (COL1), one
of the most abundant types of collagen in the extracellular matrix (ECM) was assessed by
immunohistochemistry. Collagenase enzymes play a large role in ECM remodeling. Increased
collagenase enzyme activity and uncontrolled remodeling of the ECM is distinctive in fibrotic and
inflammatory bowel diseases.?”-® In healthy intestinal mucosa, collagen exhibits a wavy pattern
referred to as “crimping” with fibers oriented in the vertical direction.3 Increases in collagen
tortuosity (twistedness) in vascular collagen is associated with increased remodeling and
increased fragility of the ECM.*%4! Explants that were exposed to collagenase (Figure 3F-G)
had decreased crimping and increased COL1 tortuosity, suggesting that collagenase treatment
maladaptively impacted COL1 in colon mucosa. Proper functioning of the ECM is essential to
intestinal barrier integrity and our results demonstrate that collagenase disrupts COL1 which
may have serious consequences to barrier integrity.

Effect of Collagenase on the Epithelial Cell Lining

Our next objective was to investigate the impact of collagenase on epithelial cells that
form the intestinal barrier. Due to their distinctive characteristics and important roles in barrier
maintenance we chose to investigate specialized epithelial cells known as goblet cells. Goblet
cells produce and secrete mucus and were identified by labeling their mucopolysaccharides
using fluorescently labeled Ulex europaeus agglutinin 1 (UEA-1) that recognizes terminal a-
linked fucose residues. Goblet cells were further characterized by mucin 2 (MUC2), the most
abundant mucin core protein for glycosylation in the colon that is produced and secreted by

goblet cells. Collagenase-treated explants showed striking differences in goblet cell morphology,
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mucus layer thickness, and MUC2 immunoreactivity as a function of collagenase exposure
(Figure 4). Healthy goblet cells have a characteristic goblet-like shape with the apical portion of
the cell shaped like a cup and the basal portion shaped like a stem. The apical portion is

distended as it contains mucin granules that are released into the lumen. Compared to control

Figure 4. Collagenase treatment altered goblet cell morphology and mucus layer
thickness as indicated by UEA-1 mucopolysaccharide labeling and decreased
mucin 2 immunoreactivity (MUC2-IR). A) Tissue exposed to media containing no
collagenase exhibited healthy goblet cell morphology with “goblet” shaped goblet cells
indicated by white arrows. The mucus layer remained intact. B) Goblet cell shape
became more circular when exposed to low levels of collagenase and the mucus layer
remained intact. C) Goblet cells lost their distinct shape when exposed to high levels of
collagenase and the mucus layer decreased in thickness. D) Apical MUC2-IR in tissue
not exposed to collagenase. E) Apical MUC2-IR decreased in a dose dependent
manner when exposed to low collagenase and F) high collagenase. Arrows indicate
alterations in goblet cells morphology, M=mucus layer, L= lumen, scale bars are 25um.
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(Figure 4A), collagenase treated goblet cells lost their characteristic “goblet” shape becoming
more circular (Figure 4B) or devoid of distinct shape (Figure 4C). Compared to control (Figure
4A), high collagenase treated tissue had a much thinner mucous layer (Figure 4C) indicative of
an impaired mucosal barrier. Compared to control (Figure 4D), apical MUC2-IR decreased by
25% with low collagenase treatment (Figure 4E) and decreased by 31% with high collagenase
treatment (Figure 4F). Alterations to goblet cell shape and MUC2 content is correlated with
intestinal barrier disruption.*? These results suggest that collagenase negatively impacted
barrier epithelial cells and mucus production confirming that collagenase is a promising model
for leaky gut.

Conclusions and Outlook:

The organotypic microfluidic device in the current study preserved intestinal health and
morphology indicated by labeling of neurons, epithelial cells, and immune cells comparable to in
vivo tissue. Importantly, the device maintained tissue health and barrier function over 72 h
without inhibiting muscle contractions with nicardipine. This model provides novel opportunities
to examine the intestinal barrier ex vivo to better understand disease states associated with
leaky gut. The penetration of fluorescent molecules into the mucosa of collagenase-treated
tissue suggests that collagenase increased epithelial barrier permeability. This is supported by
the decrease in claudin-1 (tight junction) immunoreactivity suggestive of increased paracellular
permeability and alterations to type 1 collagen (COL-1) structure, where collagenase-treated
tissue showed increased COL-1 tortuosity and decreased vertical crimping indicative of
extracellular matrix fragility. We also observed marked differences in goblet cells, where
exposure to collagenase appears to disrupt the morphology and decrease apical mucin 2
immunoreactivity. Changes in shape and content of goblet cells likely affect the thickness of the

mucus layer, further compromising the integrity of the intestinal barrier.
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While bacterial collagenase altered epithelial and mucosal barrier structure, it is
important to understand how these changes in barrier function may lead to disease states. The
results outlined here demonstrate that this system works to recreate the effects of a leaky gut, in
terms of physiologic hallmarks such as increased epithelial permeability. While the data doesn’t
identify the mechanistic causes of leaky gut, it has laid a foundation for future work to expand
upon to address the problem from a more causative perspective. Results from our previous
study?’” confirmed the presence of Gram-positive and Gram-negative bacteria in ex vivo murine
colon explants after 72 h in the device and demonstrated that an oxygen gradient is necessary
for preservation of a physiologically relevant bacterial community. Future experiments will be
able to investigate the effects of specific microbiome components (e.g., bacteria) that secrete
collagenases, such as Enterococcus faecalis,*® within the tissue to gain a more comprehensive
understanding of the mechanisms involved in leaky gut. In the longer run, investigations of the
impact of leaky gut on colon tissue ex vivo will allow for detailed studies of neuronal and
immune cell populations that could lead to a better understanding of the steps leading to
problematic pathology.

Ultimately, we hope to make this device translational to humans to further understanding
of intestinal disease processes. Pig intestine is similar to human intestinal tissue in size and
structure, so a series of preliminary experiments were performed with pig intestine. Compared
to mouse intestine, pig intestine is much thicker resulting in substantially stronger muscle
contractions. Unfortunately, these contractions pulled the tissue out of the device. When we
removed the muscle layer, we were able to keep pig intestine flat and alive for 72 h. However,
this is not ideal as many enteric neurons and some immune cells reside in the muscle layers.
Long-term goals include improving the mechanisms for clamping stronger, thicker tissue within

the device so that similar studies can be performed with completely intact porcine and human
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tissue explants. We have previously obtained human tissue explants to study,** so future
iterations of the device could very realistically include human tissue for more translatable

studies. Results from future studies will be essential to enhance understanding of human gut

health.

*Amanda E. Cherwin & Hayley N. Templeton contributed equally to this work
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CHAPTER 2 —-A MICROPHYSIOLOGICAL SYSTEM FOR STUDYING BARRIER HEALTH OF
LIVE TISSUES IN REAL TIME?

Overview:

Epithelial cells create barriers that protect many different components in the body from their
external environment. Increased gut barrier permeability (leaky gut) has been linked to several
chronic inflammatory diseases. Understanding the cause of leaky gut and effective interventions
are elusive due to the lack of tools that maintain tissue’s physiological environment while
elucidating cellular functions under various stimuli ex vivo. Here we present a microphysiological
system that records real-time barrier permeability of mouse colon in a physiological environment
over extended durations. The system includes a microfluidic chamber; media composition that
preserves microbiome and creates necessary oxygen gradients across the barrier; and
integrated sensor electrodes for acquiring transepithelial electrical resistance (TEER). Our
results demonstrate that the system can maintain tissue viability for up to 72 h. The TEER
sensors can distinguish levels of barrier permeability when treated with collagenase and low pH
media and detect different thickness in the tissue explant.

Introduction:

Barrier tissues composed of epithelial monolayers are the body’s first line of defense for
protecting a mammalian host from its external environment'. These barriers help maintain
cellular and tissue homeostasis'23. Disruption of the intestinal barrier has been implicated in
pathologies including inflammatory bowel disease (IBD)*, neurodegenerative disorders®8, and
numerous others”89, Consequently, there is a demand for measuring the integrity of cellular
barriers, prompting researchers to turn to techniques such as Transepithelial/transendothelial
electrical resistance (TEER). TEER measurements represent the electrical resistance of the

cellular barrier in real time and is a widely accepted measure of barrier integrity®. Traditionally,
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TEER has been used on cell monolayers, devoid of the complex three dimensional and
heterogenous cellular environment of barrier tissues in vivo. Thus, there is a need for a
microphysiological system that maintains the cellular complexity of the in vivo barrier tissue
while maintaining the ability to measure barrier breakdown with TEER over the course of a full

experiment.

Classically, epithelial barrier integrity is interrogated via fluorescently labeled probes to visualize
the paracellular flux across the epithelial layer'®".12.13.1415 However, the importance of real-time
data on barrier integrity during an experiment has led to an increased desire for using TEER to
examine epithelial barrier properties. A widely used device for TEER measurements is the
Transwell>'®, where a cell monolayer is grown inside of a well-plate and TEER is measured
using two “chopstick” electrodes. Transwells are desirable for their simplicity, cost, and high
throughput. However, Transwells are not suited for in-depth investigations of cellular barrier
function because of the simplified in vitro model without media flow and high variability from
chopstick electrodes. To bolster the functionality and physiological representation of in vitro
models, organ-on-a-chip (OoC) devices have been employed. These are more advanced
devices containing engineered organ tissues and incorporating microfluidics to ensure
continuous supply of fresh media containing vital nutrients and accounting for physical force
faced by epithelia such as cyclic strain, fluid sheer stress, and mechanical stretching'-'”. The
results from the experiments using both Transwell and OoC devices have enhanced our
understanding of the transepithelial transport process, however, they do not replicate the

cellular complexity of the intact tissue barrier in vivo?81314.18,

To create a better physiological model some researchers have moved towards ex vivo tissue

explant devices. The Ussing chamber was one of the first and most commonly used tools to
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assess epithelial permeability in ex vivo experiments by measuring paracellular flux using
electrical measurements. The Ussing chamber was originally designed to understand the
phenomenon of active NaCl transport across frog skin'®2°, This technique set the groundwork
and created the first model for epithelial ion permeability. More modern designs of Ussing
systems have accommodated many different types of epithelial barriers found inside animals.
These barriers include skin, intestinal, esophageal, and more®2021.2223 Common shortcomings
of current Ussing chamber designs include the use of expensive benchtop equipment; static
media within the chamber; low throughput; and bulky experimental setup. Static media makes it
difficult to maintain viability of live ex vivo tissue for an extended period of time inside of devices.
With reduced tissue viability, experiments using live tissues in an Ussing chamber have often
been limited to under 3 h?*24, Due to the limited viability and lack of tissue equilibrium, there are
limited interrogations that can be performed on the tissue and long-term affects cannot be

addressed.

The intestinal barrier as live tissue is coordinated across complex biomaterials (e.g., mucus)
and cellular elements that range from bacteria in the intestinal lumen to multiple epithelial cell
types on the surface of the gut wall and cell types inside the wall that include, immune, stromal,
neural, and muscle cells. Ex vivo models maintain these complex interactions providing a much
more realistic physiological model than cell culture, epithelial monolayers, or OoC. One crucial
distinction between cell culture and live tissue models lies in the variety of cell types and
biological structures present within the model'*. The most common intestinal in vitro models are
comprised of immortalized Caco-2 cells that originated from a human intestinal tumor3. These
cells are useful for absorption studies and are capable of forming tight junctions between cells in
the monolayer, but lack many of the other structures that intestinal epithelium have®?. There
have also been OoC devices with intestinal organoid models cultured from stem cells®4.
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Intestinal organoid models can add a layer of epithelial cell diversity in the formation of intestinal
villi and crypts, but still lack important cell components such as the immune, neuronal, or muscle

systems present in vivo'.

The ex vivo model is capable of providing cellular diversity closest to that in vivo, however, the
challenge of maintaining the tissues viability over the course of an experiment has hindered the
effectiveness of many current devices. Enhancing tissue viability is essential in crafting ex vivo
models that mimic physiological conditions more accurately. This enables researchers to extend
experimentation durations, thereby capitalizing on the benefits of enhanced cellular diversity
across various experimental setups. Advancements in microfluidic device design and
appropriate media composition have allowed live tissue inside a microphysiological chamber to
maintain cellular heterogeneity and other key health markers over a long-term experiment

(>48 h)'214.2526 Microfluidics create a more accurate physical microenvironment for the live
tissue explant (e.g., fluid flow and shear stress) and the media composition provides the tissue
with appropriate nutrient diffusion and oxygen gradients'. Existing devices capable of long-term
explant viability are limited to data observed after the tissue is removed from the device, 48 h or
more after it was dissected from the animal'®2®. Incorporating TEER measurements inside such
microphysiological devices increase the temporal resolution of changes in barrier function that
might be caused by external perturbations (e.g., infection or chemical irritation). Without real-
time TEER measurements in ex vivo models, tissue would need to be taken and removed from
the experiment setup at multiple time points to assess barrier integrity. This would result in the
use of more animals to obtain enough tissue to perform long time point experiments (i.e., 72 h)

and would greatly increase labor and time to achieve results.
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This paper presents a microphysiological system for ex vivo tissues capable of longer-term
viability and real-time TEER measurement with integrated sensors and electronics. The
difficulties of using ex vivo tissue (e.g., leaking, intestinal wall damage, etc.,) has limited the
number of systems capable of integrating these two crucial attributes. However, incorporation of
ex vivo tissue in TEER measurements is necessary to create a model that most accurately
represents in vivo conditions. If key components of a barrier system are missing in drug
development, the drug may not perform as well in vivo. With most of the complex interactions
maintained in the biological model and the ability to measure TEER throughout an experiment,
this system is equipped to investigate essential biological questions and hypotheses for drug

discovery and developmental research when compared to in-vitro models.

Overall, our contribution is threefold: first, the microphysiological system is capable of keeping
intestinal tissue explants viable for up to 72 h by utilizing physiologically relevant media and
microfluidic channels. Within the media, there is an oxygen gradient, a prebiotic to maintain the
hosts natural microbiome, and a normoglycemic environment. Second, the TEER measurement
of the ex vivo tissue is supported by integrated electrodes and backend electronics to record
real-time TEER measurements throughout the entirety of the experiment at a user-specified
interval, thus, allowing users to observe the evolution of barrier integrity in real time. Third, the
system architecture is scalable allowing multiple microfluidic chambers to be connected to the
system at a time, allowing for multiple controlled experiments using live tissues from the same
donor. The proposed device is designed for intestinal tissue slices extracted from a mouse.

However, the chamber design can be easily adapted to other barrier tissues.
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Materials and Methods:

Microfluidic Chamber Design

The microfluidic chamber (Fig. 5a—e), to be referred to as chamber for short, was designed
using CAD (Autodesk, Inc) and fabricated using Anycubics UV sensitive resin and SLA printer.
To avoid harmful effects from uncured resin, each chamber is fully cured using UV light and
thoroughly rinsed with isopropyl alcohol. It is further sterilized in a low-temperature autoclave.
The chamber consists of two halves assembled to hold the tissue and make connections to the
integrated TEER electrodes. Each half chamber is composed of the following (Fig. 5a): the
chamber body; two 1 mm thick PDMS layers for holding the electrode chip in place; one gold
electrode chip; an aluminum clamp; and a printed circuit board (PCB) with spring headers that
connect to the electrode chip. The fully assembled chamber (Fig. 5b) consists of two halves, the
top half has spikes to hold the tissue tight when the chamber is sealed; the bottom half has
corresponding openings for these spikes and is where the tissue is placed before closing the
chamber. Figure 5¢ shows how the tissue explant positioned on the bottom half chamber,
before and after the experiment. When the tissue is enclosed in the device, the chamber spikes
puncture around the outer edge of the tissue but leaves the center untouched. A PDMS layer is
placed over the spikes of the top chamber to create a flush seal against the tissue and prevent
leaks between the chamber halves after the chamber is closed. A fully assembled chamber is
shown in Fig. 5d, e in the front and the back view of the device, respectively.

Tubing is connected to each chamber half through Luer lock connectors. Media is pumped into
the chamber using custom-designed syringe pumps where users can specify start and stop time

points throughout the experiment period. With the tissue positioned over the circular opening
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between the chamber halves, a barrier is formed between the two media flows, one for the

Live Tissue explant

Before
Experiment

2 Experiment

PDMS Layer

Tissue e f

Explant

i.  SLA printed chamber

ii. PDMS channel outline

iii. Gold electrode chip

iv. Aluminum clamp

v. PCB board with spring headers

Media Outlet I
g A0 Microfluidic
3 B Chambers

Card Edge
Connectors

TEER Calculation
PCB Main Control

Board

Metal PCB

Housing

—_

Power
USB Port

~ Y

' FTDI
Microcontroller

Figure 5. Major components of the microphysiological system. Including the
microfluidic chamber (a—f) and the system-level housing (g—h). a Expanded view of a
full chamber, with all components labeled. b Closed chamber with a closeup view of the
tissue and PDMS clamped between two chamber halves. ¢ Tissue explant before and
after the experiment. d, e The actual manufactured chamber assembled (front and
back, respectively). f Flow simulation through the chamber’s microfluidics. g Expanded
view of the microphysiological system. h The manufactured and fully assembled system
with three chambers connected the system.

serosal side and the other for the luminal side of the tissue. The microfluidic path flows over the

opening on each side exposing the tissue to the media composition. Providing balanced flow for
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the tissue inside the chamber is important for controlling shear stress and extending tissue
viability'®1320, The chamber was designed using 3D fluid simulations (CFD, Autodesk Inc) to
make the media flow over the tissue area with uniform velocity as possible. Figure 5f shows an
example of the flow simulations performed during design.

Each chamber half has its own PCB breakout board that connects to the glass chip electrodes
through gold spring headers. The spring headers are compressed against the chip during
assembly. The PCB on the top half chamber has external wire connectors for connecting to the
bottom halve PCB. The bottom PCB includes a card edge connector that is plugged into the top
of the enclosure for the microphysiological system (see section “System Overview below”). The
chamber, when plugged into the system, is oriented vertically, making the media flow in from the
bottom and out above the tissue (Fig. 5f). This orientation helps push air bubbles to the top and
get them pushed out of the media outlet during experiments. Air bubbles can injure the tissue

and cause large deviations for the TEER measurement.

Animals, tissue collection, and media preparation

In all experiments, male C57BL/6 background mice aged 3—4 months were used. Mice were
kept on a 12 h light/dark cycle with access to standard chow and water ad libitum. Animal
protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at
Colorado State University under United States Department of Agriculture (USDA) guidelines.
Mice were deeply anesthetized with isoflurane and terminated via decapitation to prepare for
tissue collection. The intestines were removed and immediately placed in 4 °C 1x Krebs buffer
(in mM: 2.5 KCI, 2.5 CaCl, 126 NaCl, 1.2 MgCl», 1.2 NaH2PQO4). To prevent contractions during
dissection, the Krebs buffer contained 1 ul 1 mL™" nicardipine (Sigma Aldrich, St. Louis, MO), an

L-type calcium ion channel blocker. Colon was then dissected to remove any remaining
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mesentery. For experiments in which muscle was removed, a 26 G needle was used to gently
tease away the muscle layer on the mesenteric edge of the tissue. Tissue was then cut
longitudinally using angled vascular scissors to form flat pieces of tissue around ~5 mm.

Adult Neurobasal media was custom made in house with 2% B27 supplement (ThermoFisher
scientific, Waltham, WA), 4 mM glucose, 3% 1 M HEPES buffer (Sigma Aldrich, St. Louis, MO),
without phenol red. To help maintain the gut microbiome, luminal media contained

0.4 mg mI~" inulin (soluble fiber) and 0.5 M sodium sulfite (oxygen scavenger) to decrease
oxygen levels'’. The serosal media had ambient levels of oxygen creating an oxygen gradient
across the tissue which we previously demonstrated'® is necessary for preservation of
microbiome. After 24 h, luminal media for control tissue was not changed. Treatment group
luminal media contained 5.80*1072 U of broad spectrum bacterially sourced collagenase
(Worthington Biochemical, Lakewood, NJ) or was treated with hydrochloric acid (HCI) to acidify
the pH to 2. After completion of experiments, 0.05 M phosphate buffered saline (PBS)
containing 0.5% cetylpyridinium chloride (CPC) was gently pipetted onto the tissue to preserve
the mucus layer'2. The tissue was then gently removed from the device and placed in 4%
paraformaldehyde (PFA) containing 0.5% CPC at 4 °C for 24 h. Tissue was stored in PBS at

4 °C until sectioning.

Tissue sectioning and histochemistry

Detailed methodology can be found in our previous publication'. Briefly, 1-3 mm sections of
colon were submerged in agarose until polymerization. Tissue was then cut on a vibrating
microtome (VT100S; Leica microsystems, Wetzlar, Germany) at a thickness of 50 um. For lectin
and immunohistochemistry, sections were first washed in 1x PBS, then incubated in 0.1 M

glycine followed by PBS washes and incubated in 0.5% sodium borohydride followed by PBS
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washes. Sections were then blocked in PBS with 5% normal goat serum (NGS; Lampire
Biological, Pipersville, PA), 1% hydrogen peroxide, and 0.3% Triton X (TX). Next, sections were
placed in PBS containing 0.3% TX and 5% NGS with the appropriate lectin or antibody for 2
days. The lectin used was Ulex Europaeus Agglutinin | conjugated to Rhodamine (UEA-1;
Vector Labs) at a concentration of 0.125 uyg mL™". Primary antibodies used were anti-claudin1
(Invitrogen) 1:200 and anti-peripherin (Sigma-Aldrich) 1:300. After lectin or primary antibody
incubation, sections were washed in PBS with 1% NGS. Sections incubated in primary antibody
were then incubated with PBS containing 0.02% TX and Alexa Fluor 594 conjugated to
secondary antibodies specific to the species of the primary antibodies at a 1:500 dilution.
Finally, sections were washed in PBS, mounted on slides, and cover slipped. Images were
taken using a Zeiss LSM800 upright confocal laser scanning microscope and a 20x (W Plan-

Apochromat 20X/1.0 DIC Vis-ir = /0.17) objective or an Olympus BH2 brightfield microscope.

Results and Discussion:

Tissue viability

Tissue health was maintained in the device with barrier integrity over 72 h. Colon explants
maintained proper arrangement of mucosal, submucosal, muscular layers, and patterned crypts
and the inner mucosal layer remained intact confirming maintenance of the mucosal barrier
(Fig. 6a(i)). To protect the body from potential pathogens, healthy intestinal tissue must maintain
sophisticated epithelial and mucosal barriers. Specialized epithelial cells, known as goblet cells,
are crucial to barrier maintenance as they are responsible for producing and secreting mucin.
Goblet cells were characterized due to their essential roles in maintenance of the barrier. Goblet
cell mucopolysaccharides were identified by binding Ulex europaeus agglutinin | (UEA-1)

conjugated to rhodamine. After 72 h in the microphysiological system, goblet cells retained their
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distinct shape (Fig. 6a(v), arrows) comparable to tissue taken directly after sacrifice that never
went into the device (in vivo tissue) (Fig. 6a(iv), arrows). A hallmark indicator of intestinal tissue
damage in several disorders is a decrease in number of goblet cells?®. Goblet cells arise from
progenitor cells at the base of colonic crypts. As they migrate apically, they mature and acquire
the ability to synthesize and secrete mucopolysaccharides?®. Since mature goblet cells are
located in the upper third of crypts®, they are potentially more susceptible to morphological
changes. Therefore, the number of goblet cells in the upper third of crypts (apical crypt) were
analyzed to further confirm tissue health. There were no statistically significant differences in the
number of apical goblet cells between in vivo and ex vivo tissue (Fig. 6) indicating that 72 h ex
vivo tissue was likely comparable in health to in vivo tissue. To further assess barrier integrity,
tight junctions were examined. Tight junctions adhere epithelial cells together forming a physical
barrier between cells to prevent unwanted passage of ions and molecules between epithelial
cells. Claudins are a specific type of tight junction protein that help form the backbone of tight
junctions. Claudin-1 is widely expressed in the intestinal epithelium and has essential roles in
tight junction integrity. After 72 h in the device, clear claudin-1 immunoreactivity remained
around epithelial cells (Fig. 6a(iii)) similar to in vivo tissue (Fig. 6a(ii)) further indicating

maintenance of tissue health and barrier integrity.
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Figure 6. Tissue health was maintained over 72 h in the device and monitored after
media treatment. a Control tissue after 72 h experiment. (i) Tol blue staining showing
maintenance of colon morphology, MUC = mucus layer, m = mucosa, cr = crypt, sm =
submucosa, me = muscularis externa. (ii) Claudin-1 immunoreactivity in vivo. (iii) Claudin-1
immunoreactivity in 72 h ex vivo shows maintenance of tight junctions between epithelial
cells and crypts. (iv) UEA-1* material in vivo. (v) UEA-1* material ex vivo confirming
maintenance of epithelial cells and mucus layer. (vi) Quantification of goblet cell number per
apical crypt in in vivo vs. ex vivo tissue, n= 3, error bars show the standard

error. b Collagenase treated, and acidic luminal media resulted in alterations in goblet cell
morphology and tight junction expression indicative of increased barrier permeability. (i)
Goblet cells labeled with UEA-1 become circular after collagenase treatment. (ii) Acidic
media resulted in loss of goblet cell shape and sloughing off of cells near the lumen. (iii)
Alterations in tight junction protein expression (claudin-1) following collagenase treatment.
(iv) Claudin-1 expression decreased considerably with exposure to acidic media indicative of
substantial barrier disruption. (v) The bar graph shows a distinct reduction in transepithelial
electrical resistance (TEER) after exposure to different media composition. The difference in
TEER was measured from 24 to 48 h mark after the tissue was enclosed in the device, with
the media change occurring at 24 h. The three media compositions consist of a control
media, collagenase treated media, and low pH media (more details about media composition
in “Animals, Tissue Collection, and Media Preparation”). L = lumen, TEER values are
normalized to the membrane surface area of the chamber, 0.0314 cm?2. Control: n=4,
Collagenase: n=10, Low pH: n= 3, error bars show standard error, **p < 0.005;
***p<0.0001.

2Way R, Templeton HN, Ball D, Cheng M, Tobet SA, Chen T. A microphysiological system for studying barrier health of live
tissues in real time. Communications Engineering. 2024.

49



Using TEER to measure changes in barrier permeability

Changes in TEER were correlated with physiological signs of barrier impairment, such as
alterations to epithelial cells, the mucus layer, and tight junction proteins. To induce a disruption
to barrier permeability, the luminal side of colon tissue was treated with collagenase or acidic
media. Bacterial collagenases are enzymes secreted by endogenous bacteria in the intestines
that degrade collagen. Increased collagenase can break down tight junctions between epithelial
cells, as well as break down the extracellular matrix of epithelial cells®'. This leads to increased
intestinal permeability and provides a model for the development of leaky gut syndrome®2. We
have previously shown that bacterial collagenase in luminal media can be used as a model to
create leaky gut by disrupting epithelial cell (goblet cell) morphology and decreasing tight
junction (claudin-1) expression'2. Increased barrier permeability was shown by an increased
reduction in TEER with collagenase treatment over time (Fig. 6b(v)). To confirm that reductions
in TEER correlated with physiological characteristics of increased intestinal permeability, goblet
cells, and claudin-1 were examined. Following collagenase treatment, goblet cells became more
circular in shape (Fig. 6b(i)) and claudin-1 immunoreactivity was moderately decreased

(Fig. 6b(iii)) indicating barrier impairment.

To assess whether changes in TEER matched changes in physiological changes, acidic media
(pH 2) was added to the luminal side of tissue to induce substantial damage to the intestinal
barrier. Cells need to maintain a pH of 7.4 to function properly. Lowering the pH to 2.0 leads to
increased epithelial cell death and alterations in cellular processes creating drastic increases in
permeability. This was confirmed with goblet cells losing distinct shape and sloughing off near
the lumen (Fig. 6b(ii)). Claudin-1 immunoreactivity dramatically decreased indicating substantial

loss of tight junctions (Fig. 6b(iv)). These dramatic changes in epithelial cell and claudin-1
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morphology correlate with the significant reduction of TEER following acidic pH treatment

(Fig. 6b(v)).

Differences in tissue explant detected by TEER:

Cut muscle vs. muscle intact

To determine whether distinct tissue components contributed differentially to TEER, the muscle
layer was dissected away. Thereby removing the muscularis externa, a major subepithelial
structure of the colon. TEER was measured after 24 h inside the chamber, allowing sufficient
time for the tissue to equilibrate to its new environment. Removal of the muscle layer decreased
TEER by about 39% (Fig. 7a). This result is consistent with previous reports that have
performed experiments to study the contribution of sub epithelial resistance. The values
reported have ranged from 15% to 80% of the total epithelial resistance is concentrated in the
sub epithelium, depending on the location in the intestine as well as the animal?327:3334.35,
Research using rat jejunum has shown a much larger contribution to total resistance done by
the sub epithelium (78-80%)2332. Whereas measurements on the ileum, colon, and rectum in
both rats and mice have showed much lower contributions (15-45%)?7:3435, This is consistent

with the results found here using mouse colon.
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Confirmation of total muscle dissection was done by Toluidine blue staining, as seen in

Fig. 7a(ii) when compared to tissue with the muscle intact (Fig. 7a(i)). Demonstrating the TEER
calculated with the muscle dissected is an accurate representation of the epithelial resistance
alone and has little to no contribution from subepithelial resistances. This demonstration is
lacking from all previous research studying the contribution of subepithelial resistance by
subepithelial stripping or dissection*?4344, These images alongside the TEER measurements
provide new evidence for the contribution of subepithelial resistance to total epithelial

resistance.
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Fig. 7: Physical differences in tissue explant. a This bar chart shows the difference in
settled transepithelial electrical resistance (TEER) value of tissues explants with the muscle
intact vs. with the muscle removed. The settled TEER value is taken 24 h after the tissue is
enclosed in the chamber. (i) Tol blue staining of tissue with intact muscle. (ii) Tol blue
staining tissue with muscle removed, L = lumen. b Settled TEER values for different regions
of mouse colon tissue. Proximal tissue was defined as the three pieces of tissue closest to
the cecum and distal tissue was defined as the two pieces farthest from the cecum and
closest to the rectum. Each tissue piece was approximately 5 mm in length. The settled
TEER value was taken approximately 24 h after the tissue had been enclosed in the device.
Muscle intact: n=15, Cut muscle: n=7, Distal: n=6, Proximal: n=9, error bars show
standard error, **P<0.005, *P<0.01.

Proximal vs. distal colon
The position within the colon is another possible factor contributing to differences among tissue
explant slices. Previous research on mouse colon tissue has shown that the proximal tissue has
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a higher baseline TEER value compared to mid or distal slices?!. After compiling data from our

own experiments, we found that our TEER results are consistent with previously reported data

on tissues located in different sections of the colon. We observed about a 19% decrease in

TEER in the distal colon compared to the proximal colon (Fig. 7b).
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To showcase the distinctive qualities of our system, we compared it with existing devices for

studying epithelial transport based on several key attributes, such as sample type, tissue
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viability duration, TEER measurement capability, experiment throughput, and more. The
comparison is shown in Table 1. All of these attributes are important for evaluating different
epithelial transport systems, and highlighting the differences between Transwell, OoC, and ex

vivo devices.

The top four rows of the table show existing in vitro devices (Transwell and OoC). These
systems are intended for studying cultured cell monolayers. In addition to providing TEER
measurements, they also provide high throughput of up to 96 wells. Unlike the Transwell
system, most of the OoC systems provide microfluidic support to maintain cell viability. One of
their biggest weaknesses is their lack of realistic biological model to better represent rich

biological processes in live tissues.

The remaining rows in Table 1 are existing ex vivo systems. Our proposed system is in the
bottom row. Some of the existing ex vivo systems are capable of TEER measurements, but they
can only maintain tissue viability for a short period of time (<3 h). The ex vivo devices that are
capable of maintaining tissue viability for longer period of time (up to 72 h) are not capable of
TEER measurements or any other real-time tissue integrity feedback measurements.
Furthermore, the existing ex vivo systems can only support one tissue measurement at a time,
making experiments requiring replicates more difficult and time consuming. In contrast, our
proposed system is designed to perform real-time TEER measurements on multiple tissue
explants at the same time, with the capability of maintaining tissue viability for up to 72 h. These
advances in capabilities will make studies targeting a specific organ, requiring extended
experiment time period of interrogation, and replicates from the same animal, easier and more

feasible.
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Conclusion:

This paper presents a highly integrated microphysiological system for studying live tissue barrier
permeability of mouse colon. The unique design of the microfluidic chamber is capable of
securing an explant of mouse colon tissue between two independent media pathways creating a
micro physiological environment inside the chamber comparable to the environment in vivo. The
use of proper media provides nutrients, support gut microbiome, and create important oxygen
gradients across the tissue to keep tissue viability for an extended period of time. After 72 h in
the chamber, the tissue explants displayed an inner mucus layer, robust goblet cells, and
evident tight junction function along the length of the epithelial layer. These characteristics all
serve as strong indicators of sustained barrier integrity. This preservation of tissue viability

addresses an important drawback in existing live tissue barrier permeability devices.

Integrated electrode chips allow the microfluidic chamber to successfully characterize barrier
permeability using TEER measurements in real time. The plug-and-play nature of the system
design simplifies the experiment setup and allows for all chambers to be re-usable and
universal. Unlike most existing systems where bulky and expensive benchtop equipment is
needed to perform experiments, the integrated support electronics made the overall system
small enough to fit into an incubator. Furthermore, architectural scalability allows multiple
chambers to be connected to the system enabling multiple controlled experiments using
samples from the same donor. The use of the system is further enhanced by a custom-built GUI
which was developed to allow each experiment to be customizable and ran from any host

computer.
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In conclusion, this microphysiological system has the potential to open new avenues to
investigate barrier health of live tissues. Real time permeability measurements are crucial to
developing more accurate ex vivo tissue models for studying the health and chemical responses

of barrier tissues.
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CHAPTER 3 —-GUT NEUROPEPTIDE INVOLVEMENT IN PARKINSON’S DISEASE?

Overview

Parkinson’s disease (PD) is a neurodegenerative disorder affecting over 10 million people
worldwide. A key pathological feature of PD is the accumulation of misfolded a-synuclein (aSyn)
protein in the substantia nigra pars compacta (SNpc). Aggregation of aSyn can form Lewy
Bodies that contribute to dopaminergic neuron degeneration and motor symptoms such as
tremor, rigidity, and bradykinesia. Beyond the central nervous system (CNS), aSyn aggregates
have been detected in peripheral tissues, including the gastrointestinal (Gl) tract, suggesting a
link between peripheral aSyn and non-motor PD symptoms. Gl symptoms, often preceding
motor symptoms by up to 20 years, highlight the potential bidirectional communication between
the central nervous system and the enteric nervous system (gut-brain axis) in PD. Although
microbiome alterations and intestinal inflammation have been associated with PD, functional
impact of these alterations on gut-brain signaling or aSyn aggregation remain unclear. Intestinal
neuropeptides are key modulators of gut-brain communication, alter immune response to
pathogens and environmental toxins, and may contribute to function of the luminal gut barrier.
Dysregulation of gut neuropeptide signaling including vasoactive intestinal peptide (VIP),
neuropeptide Y (NPY), calcitonin gene related peptide (CGRP) and substance P (SP) have
been associated pathologic effects of PD in animal models. Despite their potential role in
pathogenesis and disease modulation, gut derived neuropeptide influences on PD are under
explored. This manuscript reviews current knowledge surrounding microbial metabolite and

immune influences on gut neuropeptide signaling, aSyn aggregation in the enteric nervous
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system, and downstream neuroimmune pathway alterations within the context of PD and its

mouse models.

Introduction

Parkinson’s disease (PD) is a neurodegenerative disease that affects over 10 million
people worldwide'2, driven by an accumulation of misfolded a-synuclein (aSyn) protein in
midbrain basal ganglia, specifically, the substantia nigra pars compacta (SNpc). Aggregated
aSyn may contribute to degeneration of dopaminergic neurons in the SNpc, resulting in motor
symptoms including tremor, rigidity, bradykinesia, and postural and gait impairment®*. Beyond
the central nervous system (CNS), aSyn aggregates have been found in several peripheral
tissues including the urinary tract, cardiovascular system, and the gastrointestinal (Gl) tract, all
of which may contribute to the diverse and complex non-motor symptomology of PD®. Peripheral
prodromal symptoms can provide early indicators of future disease, some with predictive validity
up to 20 years prior to motor symptom onset®’. A substantial percentage of PD subjects
experience pre-motor Gl issues, including constipation, bloating, and nausea®'" that are
correlated with severity of motor symptoms in PD. Additionally, Gl symptoms such as bowel
incontinence and constipation can be predictive of cognitive outcomes in PD'2. Altered
microbial composition'® and related gut barrier degradation'* can lead to an inflamed mucosal
immune environment, likely playing a role in elevated peripheral aSyn's. Furthermore, CNS
aSyn can shuttle to the intestine'®'” and from the intestine to the brain trans-synaptically'®181°,
supporting the role of the gut-brain axis as a bidirectional mediator of aSyn with potential

involvement in PD disease severity and etiology.

STempleton HA, Tobet SA & Schwerdtfeger LA. Gut Neuropeptide Involvement in Parkinson’s Disease. American

Journal of Physiology Gastrointestinal and Liver Physiology. Under Review.

62



Small bioactive molecules known as neuropeptides may play significant roles in the
development of PD pathology?°. Dysregulation of several neuropeptides including vasoactive
intestinal peptide (VIP), neuropeptide Y (NPY), and substance P (SP) is correlated with classical
CNS pathology observed in PD, however there appears to be a protective role for some, such
as glucagon like peptide-1 (GLP-1), CGRP, and VIP?'-26, Neuropeptides can mediate gut-brain
communication, immune function, and overall neural — immune, and neural — epithelial
homeostasis. Animal models for investigating damage to dopaminergic neurons in the
nigrostriatal pathway include exposure to pesticides and herbicides such as rotenone®”2¢ and
paraquat?®®, as well as neurotoxins such as 6-Hydroxydopamine (6-OHDA)®°, and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)3'. Furthermore, transgenic mouse strains including
A53T?2 and E46 / 3K* provide animals with pan-neuronal human aSyn and result in the
development of motor disorders with age. Investigations harnessing these models coupled with
human epidemiologic and clinical studies identify changes in several neuropeptides that play

may roles in the development and progression of PD.

Gastrointestinal Symptomatology and Microbial Metabolite Shifts in PD

Gl dysfunction has been recognized as a feature of PD since the disorder was first described in
detail by James Parkinson. In his 1817 “An Essay on the Shaking Palsy,” Parkinson included a
case report highlighting GI symptoms such as constipation and increased mucus when passing
feces34. Even with early descriptions of non-motor symptoms, diagnostic criteria for PD has
remained centered around motor dysfunction with the cardinal signs being bradykinesia, tremor
and rigidity®®. A surge of scientific interest in non-motor and specifically GI symptomology arose

with early PD clinical trials that found increased prevalence of Gl side effects following
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treatments like levodopa®®. In the late 1980s and early 1990s, clinical studies involving PD and
Gl interactions began to increase®#!, but it was not until after 2000 that the search for
explanations concerning the potential role of the peripheral nervous system (PNS) and Gl
involvement in PD pathogenesis gained momentum#2#4, Constipation is often one of the earliest
PD symptoms seen in up to 80% of PD subjects® 446 and heavily impacts quality of life*’.
Furthermore, dysphagia and abdominal pain are often reported to worsen when
antiparkinsonian medications are stopped*#°. Other common Gl symptoms in PD include
drooling, dry mouth®°, impaired gastric emptying, bloating, vomiting®'°, and small intestinal
bacterial overgrowth (SIBO)®'-%4. These symptoms are routinely reported differently across
sex®>%¢ and while men are twice as likely to develop the disease, females experience faster
disease progression, higher mortality, and more severe Gl symptoms*”-5’. Despite this, many
PD focused investigations fail to include sex as a biological variable, an omission that should be
rectified moving forward as a field. Gl symptoms in PD pose significant health risks including
malnutrition, intestinal obstruction, and impaired medication effectiveness®*°, underscoring the
importance of understanding mechanisms driving GI symptomology.

Altered gut function in PD is influenced by microbiota and their metabolites®®-¢” which
can alter neuropeptide release. Robust shifts in specific taxa are observed in PD compared to
healthy individuals, with potentially beneficial genera including Lactobacillus, Akkermansia, and
Bifidobacterium being enriched in PD®. Roles of potentially pathogenic microbes in PD,
including Alistipes, are emerging®. Microbial transformation of food products including fibers
and host-derived compounds like bile acids result in bioactive microbially derived metabolites
that are critical for intestinal function. Numerous studies have shown decreased levels of short

chain fatty acids (SCFAs) in PD stool”®"!, which are bacterial products involved in maintenance
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of gut epithelial barrier and immune health”. SCFAs may influence intestinal homeostasis by
regulating neuropeptide production and secretion. Addition of acetate, propionate, or butyrate to
a flat-sheet preparation of rat colon increased CGRP release by 2-3 fold”®. SCFA treatment also
increased mMRNA expression of GLP-1R in cultured chicken duodenal epithelial cells and
elevated GLP-1 content in culture medium”. SCFA influence on gut neuropeptide secretion is
intriguing, as both SCFAs and neuropeptides are critical in regulation of the intestinal barrier 757
7780 and influencing both mucosal and CNS immunity®'-84. Oral administration of SCFAs have
been investigated as driving CNS dysfunction in animal models of PD by altering microglial
gene expression and anatomic structure’'. While this study shows one route for peripheral
modulation of central microglial function, it is important to consider the blood brain barrier (BBB)
and accessibility of peripheral metabolites to the CNS. While many microbial derived
metabolites can cross the BBB®, the effect of SCFAs observed by Sampson et al., was likely
driven by immature microglia in germ-free animal models® that become more activated when
exposed to any microbial metabolites, rather than SCFAs specifically. Other investigations have
found decreased butyrate in PD fecal and serum samples while observing elevated microbial
derived metabolites like p-cresol and phenylacetylglutamine®8”, which correlated with stool
consistency and constipation®. Non-human primate models of PD show decreased levels of
potentially beneficial microbially derived metabolites including secondary bile acids,
phosphocholines, and sphingomyelins in serum and stool®. Together, these studies
demonstrate an altered intestinal environment that supports microbiota to produce varied

metabolic profiles in PD compared to healthy controls.
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Gut-Brain Axis Involvement in Alpha Synuclein Pathology

PD has been postulated to begin with perturbations to the olfactory or gastrointestinal
systems that induce pathologic aSyn that reaches the CNS**. In support of this, aggregated
aSyn has been found throughout the Gl tract in PD subjects*?8%%, A commonly used mouse
model for synucleinopathies, A53T human aSyn transgenic mice display signs of Gl dysfunction
that precede motor abnormalities and CNS aSyn pathology by at least 6 months®. Motor
symptoms in rats can be recapitulated via injection of pre-formed aSyn fibrils into the intestinal
wall. Gut aSyn moves along the vagus nerve, to the dorsal motor nucleus of the vagus (DVM)
and into the SNpc'?, a process abolished by vagotomy'8. Pathological aSyn can propagate
bidirectionally between the brain and gut via the vagus nerve'®. Four months after injection of
aSyn pre-formed fibrils (PFFs) into the duodenal wall, phosphorylated aSyn pathology was
increased in the DMV and several brain areas including the SNpc'®. Fibrils of aSyn injected into
the striatum can propagate anterograde to the colon within one month, primarily via the vagus
nerve'’. These findings support the hypothesis of bi-directional vagal transmission of aSyn
between the gut and brain, and mechanisms by which gut derived aSyn reaches the vagus
remains an area of ongoing investigation. Specialized enteric epithelial cells known as
enteroendocrine cells (EECs), which produce a range of peptide hormones, connect to enteric
nerves that synapse with vagal neurons, creating a gut-brain circuit®>%. Mucosal EECs express
aSyn and connect with aSyn- containing neurons®. Recent work has used mucosa specific, cre-
inducible aSyn mouse line to show that subdiaphragmatic vagotomy results in a lack of aSyn in
vagal (nodose) ganglia that is present in non-vagotomized mice, suggesting that gut mucosal
aSyn can spread to the CNS via the vagus nerve®. In further support of vagal involvement in

PD, epidemiologic studies have suggested that truncal vagotomy may lower PD risk®10°,
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However, these studies are done in relatively small populations and anti-parkinsonian drug
treatment is likely confounding'®'. Vagal involvement in PD has spurred investigation into non-
pharmacological interventions such as transcutaneous auricular vagus nerve stimulation
(taVNS) which may improve gait impairment'°21%3, Vagus stimulation likely impacts autonomic
vagal projections to the gut, a pathway that has profound effects on enteric neuropeptide
production, mucosal immune populations, and the microbiome. These studies highlight the
importance of exploring the impact of VNS on gastrointestinal function with respect to
neuropeptide signaling in health and diseased states.

Gut to CNS aSyn shuttling may occur through alternate routes beyond vagal trafficking.
Nigrostriatal or enteric injections of human aSyn Lewy body extracts into non-human primates
resulted in both nigrostriatal and enteric pathology without aSyn pathological lesions in the vagal
nerve'%, suggesting that the vagus nerve may not be necessary for transmission of aSyn.
McFleder and colleagues'® injected an adeno-associated virus (AAV) encoding the human
A53T-mutated form of aSyn directly into the SNpc of transgenic mice expressing the
photoconvertible protein Dendra 2. This system was used to demonstrate that CD11c+ cells
exited the brain and traveled to the ileum carrying brain derived human aSyn, suggesting that
aSyn can be trafficked humorally between the brain and gut (Figure 8) . CD11c+ cell
populations interact intimately with enteric neurons and glial cells and have numerous
neuropeptide receptors'®-1%, Peripheral immune populations could therefore serve as an

enteric neuropeptide modifiable population with capacity to transport aSyn systemically.
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Figure 8. Schematic representation of gut-brain signaling involvement in Parkinson’s
disease within the context of neuropeptides.
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Neuropeptides and the Gut-Brain Axis

Neuropeptides regulate a diverse array of physiological processes and are key players in
nervous system signaling with peripheral organs. Neuropeptides can serve as neurotransmitters
to exert local effects in the gut, act as neuromodulators to influence CNS regulatory centers and
as hormones impacting the immune system throughout the body'%. Dysregulation of
neuropeptide synthesis and secretion have been linked to various gastrointestinal disorders
including irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD)''%''2, Similarly,
neuropeptide dysregulation plays an important role in the development and/or neuroprotection
of CNS PD pathology®. Neuropeptides including SP, VIP, and CGRP have been implicated in
the pathophysiology of PD and its Gl symptoms''311, All three of these neuropeptides influence
motility and epithelial cell secretion in the Gl tract, and dysregulation of their secretion or
synthesis can contribute to symptoms like constipation, gastroparesis, and abdominal pain,
which are common in PD subjects'?'2%, In addition to these roles, neuropeptides regulate
immune cell differentiation and cytokine production. CGRP, SP, and VIP can either enhance or
suppress the activity of several immune cells including, T cells, B cells, macrophages, and mast
cells to increase or decrease cytokine production, immune cell migration, proliferation, or
maturation'%134, Appropriate neuropeptide immune signaling ensures an appropriate immune
response while preventing excessive inflammation8-84135 Neuropeptides also contribute to
maintenance of the intestinal epithelial barrier by regulating cell proliferation, migration, and
repair’®8%1%_ Together, these neuropeptides play an important role in homeostasis of immune,
neuronal, and epithelial processes. Disruption in neuropeptide function, particularly in the

enteric system, may be a key factor in the pathophysiology of PD (Figure 9, Table 2).
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Figure 9. Schematic representation of neuropeptide signaling in healthy versus Parkinson’s
Disease gut wall. Created with BioRender.

Calcitonin Gene Related Peptide (CGRP)

CGRP is a 37 amino acid peptide that has several functions in the gut involving nociception,
gastric acid secretion, vasodilation, and regulating motility'2°. Along with its diverse functions in
the gut, CGRP plays a role in migraines with elevated serum CGRP levels during migraine
attack'?6137.138_Migraine is associated with Gl comorbidities such as nausea and vomiting, and
anti-CGRP therapies for migraine have side effects of constipation and nausea'?®. Migraine is
connected to PD, with migraine subjects at a greater risk of developing PD'23126.127_Centrally,
CGRP receptors are often localized on dopaminergic neurons'® and when administered directly

into the rat brain regions including, the ventral tegmental area and lateral ventricles, CGRP
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affects dopamine release and metabolism in several brain regions including the SN and
striatum0141_|n addition, CGRP reduced MPP+ induced mitochondrial toxicity and protected a
midbrain subpopulation of cultured immature dopamine cells while CGRP reduced mitochondrial
toxicity of aSyn overexpressing cells PC12-aSyn cells''4. Peripherally, intraperitoneal injections
of a CGRP receptor antagonist BIBN 4096 BS in a 5XFAD mouse model of Alzheimer’s Disease
(AD) decreased aSyn levels in the whole brain homogenates and reduced markers of
neuroinflammation in the p38 MAPK and NFkB signaling pathways''® indicating that CGRP
likely plays a role in modulation of PD neuroinflammation. Furthermore, BIBN reduced
neuronally driven mast cell degranulation in co-cultures of human submucosal plexus neurons
with mast cells'*2. These results suggest that CGRP may promote aSyn accumulation and
subsequent PD pathology, however a potential protective effect of the neuropeptide in adult

dopamine neurons in vivo cannot be ruled out.

Vasoactive Intestinal Peptide (VIP) and Pituitary Adenylate Cyclase Activating Polypeptide
(PACAP)

VIP and PACAP are vasoactive peptides with substantial sequence homology'*3 that bind to
vasoactive intestinal peptide (VPAC) receptors 1 and 2'#4, with minor differential functional
capacity based on peptide or PACAP isoform'#. In the gut, VIP is involved in vasodilation'®,
intestinal contractility?8, inflammation®, nociception'?°, gastric acid secretion'?' and regulation
of goblet cell proliferation’®. Both VIP and PACAP have neuroprotective and immunomodulatory
properties in the CNS'7150 and the intestine'®'. In an MPTP model of PD, administration of VIP
decreased MPTP induced dopaminergic neuronal loss and prevented activation of microglia in

the SNpc, suggesting a neuroprotective role's2. Similar effects were seen in the 6-OHDA rat

STempleton HA, Tobet SA & Schwerdtfeger LA. Gut Neuropeptide Involvement in Parkinson’s Disease. American

Journal of Physiology Gastrointestinal and Liver Physiology. Under Review.

71



model of PD where intraperitoneal VIP injections resulted in increased tyrosine hydroxylase
(TH) neuron counts and spine density in the striatum?3. PACAP pretreatment in the substantia
nigra protected dopaminergic neurons in a 6-OHDA model of PD''® and intravenous PACAP
treatment following paraquat toxicity recovered paraquat induced TH neuronal loss''6.
Neurotoxic models of PD result in central dopaminergic denervation often associated with
impairment of GI motility'®3-15° suggesting that central dopaminergic cell loss may result in
neurochemical changes affecting the ENS. Additionally, PD patients experiencing chronic
constipation have decreased expression of VIP in submucosal neurons compared to healthy
controls™®. In the distal ileum and proximal colon, 6-OHDA treatment resulted in elevated nNOS
immunoreactive neuron populations'” an effect in a subpopulation of NNOS cells that co-
express VIP/PACAP in myenteric neurons. This study did not observe any effect of 6-OHDA
treatment on myenteric ChAT immunoreactive neurons'®, pointing to enteric neurons as
primary targets rather than vagal. These neuropeptide effects were concurrent with decreased
colonic motility in 6-OHDA treated rats and points towards local enteric nervous alterations with

regional specificity in PD models.

Substance P (SP)

Similarly to CGRP and VIP, SP is involved in modulation of Gl motility, inflammation, and
nociception'?*. SP plays a role in inflammatory bowel disease and migraine that have been
implicated in PD'24'%, |n the brain, the substantia nigra contains the highest immunoreactive
density of SP neurons particularly in axon terminals that are presynaptic to dopaminergic
neurons'®%1®" with cell bodies likely located in the striatum and globus pallidus'6216¢,

Postmortem analysis of PD brain samples revealed significantly reduced levels of SP'7.
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Whether this was due to targeted SP neuronal death or coincident with overall cell death in the
SN is unclear. In contrast, a 6-OHDA rat model of PD revealed that loss of dopaminergic
neurons resulted in increased baseline extracellular levels of SP in the substantia nigra
reticulata, suggesting that SP may be released from striatonigral SP endings in response to loss
of target dopaminergic neurons in the substantia nigra''® Following intra-striatal 6-OHDA
lesions, nigral SP content increased along with activation of microglia and astrocytes, and
breakdown of the BBB. This effect was further exacerbated with intra-striatal SP but was
reduced with the NK1 receptor agonists N-acetyl-L-tryptophan or L-333,060. These results
suggest that SP induced neurogenic inflammation contributes to dopaminergic degeneration'®’.
In PD subjects, aggregates of aSyn in the Gl tract and DMV are often co-localized with SP,
suggesting that SP-positive neurons are peripheral sites of degeneration'®. Serum SP is
elevated in PD subjects and increased with severity of motor impairments''®. SP has been
shown to increase in serum and brain tissue during CNS neuroinflammatory events'8®'7" and
during Gl inflammation in conditions such as ulcerative colitis and inflammatory bowel disease®.
Following 6-OHDA intranigral injection, myenteric plexus SP increased in the rat colon
associated with enhancement of tachykininergic motility. Additionally, there was an increase in
inflammatory processes including infiltration of eosinophils and mast cells, and elevated tumor
necrosis factor-a (TNFa) and IL-1b in colonic tissue, indicating that central nigrostriatal
dopaminergic degeneration is followed by bowel inflammation associated with increased
myenteric SP'72. Few studies have shown the anatomic localization of aSyn in enteric neuronal
populations in humans. One investigation demonstrated that a vast majority of SP
immunoreactive cells in guinea pig and human colon that contained aSyn were also reactive for

the vesicular acetylcholine transporter (VAChT)'73. This suggests that enteric SP producing
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VAChAT neurons are targeted by aSyn accumulation making them vulnerable in PD. Together,
the increase of SP in CNS and PNS inflammatory events may play a role in PD

neurodegeneration with high potential for central mechanisms to dominate.

Ghrelin

Ghrelin, a hormone primarily produced by the stomach, is most well-known for its role in
stimulation of appetite’*175. That said, Ghrelin also regulates gastrointestinal motility'”® and
gastric acid secretion'”” and may have a neuroprotective role in the context of PD. Levels of
active (acylated) and total ghrelin are lower during fasting in PD subjects compared to healthy
controls'®, In the A53T human aSyn transgenic mouse model, loss of cholinergic neurons in the
DMV was accompanied by reduced plasma ghrelin levels, a decreased gastric emptying rate,
and small intestinal propulsion rate, suggesting PD Gl dysfunction may be associated with
reduced ghrelin levels'”®. Furthermore, administration of acylated ghrelin attenuated MPTP
induced decreases in TH neuronal number and volume in the nigrostriatal pathway ', limited
striatal dopamine depletion'®', and improved motor performance on the rotarod'®. Similar
protective effects were seen in a rotenone model, where ghrelin counteracted rotenone-induced
nigrostriatal dopaminergic cell loss'83184 Genetic ablation of the ghrelin receptor, growth
hormone secretagogue receptor (GHSR), exacerbated nigral dopaminergic neuronal loss and
reduced striatal dopamine levels following MPTP treatment'®'. Injection of GSHR into the
substantia nigra of wildtype mice produced PD-like dysfunction in motor coordination®. These
studies point towards lowered levels of ghrelin being involved in dopaminergic cell loss in
nigrostriatal pathways in PD as well as regulating Gl dysfunction, likely driven by cholinergic

neuronal loss in the DMV.
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Neuropeptide Y (NPY)

NPY is widely distributed throughout the central and peripheral nervous systems and is
expressed by a majority of enteric neurons with routine co-expression with VIP and nNOS',
Antagonizing NPY receptors (Y1 and Yz) results in reduced colonic motility and elevated
electrolyte secretion'®. NPY and other Y receptor binding peptides (e.g., peptide YY) can also
modulate mucosal IgA+ lymphocyte response to LPS'®. In the CNS, NPY can modulate
neurogenesis'®19! and neurotransmitter release'¥?'%3, two potentially protective pathways in
PD. In support of this, cerebrospinal fluid of PD subjects had lower NPY levels than healthy
controls™*. Human PD brains showed increases in NPY mRNA expression in striatal brain
regions, but it is unclear if elevated expression was due to disease progression or a result of
drug treatment'®.This elevation of NPY induces the loss of neurons in the nigro-striatal
dopamine pathway'%-'%7  supported by the 6-OHDA toxicity models in which NPY preserved

dopaminergic neurons of the nigrostriatal pathway'®® and inhibited microglia activation'®®.

Glucagon-Like Peptide-1 (GLP-1)

GLP-1 is a peptide hormone produced and released from intestinal L-cells to help regulate
blood sugar, slows gastric emptying, and suppresses appetite?®. Emerging evidence suggests
that GLP-1 may have a neuroprotective role in PD. Administration of GLP-1 and a GLP-1
agonist, exendin-4 (Ex-4), into the left ventricle of MPTP treated mice resulted in improved
motor function, preserved numbers of TH+ cells in the SN, and preserved levels of dopamine
and metabolite ratios in the SN2°'. Additionally, treatment with GLP-1 receptor agonist liraglutide
attenuated MPTP dyskinesia and preserved TH expression in SN2°2, suggesting that increased

central GLP-1 may protect against nigrostriatal dopaminergic loss. In contrast, following
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treatment with the GLP-1 analogue, exenatide, mice with olfactory bulb injections of aSyn pre-
formed fibrils had increases in pathological aSyn and activated microglia in the anterior olfactory
nucleus and the perirhinal cortex?%® (Bergkvist et al., 2023). However, when pre-formed fibrils
were injected into the striatum, treatment with GLP-1 agonist NLYO1 resulted in decreased
phosphorylated aSyn and increased TH+ neurons in the substantia nigra®. These findings
indicate that the location of neuronal insult and GLP-1 analogue likely influence whether GLP-1
will exhibit neuroprotective or neurodegenerative properties. In further support of a
neuroprotective role for GLP-1, human neuroblastoma cells treated with MPP+ and then
exposed to GLP-1 and GLP-2 (teduglutide) agonists were protected from MMP+ mitochondrial
damage®®. GLP-1 may also play a protective role in the gut. When exposed to MPTP, a mouse
strain that received oral administration of an engineered strain of commensal bacteria to
continually express GLP-1, MG1363-pMG36e-GLP-1, exhibited reductions in locomotor
impairments, suppressed microglia activation, and increased TH+ neurons.2%. Following
intraperitoneal injection with a GLP-1 analogue, Liraglutide, MPTP treated mice and A53T®")
mice had restored levels of colonic tight junction proteins occludin and ZO-1, decreased levels
of inflammatory markers such as inducible nitric oxide synthase (iINOS) and TNFa, reduction in
colonic aSyn, and decreased loss of colonic TH+ neurons?®’. These results suggest that GLP-1
plays a role in intestinal barrier regulation and mucosal immunity, two common readouts seen in
PD subjects. Compared to household controls, PD patients exhibited diminished GLP-1
secretion in response to a meal?®® suggesting that enteric GLP-1 secretion may be decreased in

PD patients, yet causal factors driving this alteration remain to be seen.
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Cholecystokinin (CCK)

CCK is produced and secreted by intestinal | cells to stimulate gallbladder contraction and
pancreatic secretion aiding in digestion?®®. Additionally, CCK is expressed in dopaminergic
neurons of the substantia nigra.?'® Administration of the CCK analogue, liraglutide restored TH+
neuron number and decreased glial activation in the substantia nigra in MPTP treated mice?®'". It
has been proposed that CCK may have neuroprotective effects in PD and is increased following
L-DOPA treatment. When 6-ODHA lesioned rats were treated with prolonged L-DOPA, CCK
levels measured by radioimmunoassay (RIA) were increased in the striatum and substantia
nigra®'2. Additionally, following 6-OHDA lesioning, two peptides derived from CCK precursors
were increased in the lesioned side of L-DOPA treated brains?'®. CCK has also been shown to
play a critical role in regulation of the intestinal barrier and mucosal inflammatory response.
Rats pre-treated with CCK prior to LPS administration exhibited increased expression of colonic
tight junction proteins occludin, claudin-1, and junctional adhesion molecule (JAM-A) and
decreased production of mucosal pro-inflammatory cytokines TNF-a, IL-1B, IL-6 and IFN-y2'4,

In two models of PD, MPTP treatment and A53T*") mice, intraperitoneal injection of a CCK
analogue resulted in restored levels of colonic tight junction proteins occludin and ZO-1,
decreased levels of inflammatory markers such as inducible nitric oxide synthase (iNOS) and
TNFa, reduction in colonic aSyn, and decreased loss of colonic TH+ neurons?®’. Additionally,
chronic injection of MPTP resulted in mRNA and protein levels of CCK to be significantly
decreased in mouse colon compared to vehicle-treated group suggesting that decreased enteric

CCK is associated with PD pathology?'®.
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Table 2. Neuropeptides reported to have CNS and/or gut effects.

Neuropeptide Biological Sample Direction Main CNS Effect Main Gut Effect CNS Refersnce Gut Reference
Dushiam, 2006
Scher elal, 2014
Neurogenic Inlammalion of durs and |Disrhes, vemiling, nayses, [A120] etal, 2022
Hurman sallva, plasma, bar i, CSF r ] W Goadsby and Edvinsson, 1990 |Falenberg el al, 2020
Increased migraing symploms stomach pain z 4
Cady etal. 2000
Kasrrem & a8, 2019
CGRP Vaan Dengen stal, 2017
Hurnan plasma l Migraine symtams resalve Constpaton Juhasz et 11, 2005 Holzer snet Heizer-Petsche, 2021
: Deeressed aSyn and . ’
Mouse beain, seum, intesting i Dacreased baniar intagrity  [Na atal, 2022 Ning etai, 2023
neumdinflammation s
increasad TH nsuron counts and "
Amelioratad eolits indusad
Mouse beain, Intesine apine damity in erishum Reduced | o s s ey sl 2012 Contin st el 2009
B ! : epithelial damage
ogaminergic cell loss in SNpe
VIP
: Reducad gobie eell : i Schwerdifieger and Tobel, 2020
Mot rme el l bA quanties and proisraion | Do40 and Ganea, 2003 Wuetal 2015
Hurnan serum ‘I Increased motor impasment A Schirinizi etal, 2021
Pratectve in colitis - it
Mause bealn and inlestine NA e T SR Hwang el sl 2017
decrease of 20-1

Neuropeptide Influence on Enteric Neuroepithelial Components of Disease

The gut mucosa is in constant contact with the external environment. For this reason,
the gut has a formidable intestinal barrier to protect the body from pathogens and external
toxins, while retaining its primary function of digestion and absorption of nutrients. Epithelial
cells of the gut physically separate luminal contents from the underlying lamina propria through
a layer of mucus and interepithelial tight junctions?'®. Specialized epithelial cells, known as
goblet cells, produce and secrete mucin core proteins bound to a complex of
glycosaminoglycans’®, creating a mucus layer that prevents luminal microbiota and contents
from passively reaching the epithelial barrier. Together the mucus layer and epithelial barrier
regulate entry into underlying gut wall tissue. Enteric neuropeptides help to ensure tight
regulation of this barrier through modulation of epithelial cell secretion’®76 and tight junction
protein regulation””8,

Dysregulation of gut barrier integrity has been described in PD subjects and multiple

animal models and may contribute to disease progression. Increased intestinal
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permeability?'”2'® and barrier structural alterations?'® have been correlated with increased
mucosal aSyn'®. Similar findings were reported when intraperitoneal injections of
lipopolysaccharide (LPS), a classic means for barrier disruption®®, increased intestinal
permeability and aSyn immunoreactivity in mouse colon, mirroring conditions seen in PD
subjects®?!. Murine rotenone models of PD have shown increased aSyn in the myenteric plexus
as well as revealed increased intestinal permeability, decreased tight junction expression??? and
alterations in goblet cell size and number?. Neuropeptides play a significant role in regulation of
the intestinal barrier and many PD subjects exhibit abnormal expression of both central and
peripheral neuropeptides suggesting that alterations in enteric neuropeptides may contribute to
neuroepithelial Gl pathology associated with PD.

Enteric neuropeptides regulate epithelial cell functions ranging from proliferation,
response to damage, and secretion. Recently, a study demonstrated that Designer Receptor
Exclusively Activated by Designer Drugs (DREADD) activation of CGRP nociceptor Nav1.8
fibers stimulated mucin release from goblet cells resulting in thickening of the mucus layer”.
However, a CGRP receptor antagonist, BIBN4096, did not completely prevent mucus emptying
from goblet cells suggesting that mucin release from goblet cells is not solely mediated by
CGRP. Nociceptive Nav1.8+ neurons also express VIP and SP that have been shown to
communicate with goblet cells. Proliferation of goblet cells is regulated by VIP, and antagonizing
VIP receptors leads to decreased goblet cell proliferation in the mouse ileum’®. Mice deficient in
VIP (VIPKO) also exhibit a reduction in goblet cell quantities and show defects in overall
epithelial cell proliferation and migration, with increased barrier permeability'3¢. SP is also

involved in epithelial cell proliferation and migration and SP stimulation of cultured rat epithelial
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cells (IEC-6 cells) increased epithelial migration, an effect that was blocked by a SP receptor
antagonist, Neurokinin receptor 1 (NK1R)?23,

Along with influencing epithelial cell function, several neuropeptides regulate tight
junction and epithelial barrier permeability. Transmembrane tight junction proteins like occludins
and claudins anchor barrier epithelial cells close together, while cytoplasmic proteins including
zona occludens (ZO)-1, -2, and -3, link tight junctions to intracellular machinery ensuring
structural and functional connectivity?®*. Immunohistochemistry and western blots of colonic
biopsies from PD subjects showed abnormal distribution and decreased expression of occludin
and ZO-1219225_ Rotenone models develop increased barrier permeability, due in part to
decreased expression of colonic ZO-1, occludin, and claudin-1222226 gand altered to goblet cell
morphology?. VIP is involved in modulation of several enteric tight junction proteins and treating
a colonic epithelial and neuronal co-culture with VIP led to an increase in ZO-1 expression’8.
Following in vivo Citrobacter rodentium induced colitis, intraperitoneal injections of VIP
ameliorated colitis induced epithelial damage, rescuing epithelial cell and ZO1 disruption,
suggesting a regulatory role of VIP in epithelial barrier permeability”’. Conversely, CGRP
knockout mice show a damaged intestinal barrier with decreased tight junction protein levels
after LPS treatment’®. In a dextran sodium sulfate (DSS) induced mouse model of colitis,
intravenous injections of SP rescued the decreased ZO-1 expression observed in vehicle
treated animals® indicating a protective role of SP. Together, VIP, CGRP, and SP are among
the more well investigated and important enteric neuropeptides that work to maintain a healthy
gut barrier, a critical function with pathogenic implications for GI symptomology in PD subjects

and associated cellular and cytokine inflammatory profiles.

STempleton HA, Tobet SA & Schwerdtfeger LA. Gut Neuropeptide Involvement in Parkinson’s Disease. American

Journal of Physiology Gastrointestinal and Liver Physiology. Under Review.

80



Neuropeptide Influence on Enteric Inmune Components of Disease

PD is a multi-system disorder, not restricted to the CNS, irrespective of whether its origin
is in the brain or periphery??”-230, Accumulating evidence in support of this points towards
peripheral and CNS immune activation and inflammation as actively contributing to
neurodegeneration®'. The mucosal immune system of the Gl tract is a key regulator of
peripheral immune response to environmental and microbial analytes and signals bi-
directionally with the enteric nervous system'32232233 Peripheral nerves play an active role in
modulating immune responses and the pathology of inflammatory diseases. Neuropeptides
released from enteric sensory nerves can influence mast cell activation, vascular
responses'33134 neutrophil chemotaxis'?, and T helper cell differentiation'!. These
neuropeptide-induced responses, which resemble inflammatory reactions, have been termed
"neurogenic inflammation"'*®, Gut inflammation has been reported in subjects with PD, and
those with inflammatory bowel disease (IBD) are at greater risk of developing PD?*2%, Fibrils or
aSyn activate monocytes and microglial cells, triggering expression of MHCII2%:23%6_ Given that
dysregulated immune signaling is central to IBD?*” and changes in neuropeptides have been
linked to IBD and PD, it is possible that chronic gut inflammation is involved in aSyn pathology
in CNS and PNS neurons. Further supporting this, intestinal resident Th17 cells with stem-like
properties can differentiate into a more pathogenic phenotype and migrate centrally?®, and
pathogenicity of gut Th17 cells can be modulated by microbial metabolites?*. Enteric neuronal
fibers and enteric glia directly interact with lamina propria immune cells, including mast cells'32,
and B- and T- cells?*%24! among others. Dysregulation of several neuropeptides including
CGRP?', VIP# and SP%384 have been linked to intestinal inflammation and CNS alterations in

PD, but their exact roles in neurodegenerative disorders remain largely unexplored.
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Nociceptive neurons, many of which produce multiple neuropeptides, are likely involved
in the Gl inflammation seen in PD. Diverse immune populations express neuropeptide receptors
including receptor activity modifying protein 1 (RAMP1) and calcitonin-like binding receptor
(CLR), VIP receptors including VPAC1/2, and the SP receptor NK1R. Expression of these
neuropeptide receptors is common in peripheral and central immune populations including on
mast cells?*2, T and B lymphocytes?*®, macrophages?*, and microglia?4. Alterations in CGRP
have been closely linked to various disease states that are strongly associated with PD,
including IBD?', migraine?*¢, and increased enteric and CNS aSyn?®''3, There are two forms of
CGRP, aCGRP and BCGRP, which share ~90% sequence homology. The biological activity of
the two isoforms is nearly identical?*’, however aCGRP predominates in sensory nerves while
BCGRP predominates in motor neurons324°, Importantly, both CGRP isoforms utilize the same
receptors which are found in the brain and intestines. Migraine subjects are at greater risk of
developing PD'23126.127 " and biofluid CGRP levels are elevated?*6-2%0-253 during migraine attacks.
Increased CGRP during migraine likely leads to neurogenic inflammation by triggering mast
cells leading to increased vasodilation of the dura?*. Most CGRP therapies for migraine have
poor blood brain barrier permeability, further supporting a peripheral role of CGRP in migraing®®
and anti-CGRP therapeutic related constipation and other Gl symptoms'?212°_In a rotenone
model of PD, increased aCGRP immunoreactivity was observed in apical colonic crypts along
with elevated aSyn levels in aCGRP+ neurons and fibers, suggesting that enteric aCGRP
dysregulation may contribute to aSyn aggregation?®. CGRP antagonists decreased
neuroinflammation and aSyn aggregation in mouse brain, further supporting a role of CGRP in

PD pathophysiology'13:2%¢.
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Mast cells are granulated tissue-resident cells that are upregulated in the colonic
mucosa of IBS subjects?®’” and may drive metabolic alterations in degenerating neurons in the
PD brain?®®. Mast cells are distributed throughout the GI mucosa where they have a close
anatomical association with nerve endings from sensory and autonomic neurons forming a bi-
directional communication network between the gut and CNS'322%9.260 Jpon CGRP, VIP, or SP
binding, mast cells degranulate, releasing inflammatory mediators such as histamine, tryptase,
and serotonin. In turn, sensory neurons produce CGRP, VIP, and SP promoting mast cell
activation in a positive feedback loop?8'. Histamine is involved in local immune responses to
attract other immune cells and acts as a neurotransmitter in the CNS. PD subjects have higher
levels of histamine in brain®?, blood?®3, and cerebral spinal fluid (CSF)?*. When PD subjects
were given a histamine receptor antagonist, nizatidine, symptoms of functional dyspepsia were
improved®® and gastric emptying was significantly shortened improving gastroparesis°®.
Histamine likely plays a role in PD immune pathology, even if this increase is secondary to the
primary immune pathogenic route.

Microglia have emerged as key players in PD neuroinflammation and disease
progression?7-272, Microglia have CGRP?%5, VIP?73274 and SP'"! receptors, and are CNS
immune sentinels which release inflammatory mediators (e.g. TNF-a, IL-1B, IL-6) in response to
insult or pathologic agents. aSyn fibrils can initiate microglial/macrophage activation and
microgliosis in the peripheral and central immune systems?3'23¢ |ikely driving tissue damage,
neuroinflammation, and subsequent neurodegeneration®®. The brains of PD subjects have
increased levels of activated microglia in areas with increased pathologic aSyn?”® and it is
plausible that neuropeptides may exert neuroprotective or neurotoxic effects through microglia.

In murine models, VIP'52 and CGRP?78 inhibited the production of LPS-induced TNF-q, nitric
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oxide, and IL-6 from microglia. Furthermore, CGRP is strongly linked to increased pain
sensitivity and administration of CGRP stimulated spinal cord microglia®' while antagonizing
CGRP reduced anatomical appearance of microglial activation?””. Administration of SP to MPP+
or LPS midbrain neuron-glia co-cultures enhanced microglial activation potentially enhancing
neurotoxicity of dopaminergic neurons in the brain®’8. Enteric neuropeptides such as CGRP,
VIP, and SP and their receptors play a significant role in modulating immune cell and epithelial

barrier function in health and disease.

Conclusions

Gut neuropeptides play a significant role in PD through their involvement in the regulation of Gl
function and neuro-immune activation. Key neuropeptides such as SP, VIP, and CGRP are
implicated in the pathophysiology of PD and in exacerbation of PD related Gl symptoms. These
neuropeptides influence the motility and function of the Gl tract, and their dysregulation can
contribute to constipation, gastroparesis, and abdominal pain, common complaints among PD
subjects, and in particular women with the disease. Changes in neuropeptide signaling may
impact the neuroinflammatory processes associated with PD, potentially exacerbating disease
progression and affecting the overall management of the condition. Understanding the role of
gut neuropeptides in PD can provide insights into novel therapeutic approaches aimed at

alleviating Gl symptoms and possibly modifying disease progression.
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CHAPTER 4 —SEX SPECIFIC EFFECTS OF ENVIONMENTAL TOXIN-DERIVED ALPHA
SYNUCLEIN ON ENTERIC NEURONAL-EPITHELIAL INTERACTIONS*

Overview:

Parkinson’s Disease (PD) is a neurodegenerative disorder with prodromal gastrointestinal (Gl)
issues often emerging decades before motor symptoms. Pathologically, PD can be driven by
accumulation of misfolded alpha synuclein (aSyn) protein in the brain and periphery, including
the Gl tract. Disease epidemiology differs by sex, with men twice as likely to develop PD.
Women, however, experience faster disease progression, higher mortality, and more severe Gl
symptoms. Gut calcitonin gene related peptide (CGRP) is a key regulator of intestinal
contractions and visceral pain. The current study tests the hypothesis that sex differences in Gl
symptomology in PD are the result of aSyn aggregation altering enteric CGRP signaling
pathways. To facilitate peripheral aSyn aggregation, the pesticide rotenone was administered
intraperitoneally once daily for two weeks to male and female mice. Mice were sacrificed two
weeks after the last rotenone injection and immunohistochemistry was performed on sections of
proximal colon. Levels of aSyn were heightened in myenteric plexus neurons and a subset of
neurons immunoreactive to CGRP in rotenone treated mice. Female mice exhibited 153% more
myenteric aSyn, 26% more apical CGRP immunoreactivity, and 66.7% more aSyn in apical
CGRP+ fibers after rotenone when compared to males. Goblet cell numbers were diminished
but the individual cells were larger in the apical regions of crypts in the colons of rotenone
treated mice. This study used a mouse model of PD to uncover sex specific alterations in
enteric neuronal and epithelial populations, underscoring the importance of considering sex as a

biological variable while investigating prodromal Gl symptoms.

4Templeton HA, Ehrlich AT, Schwerdtfeger LA, Sheng JA, Tjalkens RB, Tobet SA. Sex specific effects of
environmental toxin-derived alpha synuclein on enteric neuronal-epithelial interactions. Neurogastroenterology and
Motility. In Press. 2025
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Introduction:

Parkinson's disease (PD) is a neurodegenerative disorder with prodromal symptoms that
emerge decades before motor dysfunction. Gastrointestinal (Gl) symptoms including bloating,
visceral pain, gastroparesis, and constipation, are seen in 10 — 70% of PD subjects’? and can
manifest up to 20 years before diagnosis.® Gl symptoms impact quality of life, and pose
significant health risks including, malnutrition, intestinal obstruction, and impaired medication
effectiveness.*5 PD is driven pathologically by the accumulation of misfolded alpha synuclein
(aSyn) protein in the brain and periphery, including the Gl tract. Environmental toxins such as
rotenone exacerbate aSyn aggregation, producing PD-like pathology and symptoms when
administered to rodents.® Gut pathology in rotenone PD models includes peripheral
gastroparesis’ and decreased intestinal transit,®® creating a viable murine model for
investigating mechanisms of Gl dysfunction in PD.

Females with PD exhibit faster disease progression and higher mortality rates than
males'®. In addition, females with PD report more Gl symptoms with higher severity, '3
including constipation and abdominal pain, symptoms that heavily impact quality of life'* and are
among the earliest PD symptoms.'>'6 Aggregation of aSyn in the intestinal wall alters gut
immune populations'’, and sex differences in immune responses are abundant systemically,'®
and peripherally in the gut mucosal immune system.'® Roles of peripheral immune influence on
enteric neurons and epithelial populations involved in prodromal PD gut symptomology are not
well elucidated. Evidence on the role of sex in neurodegenerative disease''?%2! along with the
current study underscores the importance of including sex as a biological variable in gut focused

PD investigations.
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Calcitonin gene related peptide (CGRP) is a neuropeptide implicated in regulation of Gl
motility, inflammation, and nociception through dorsal root ganglia (DRG) afferents?? and
intrinsic enteric neurons.?*2* There are two forms of CGRP, a and B, which share around 90%
homology?® and have nearly identical biological activity.?52” While not extensively characterized,
there are likely classes of intrinsic sensory neurons (IPANs) in the myenteric plexus that
express BCGRP?%2° and aCGRP?°. Therapeutic interventions targeting aCGRP significantly
inhibit colonic transit, leading to constipation,®'-3 while elevated aCGRP is associated with
diarrhea suggesting that aCGRP plays a role in Gl motility.3' Gut mucus regulates intestinal
transit by acting as a lubricant to decrease physical resistance, and altered mucus levels
influence Gl transit time.®33* CGRP produced by enteric neurons modulates goblet cell mucus
secretion,® as well as motility®®, further pointing towards CGRP involvement in intestinal transit
regulation. Accumulation of aSyn in enteric neurons likely influences gut motility, driven by
cholinergic neurons.®”:3 However, the impact of aSyn accumulation in subsets of enteric
cholinergic neurons, including CGRP~* cells, on mucosal neuroepithelial signaling remains to be
seen. Determining if enteric CGRP* neurons and mucosal projecting fibers accumulate aSyn in
a mouse model of PD would provide valuable data towards understanding the altered Gl
function observed in PD.

To investigate the relationship of sex in aSyn accumulation in enteric CGRP fibers and
provide a read out of goblet cell morphological alterations, a rotenone model of PD was utilized.
Levels of aSyn were quantified in CGRP expressing myenteric neurons and mucosal fibers. In
addition, goblet cell anatomic localization and morphology were analyzed. Data from the present
study underscores the importance of examining sex selective mechanisms in PD related Gl

dysfunction, providing crucial insights into some of the earliest prodromal symptoms in PD.
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Materials and Methods:

Animals. Male and female C57BL/6J background mice aged 3-4 months were used for these
studies. All animal protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) and Colorado State University Lab Animal Resources under protocol CoA # 1657. Mice
were housed on a 12-h light/dark cycle with access to standard chow (Envigo TD.2918) and water

ad libitum.

Rotenone Preparation and Injections. Rotenone was prepared as a 50x stock dissolved in 100%
dimethyl sulfoxide (DMSQ) and stored in amber septa vials at -20°C. This solution was then
diluted in medium-chain triglyceride, Miglyol 812 N, to obtain a final concentration of 2.5 mg/mL
rotenone in 98% Miglyol 812 N, 2% DMSO. Rotenone was prepared fresh every other day. Mice
were weighed every day and received intraperitoneal injections at a dose of 2ulL/g body weight
once daily for 14 days. The optimal dose was determined in a previous publication.®® Fourteen
days after the last rotenone injection, mice were deeply anesthetized with isoflurane and
terminated via decapitation. The intestine was removed from stomach to colon and placed in 4%
paraformaldehyde (PFA) at 4°C for 24 h. Tissue was subsequently placed in 1X phosphate

buffered saline (PBS) at 4°C until sectioning.

Immunohistochemistry. 50 um thick sections were prepared from 1-3 mm pieces of proximal
colon and submerged in 4% agarose. The tissue was in agarose for a total of 9 minutes: 5 min
on a room temperature shaker, and 4 min at 4°C to ensure polymerization. Tissue was cut at a
thickness of 50 um on a vibrating microtome (VT1000S; Leica microsystems, Wetzlar,
Germany). Sections were washed in 1x PBS for 10 minutes at 4°C and incubated in 0.1M

glycine for 30 min at 4°C, followed by three 5 min PBS washes. Next, tissue sections were
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incubated in 0.5% sodium borohydride at 4°C for 15 min, followed by three 5 min PBS washes.
Sections were blocked in PBS with 5% normal goat serum (NGS; Lampire Biological,
Pipersville, PA), 1% hydrogen peroxide, and 0.3% Triton X (Tx) for 1 hr at 4°C with a change of
solution at 30 min. Following blocking, sections were placed into primary antisera or lectin

outlined in Table 3.

Table 3. Primary antibodies/lectin used.

Primary Immunizing . — Catalog
Antibody/Lectin Antigen REIEED LAl FalliEe Number
PGP9.5 Recombinant Chicken 1:500 Novus NB110-

full length Biologicals | 58872SS
human UCHL1
purified from E.
coli
CGRP Full length rat Rabbit 0.625ug/mL | ImmunoStar | 24112
a-CGRP
aSyn Rabbit a- Rabbit 1:500 Cell 4179
synuclein Signaling
(D37A6)
UEA-1, N/A N/A 0.625ug/mL | Vector Labs | RL-1062-
Rhodamine 2

Goblet Cell Lectin Histochemistry

The lectin Ulex Europaeus Agglutinin | conjugated with Rhodamine (UEA-1; Vector Labs) was
used at a concentration of 0.625ug/mL in PBS containing 5% NGS and 0.3% Tx for 2 days at
4°C. Sections were then washed four times at 15 min intervals in PBS with 0.02% Tx, followed
by four PBS washes. Finally, sections were mounted on slides, and cover slipped with an
aqueous mounting medium (Aqua-Poly/Mount, Polysciences, Warrington, PA).

PGP9.5 and aSyn Immunohistochemistry

Sections were incubated for 2 days at 4°C in primary antisera containing anti-Protein Gene

Product (PGP) 9.5 (Novus Biologicals, Centennial, CO) at 1:500 and anti-alpha-Synuclein (Cell
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Signaling, Danvers, MA) at 1:500 in PBS containing 5% NGS and 0.3% Tx. The aSyn antibody
labels total aSyn per the vendor and several publications.*%%2 Following primary antisera
incubation, sections were washed at room temperature in PBS with 1% NGS and 0.32% Tx four
times at 15 min intervals. Sections were then incubated for two hours in secondary antibodies to
the appropriate species (Alexa Fluor 405 anti-rabbit and Alexa Fluor 568 anti-chicken; Table 4)
at 1:500 constituted in PBS with 0.32% Tx. Following secondary antibody incubation, sections
were washed four times at 15 min intervals in PBS with 0.02% Tx, followed by four PBS
washes. Finally, sections were mounted on slides, and cover slipped with an aqueous mounting

medium (Aqua-Poly/Mount, Polysciences, Warrington, PA).

Table 4. Secondary antibodies used.
Diluti
Secondary Antibody Conjugate Source Catalog Number
on
Goat anti-rabbit IgG Alexa Fluor 405 | 1:500 | Invitrogen A-31556
Goat anti-chicken IgY Alexa Fluor 568 | 1:500 | Abcam ab175477
Goat anti-rabbit IgG Alexa Fluor 594 | 1:500 | Invitrogen A-11037
Goat anti-rabbit IgG Alexa Fluor 647 | 1:500 | Invitrogen A-31573
Biotin-SP donkey anti- Biotin-SP 1:2500 | Jackson 711065152
rabbit IGG ImmunoRese
arch

CGRP and aSyn Immunohistochemistry
Sections were incubated for 2 days at 4°C in primary antisera containing anti-aSyn (Cell
Signaling, Danvers, MA) at 1:500 in PBS containing 5% normal donkey serum (NDS) and 0.3%

Tx. A negative control of the aSyn antibody revealed no signal (Fig. 10C). Sections were then
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washed four times at 15 min intervals in PBS with 1% NDS and 0.32% Tx at room temperature.
Next, sections were incubated for 2 hr at room temperature in biotinylated donkey-anti-rabbit
(Table 2, Jackson ImmunoResearch Laboratories Inc, West Grove, PA) at 1:2500 constituted in
PBS with 0.32% Tx. Sections were washed four times at 15 min intervals in PBS with 0.02% Tx
at room temperature before incubation in Alexa Fluor 594-streptavidin (Invitrogen) at 1:500 for 1
hr. Sections were then washed four times at 15 min intervals in PBS with 0.02% Tx at room
temperature. Sections were incubated for 2 days at 4°C in primary antisera containing anti-
aCGRP (ImmunoStar, Hudson, WI) at 0.625ug/mL in PBS containing 5% NGS and 0.3% Tx. Of
note, this antibody likely labels a small percentage of BCGRP, however, signal was only partially
extinguished in BCGRP pre-absorption studies performed by the vendor. A pre-absorption with
full length aCGRP peptide (AnaSpec, Fremont, CA) eliminated signal (Fig. 10A) and there was
no signal in controls with secondary antisera omitted (Fig. 10B). Following primary antibody
incubation, sections were then washed four times at 15 min intervals in PBS with 0.02% Tx
before incubation in Alexa Fluor 647 (Table 2, Invitrogen, Waltham, MA) at 1:500 for 2 hr at
room temperature. Sections were then washed four times at 15 min intervals in PBS with 0.02%
Tx, followed by four PBS washes. Finally, sections were mounted on slides, and cover slipped

with an aqueous mounting medium (Aqua-Poly/Mount, Polysciences, Warrington, PA).
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Figure 10. Images of control studies of aCGRP and aSyn antibodies. (A) Pre-absorption
with full length aCGRP peptide revealed no signal. (B) aCGRP primary antibody with
secondary antisera omitted revealed no signal. (C) aSyn primary antibody with secondary
antisera omitted revealed no signal.

Tissue Imaging & Analysis. Images were taken using a Zeiss LSM800 upright confocal laser
scanning microscope and a 40x or 63x (EC Plan-Neofluar) oil immersion objective. High
resolution images were taken using a Zeiss LSM880 upright confocal microscope with an
Axiocam 503 monochromatic camera and a 63x (Plan-Apochromat) oil immersion objective.
Data for CGRP and aSyn and goblet cell analyses was gathered from confocal Z-stacks with 15
planes 1 um apart with the top and bottom planes set from the focus of labeling. Max intensity
Z-projections were performed, and regions of interest (ROls) were defined as the apical or basal
half of a crypt. Apical and basal regions were defined by measuring the length of a crypt and
dividing it into two equal parts. ROls were gathered from 12 crypts per animal and averaged.
aSyn and PGP 9.5 analyses were gathered from individual, single plane confocal images.
Control areas for aSyn and PGP9.5 colocalization were initially defined as muscle regions with
no PGP9.5-ir. These regions had no aSyn-ir. Twelve 50 um x 50 um ROls containing aSyn and
PGP 9.5 double labeling were selected per sample. aSyn and CGRP analyses were gathered
from 20 um z-projection confocal images. The apical half of six crypts and six myenteric

neurons containing aSyn and CGRP double labeling were selected per animal from 20 um z-
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projection confocal and subsequently averaged. All image acquisition and analyses were
performed by a researcher blinded to treatment. All image analyses were performed using Fiji
(v1.0; NIH). Goblet cell quantity and size was measured using the analyze particles tool in Fiji.
Images were thresholded based on optical density and a binary watershed was applied prior to
quantification. Mean goblet cell size was calculated based off of the area as measured by
analyze particles for individual anatomic ROls as described above. Immunoreactive percentage
of area labeled was calculated using the ‘measure’ tool in Fiji on thresholded images restricted
to the defined ROI for each respective analysis. To determine the % area of aSyn in CGRP
neurons/fibers, thresholded CGRP-IR images were used to generate ROls using the analyze
particles tool. Thresholded aSyn-IR images were then analyzed using CGRP ROls as area
restrictions. Then, the percentage of total CGRP-IR area that contained aSyn-IR was calculated.
2.5 Statistics. All statistical analyses were performed using Graphpad Prism version 10.1.2
(Graphpad Software, La Jolla, CA). For aSyn and PGP 9.5 average area, CGRP area, and
percent area of aSyn in CGRP, a two-way ANOVA was performed by treatment and sex. For
goblet cell number and size, a three-way ANOVA was performed by treatment, region, and sex.
All data are presented as means +/- standard error of the mean (SEM). In all instances where p
values are noted, a post hoc Tukey’s multiple comparison test was performed to compare
individual means. A Brown-Forsythe equality of variance test was performed for all two-way
ANOVAs to confirm variances were not significantly different across groups. For three-way

ANOVAs, a Spearman’s test for heteroscedasticity was used to confirm equal error.
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Results:
Rotenone Treatment Increased Myenteric Plexus aSyn

To verify that mice responded to rotenone treatment, body weight was measured daily
throughout the entirety of the experiment. The experimental timeline is outlined in Figure 11A.
Mice had similar starting body weights regardless of treatment group (vehicle: 24.2 g +/-5,
rotenone: 21.8 g +/- 0.8) (Fig.11B). Change in weight was measured by subtracting starting
weight from each daily weight measurement. Rotenone treatment resulted in blunted weight
gain in males (Fig. 11C) and females (Fig. 11D). As a further measurement of rotenone impact,
a researcher blind to treatment correctly identified treatment groups based on a five-minute
open field behavior test. Rotenone treated mice exhibited decreased exploratory movement and

alterations in gait, similar to our previous findings.3®
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Figure 11. Rotenone blunted weight gain in males and females. (A) Overview of
experimental timeline. (B) Baseline weights of male and female vehicle vs. rotenone mice.
(C) Average change in weight from baseline in males. (D) Average change in weight from
baseline in females. VEH = vehicle, ROT = rotenone.

4Templeton HA, Ehrlich AT, Schwerdtfeger LA, Sheng JA, Tjalkens RB, Tobet SA. Sex specific effects of
environmental toxin-derived alpha synuclein on enteric neuronal-epithelial interactions. Neurogastroenterology and
Motility. In Press. 2025

128



Following behavioral confirmation of impairment, intestinal sections were analyzed for
myenteric neuronal changes using a peripheral neuronal marker, PGP 9.5. Total aSyn area
increased in myenteric PGP 9.5* neurons in males and females after 2 weeks of rotenone
treatment, with an increase in immunoreactive (ir) aSyn of 203% in females (1.5 um? +/- 0.1,
p<0.0001) and 50% in males (1.3 um? +/- 0.04, p<0.05) (Fig. 12A,B) compared to vehicle
treated animals (females: 0.49 +/- 0.10, p > 0.05; males: 0.84 +/-0.11, p > 0.05). A two-way

ANOVA revealed a main effect of rotenone treatment (F(1,20) = 60.50, p < 0.0001) and a
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Figure 12. Myenteric plexus aSyn was greater in colons from rotenone treated

mice. (A) Compared to vehicle both male and female proximal colon showed greater aSyn
immunoreactivity in myenteric neurons with rotenone treatment. Females exhibited larger a
larger increase in myenteric aSyn than males. (B) Quantification of aSyn immunoreactivity
in the myenteric plexus. (C) Quantification of PGP 9.5 immunoreactivity in the myenteric
plexus. Scale bars are 15 um, *p<0.05, **p<0.003 ****p<0.0001. VEH = vehicle, ROT =
rotneone, aSyn = alpha synuclein, PGP9.5 = protein gene product 9.5.
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significant interaction between sex and rotenone (F(1,20) = 10.55, p < 0.01) indicating that
rotenone’s impact was reliably greater in females. This was due in part to vehicle treated
females starting with 58% (0.49 pm? +/- 0.07) less immunoreactive myenteric aSyn than vehicle
treated males (p<0.05, Fig. 12B). PGP 9.5-ir area was not different in males vs. females after
rotenone treatment (Interaction effect: F(1,17) = 0.177, p > 0.05) (Fig. 12) indicating that

increases in aSyn area were not a result of elevated ir-PGP 9.5* cell area.

Apical CGRP Fiber Quantities Elevated in Rotenone Treated Mice

CGRP fiber immunoreactivity was interrogated by crypt region (i.e., apical crypt vs. basal crypt)
in separate two-way ANOVAs. In apical crypts, CGRP levels were greater in rotenone treated
animals (F(1,20) = 61.93, p < 0.0001) (Fig. 13A,C). This increase was 26% higher in females
compared to males (F(1,20) = 9.74, p < 0.01) (Fig. 13C), driven by the rotenone treated groups,
as there was no difference by sex in vehicle (F(1,20) = 2.89, p > 0.05) and no sex by treatment
interaction.

In basal crypt regions, the average percent area of CGRP-ir was low in males and females.
There was, however, a main effect of sex (F(1,20) = 13.2, p < 0.05) where male vehicle treated
animals had elevated basal CGRP-ir compared to vehicle treated females (Fig. 13D). The
interaction of sex by treatment was not statistically significant suggesting some reliability to the

sex effect even though the sex difference between treated mice was small.
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Figure 13. Apical CGRP* fiber quantities were elevated in colon crypts from rotenone
treated mice. (A) Rotenone treatment increased the apical percent area of CGRP* fibers in
males and females. (B) Rotenone treatment did not alter basal percent area of CGRP* fibers
in males and females. (C) Quantification of average perecent area of CGRP
immunoreactivity in the apical crypt. (D) Quantification of average perecent area of CGRP
immunoreacity in the basal crypt. Scale bars are 50 um, L = lumen, *p<0.05, **p<0.003
****n<0.0001. VEH = vehicle, ROT = rotenone, CGRP = calcitonin gene related peptide.

Rotenone Treatment Increased aSyn in CGRP* Myenteric Neurons and Apical Fibers
Immunoreactive aSyn was colocalized with CGRP* myenteric neurons and apical mucosal
fibers in a sex selective manner (Fig. 14). Two-way ANOVA investigating aSyn in CGRP*
myenteric neurons revealed a main effect of rotenone treatment (F(1,20) = 58.37, p < 0.0001).

The percent area of aSyn in myenteric CGRP neurons (Fig. 14A,B) was greater in males and
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females treated with rotenone (male 12% +/- 1.2; female 10% +/-0.6) compared to vehicle (male
4.8% +/- 0.7, p < 0.0001; female 4.7% +/- 0.7, p < 0.005) (Fig. 14A). Levels of aSyn in apical
CGRP* fibers (Fig. 14C,D,E) were increased in rotenone treated mice (F(1,20) = 116.7, p <
0.0001), of both sexes (F(1,20) = 6.21, p < 0.05), however, females had a larger increase as
demonstrated by a statistically significant interaction between sex and treatment (F(1,20) =
6.57, p < 0.05). The percent area of aSyn in apical CGRP fibers was elevated in males (vehicle:
0.04% +/- 0.02, rotenone: 0.9% +/- 0.1, p < 0.0001) and females (vehicle: female 0.04% +/-
0.02, rotenone: 1.5% +/- 0.2, p < 0.0001) (Fig. 14E). This increase was 66.57% higher in female
animals compared to males (p < 0.01) (Fig. 14E). To confirm this increase was not due to
greater apical CGRP*-IR in rotenone treated animals, the ratio of aSyn-IR to apical CGRP was
assessed. The ratio of aSyn-IR to apical CGRP-IR (Fig. 14F) was increased in rotenone treated
mice (F(1,20) = 47.94, p < 0.0001), of both sexes (F(1,20) = 4.88, p = 0.05), however, females
had a larger increase as demonstrated by a statistically significant interaction between sex and
treatment (F(1,20) = 4.879, p < 0.05). The ratio of aSyn-IR to CGRP-IR was elevated in males
(vehicle: 0.0002 +/- 0.0001, rotenone: 0.003 +/- 0.007) and females (vehicle: 9.8e-05 +/- 5e-05,
rotenone: 0.006 +/- 0.001) in rotenone treated mice compared to vehicle. This increase was

50% higher in female animals compared to males (p < 0.05).
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Figure 14. Rotenone treatment increased aSyn in CGRP+ myenteric neurons and
apical fibers. (A) Rotenone treatement increased the percent area of aSyn in myenteric
CGRP neurons in males and females. (B) Rotenone treatment increased the percent area of
aSyn in apical CGRP fibers in males and females. (C) High resolution images of aSyn-ir in
apcial CGRP varicosities. Arrows indicate areas of CGRP and aSyn colocalization, white
arrows indicate region of inset. Insets are volume rendered cross-sections taken at a 60
degree angle. (D) Quantification of percent area of aSyn immunoreactivy in myenteric
CGRP* neurons. (E) Quantification of percent area of aSyn immunoreactivity in apical
CGRP* fibers. (F) Quantification of ratio of aSyn-IR in CGRP-IR fibers. Scale bars are 15 um
for A & D, for C scale bars are 5 um and 2 um for insets. L = lumen, * p<0.05, **p<0.01,
****p<0.0001. VEH = vehicle, ROT = rotenone, CGRP = calcitonin gene related peptide,
aSyn = alpha synuclein.

Goblet Cells Altered Morphologically After Rotenone Treatment

Mucopolysaccharides were fluorescently labeled with the lectin Ulex Europaeus
Agglutinin | (UEA1) and goblet cell size and nhumber were analyzed by crypt region (i.e., apical
vs. basal, Fig. 15). A three-way ANOVA revealed a main effect of region (F(1,40) = 82.41, p <
0.001) where apical goblet cell numbers were lower in animals treated with rotenone (F(1,40) =
12.92, p < 0.001) regardless of sex (F(1,40) = 1.4, p > 0.05) (Fig. 15A-C). Males treated with
rotenone had 53% fewer apical goblet cells (5.0 +/- 0.1) (Fig. 15B) compared to vehicle (10.0 +/-

0.4, p < 0.0001) (Fig. 15A, C) and rotenone treated females had 48% fewer cells (4.0 +/- 0.2)
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compared to vehicle (8.0 +/- 0.5, p < 0.0001). Vehicle treated males had 20% higher baseline
goblet cell counts compared to females restricted to the apical region (F(1,40) = 13.07, p <
0.001) (Fig. 15C). There were 20% fewer basal goblet cells after rotenone treatment in males
(10.0 +/- 0.6) (Fig. 15B’) compared to vehicle (8.0 +/- 0.3, p < 0.05) (Fig. 15A’) that did not
reach statistical significance by posthoc testing in females (Fig. 15C).

In contrast to fewer goblet cells after rotenone, those goblet cells that remained were
larger. A three-way ANOVA investigating goblet cell size revealed a main effect of region
(F(1,40) = 34.34, p < 0.001) where goblet cell size was greater in rotenone treated animals
selectively in the apical crypt regions (F(1,40) = 12.36, p < 0.001), with no main effect of sex

(F(1,40) = 1.14, p > 0.05) (Fig. 15D). There was a main effect of treatment (F(1,40) = 40.95, p <
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Figure 15. UEA1* goblet cells altered morphologically after rotenone treatment. (A)
UEAT1* goblet cells at the apex and (A’) base of the crypt in vehicle treated tissue have a
smaller average immunoreactive area and are fewer in number than (B) UEA1+ goblet cells
at the apex and (B’) base of the crypt in rotenone treated tissue. (C) Quantification of UEA1+
goblet cell number and (D) UEA1* immunoreactive area. Scale bars 25 um, representative
images are male, *p<0.05, ***p<0.001, ****p<0.0001. VEH = vehicle, ROT = rotenone, UEA1
= Ulex Europaeus Agglutinin I.
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0.0001) where apical goblet cell size was 79% greater in rotenone treated males (117.7 pm? +/
6.1) (Fig. 15B) compared to vehicle treated males (65.9 pm? +/- 2.1, p < 0.001) (Fig. 15A) and
74% greater in rotenone treated females (135.3 um? +/- 11.2) compared to those treated with

vehicle (77.8 um? +/- 6.7, p < 0.001).

Discussion:

Females with PD exhibit faster disease progression and higher mortality rates than
males'®. Using a rotenone mouse model of PD, the results of the current study point towards
sex selective changes in enteric aSyn levels, alterations in CGRP distribution, and changes in
goblet cell morphology, potentially influencing the more severe outcomes in females with PD.
These findings contribute to our understanding of the link between intestinal homeostasis and
aSyn aggregation in peripheral PD pathology and may provide insights for advancing early
diagnostic strategies. Few studies of peripheral aSyn aggregation or PD pathological etiology
include sex as a biological variable. Given that females with PD exhibit a higher mortality rate
and report increased severity of Gl symptoms,'%'"43 the present studies provide an indication of
potential sex-selective targets of a disease process.

Enteric aSyn levels are elevated in PD,* and the pesticide rotenone increases aSyn in
the central nervous system?®® and the Gl tract.*® The present study demonstrated that
intraperitoneal rotenone injections increased total aSyn in myenteric plexus neurons consistent
with pathology found after oral rotenone administration.*® There was a basal sex difference in
myenteric aSyn levels, with males having higher quantities. When treated with rotenone, aSyn
levels rose significantly in both sexes, but more so in females. This finding potentially implicates
the female myenteric neuronal population as having an altered neurochemical phenotype at

baseline, akin to the estrus cycle dependent change in neuronal nitric oxide synthase (nNOS)
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neuron phenotype.*® The lower baseline but subsequent post-rotenone compensation of aSyn
levels in female CGRP neurons and fibers may influence Gl motility and goblet cell secretory
function. Together, these data provide a potential explanation for the more severe Gl transit
dysfunction in PD females. Further investigations of the impact of aSyn on Gl motility and
neuroepithelial signaling within the context of sex are clearly warranted.!-4

Neurons utilizing the neuropeptide CGRP for signaling may be critically involved in
regulating intestinal motility and nociception.3'#748 Visceral pain is regulated by gut wall
components, including the secretions from the microbiome adjacent to the colonic wall, and via
enteric neuronal afferent CGRP signaling to the dorsal root ganglia.?>3548 Further, agonizing
colonic CGRP receptors prior to colonic distention yields elevated visceral pain responses in
conventionally colonized mice?2. The increased CGRP+ apical fiber density observed in this
study may contribute to elevated sensitivity to noxious stimuli from the lumen, however, receptor
expression patterns for noxious ligands on apical CGRP* fibers were not investigated in this
study. The greater increase in apical CGRP in rotenone-treated females provides a focal point
highlighting CGRPs potential involvement in the higher incidence of visceral pain observed in
female PD patients. Studies examining CGRP receptor populations along with peptide release
in these anatomically distinct enteric regions are needed to identify functional connections
among the gut circuits identified here.

Alpha-synuclein aggregation can elicit morphological and firing pattern changes in
neuronal populations.*® Increased aSyn in CGRP* enteric neurons may modulate downstream
CGRP anatomical alterations and signaling patterns. CGRP production is upregulated in
damaged nerves? and intraperitoneal injections of the CGRP antagonist BIBN 4096 BS
decreased central aSyn expression in a mouse model of Alzheimer’s disease.>° Rotenone

treated males and females had increased aSyn in CGRP* myenteric neurons and apical CGRP*
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fibers, suggesting that aSyn levels may be related to alterations in gut CGRP neuronal
immunoreactivity akin to those seen in PD patient derived neuronal cultures.**5!' Female mice
showed a greater increase in aSyn in apical CGRP* fibers, a greater increase in
immunoreactive CGRP in apical regions of colonic crypts, and lower baseline levels of
myenteric aSyn compared to males suggesting that females might be more susceptible to aSyn
and CGRP localization within neuronal fibers following rotenone treatment.

Underlying causes of constipation, one of the earliest symptoms of PD, 6 are
multifaceted and treatment with anti-CGRP monoclonal antibodies decreases Gl transit.3'3
Similarly, animal studies with rotenone report decreased intestinal transit.®® In the present
study, rotenone treated mice exhibited increased area of CGRP immunoreactive fibers at the
apical crypt. One explanation for the association between elevated gut mucosal CGRP and
potential aSyn driven constipation is through regulation of mucus production by goblet cells. In
the current study there were fewer goblet cells that were larger following rotenone treatment.
The impact was stronger apically, coinciding with the greater CGRP fiber density after rotenone.
Goblet cells originate from progenitor cells at the base of the crypts and mature as they migrate
apically where they acquire the ability to synthesize and secrete mucoplysaccharides.>? Mature
goblet cells are located in the upper third of crypts®*5* potentially making them more susceptible
to morphological changes due to local environmental factors like dense CGRP producing
neuronal fibers. While acute stimulation of goblet cells serves as a protective mechanism to
bolster the mucosal barrier in response to pathogens,>® chronic stimulation may lead to goblet
cell mucus depletion. Impacts of aSyn driven alterations to goblet cell mucus production and
secretion remains unclear. The current results suggest a need to investigate goblet cell mucus
production and mucosal thickness to determine if altered CGRP signaling after rotenone leads

to mucosal barrier dysfunction.
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Conclusions:

In conclusion, rotenone treatment reproduced PD clinical findings of increased aSyn in the
myenteric plexus and extended these findings to show increases in apical CGRP
immunoreactivity and altered goblet cell morphology in colonic crypts. Enteric aSyn may alter
CGRP neuronal interactions with goblet cells that are critical for mucus production or secretion.
These findings demonstrate a potential pathway for sex selective neuronal-epithelial interaction
between CGRP and goblet cells secondary to elevated enteric aSyn, identifying a potential
contributor to Gl dysfunction in PD. Since Gl symptoms arise in a sex specific manner, years
before motor dysfunction, understanding mechanisms of enteric aSyn pathophysiology is crucial

for identifying early diagnostic markers and novel therapeutic targets.
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CHAPTER 5 — ENTERIC GLIA, NEUROPEPTIDES, AND PARKINSON’S: IMPACTS OF
CALCITONIN GENE RELATED PEPTIDE ON GUT ALPHA SYNUCLEIN

Overview:

Parkinson's Disease is a neurodegenerative disorder characterized by accumulation of
misfolded a-synuclein in the central and peripheral nervous systems, influencing symptomology
at both sites. Alterations to the neuropeptide calcitonin gene-related peptide have been linked
with altered central nervous system a-synuclein aggregation. This study examines the role of
calcitonin gene-related peptide in modulating enteric a-synuclein accumulation and enteric glia
reactivity using an ex vivo slice culture model from A53T*" human a-synuclein mutant mice. In
slices treated with calcitonin gene-related peptide, a-synuclein immunoreactivity was elevated in
myenteric neurons. A stark elevation in gut mucosal calcitonin gene-related peptide
immunoreactivity was revealed to be predominantly S1008* cells rather than neuronal fibers,
pointing towards an active enteric glial phenotype. These data implicate calcitonin gene-related
peptide in the accumulation of enteric a-synuclein in a model of Parkinson’s disease, an effect

potentially driven by an inflammatory environment due to enteric glial activity.

Introduction:

Parkinson’s Disease (PD) is a neurodegenerative disorder characterized by the
accumulation of misfolded alpha synuclein (aSyn) protein resulting in central and peripheral
symptoms. Prodromal gastrointestinal (Gl) symptoms are seen in 10-70% of PD patients (de
Lau et al, 2006; Fasano et al, 2015) and can arise up to 20 years prior to motor symptoms
(Travagli et al, 2020). Genetic studies of PD subjects have identified disease causing missense
mutations on the aSyn gene, including A53T, that are linked to early onset PD in European
families (Recchia et al, 2008; Anderson et al, 2006). Mice expressing the human aSyn A53T

mutant exhibit motor impairments and aSyn accumulation in the brain and Gl tract (Farrell et al,
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2013). These alterations mirror the phenotype observed in human subjects with the A53T
mutation (Giasson et al, 2002) leading to A53T mice being a commonly used model of PD.

The neuropeptide calcitonin gene related peptide (CGRP) is closely linked to diseases
commonly comorbid with PD, including IBD (Pascual-Mato et al, 2024) and migraine (An et al,
2021)'. Accumulation of aSyn in the central nervous system (CNS) may be influenced by CGRP
(Alexoudi et al, 2024) and treatment with CGRP antagonists reduce aSyn aggregation in mouse
brain (Na et al, 2020; Benemei et al, 2009). A previous study from our laboratory utilized a
rotenone model of PD and demonstrated increased aCGRP immunoreactivity in apical colonic
crypts and elevated aSyn levels in aCGRP+ neurons and fibers, suggesting that enteric aCGRP
dysregulation may contribute to aSyn aggregation (Templeton et al, 2025). An unexplained,
sharp increase in CGRP labelled cells and fibers in colonic mucosa further pointed towards
CGRP dysfunction in PD animal models.

Enteric glial cells serve multiple roles in the gut wall, including innate immunity. Enteric
glia express multiple canonically astrocytic proteins including glial fibrillary acidic protein
(GFAP), and S100B, a calcium-binding protein, that has been associated with the onset and
maintenance of inflammation in the gut (Esposito et al, 2007; Cirillo et al, 2009). S1008 levels
are increased in the cerebral spinal fluid (CSF) and substantia nigra of PD patients (Sathe et al,
2012), and enteric glial expression of GFAP is elevated in the colon of PD subjects
(Clairembault et al, 2014). Furthermore, in an N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) model of Parkinson's, genetic ablation of S100p appeared to be neuroprotective by
decreasing gliosis in the substantia nigra (Sathe et al, 2012). Both CGRP and aSyn can activate
glial cells (Afroz et al, 2019; Harms et al, 2017; Grozdanov et al, 2019). Taken together with
previous data pointing towards an elevation of mucosal CGRP, (Templeton et al, 2025) it is
possible that alterations in enteric CGRP and aSyn may be the result of an inflammatory

environment influenced by enteric glia which could perpetuate PD pathology in the gut.
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To investigate the role of CGRP in enteric aSyn accumulation and enteric glial reactivity,
an ex vivo organotypic slice model of A53T*" colon tissue was utilized. Levels of aSyn, CGRP,
and S100B were quantified in myenteric and mucosal regions following CGRP treatment.
Furthermore, stool was used to investigate levels of CGRP and S100B across genotypes. The
present study provides data on the contribution of CGRP to aSyn accumulation and enteric glial

alterations in the gut wall.

Materials and Methods:

Animals. Male hA53T aSyn transgenic mice (B6. Cg-3210039L1RikTg (Pmp-SNCA'ASST)23MKle/ J-
Jackson Laboratories, strain no. 006823, Bar Harbor, ME, USA) were bred with female wild-type
(WT) C57BL/6J mice (Jackson Laboratories, strain no 000664) to obtain male and female WT
and hemizygous mice. All studies were done in male and female between 10-12 months of age,
except for data in Figure 19 which were between 3-4 months of age. All animal protocols were
approved by the Institutional Animal Care and Use Committee (IACUC) and Colorado State
University Lab Animal Resources under protocol CoA #1657. Mice were housed on a 12-h

light/dark cycle with access to standard chow (Envigo TD.2918) and water ad libitum.

Genotyping. Genotyping was performed using the following primers for polymerase chain
reaction (PCR): forward, 5’TCA TGA AAG GAC TTT CAA AGG C-3’, transgene reverse, 5'-CCT
CCC CCA GCC TAG ACC-3' (transgene = ~500 bp); internal positive control forward, 5-CTA
GGC CAC AGA ATT GAA AGA TCT-3'; and internal positive control reverse, 5'-GTA GGT GGA
AAT TCT AGC ATC C-3' (internal positive control = 324 bp). PCR was run on a C1000 Touch
Thermal Cycler. Master Mix per sample: 12.8 uL milli-Q water, 5 pL 5x buffer, 1.8 uL MgCl-
(25mM), 1 uL DNTPs (10mM), 1.2 pL of 20 pM primers. Tag mix per sample: 4.6 L milli-Q

water, 1 pL 5x buffer, 0.4 uL Taq.
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Organotypic slice preparation. Preparation of intestinal slices was similar to that previously

described (Schwerdtfeger et al., 2016). Briefly, mice were deeply anesthetized with isoflurane
and terminated via decapitation. The intestine was removed from stomach to colon and fecal
pellets were removed directly from the colon and kept at -80°C until further experiments were
performed. The intestines were then immediately placed into 4°C 1X Krebs buffer (in mM: 2.5
KCI, 2.5 CaCl,, 126 NaCl, 1.2 MgCl;, 1.2 NaH2PO4). Remaining mesentery was dissected away,
and proximal colon was cut into 2-4mm length pieces. Tissue pieces were submerged in low-
melting point 8% agarose (Gold Biotechnology) for 7 minutes total: 5 minutes on a room
temperature shaker and 2 minutes at 4°C to ensure polymerization. Using a vibrating microtome
(CT1000S; Lieca Microsystems, Wetzlar, Germany), 250 um slices were cut and collected in ice
cold 1X Krebs buffer. The slices were then transferred into a 60-mm plastic bottom dish
(Corning, Corning, NY) containing 5 mL of Hibernate media (Life Technologies). Slices were
kept at 4°C in Hibernate media for 15 min before being transferred into 5 mL of adult neurobasal
media that was custom made in house with 5% B-27 supplement (B-27; Life Technologies), 4
mM glucose, and without phenol red. To help maintain the microbiome, media contained 0.4
mg/ml inulin (soluble fiber). Slices were kept in this media at 37°C for 35 min and plated on 35
mm plastic bottom dishes (Corning, Corning, NY) with excess media siphoned from the dish,
and incubated for 10 min at 37°C. Slices were then covered with a thin layer of collagen solution
[vol/vol; 10.4% 10X MEM (Minimal Essential Medium, Sigma-Aldrich), 83.5% collagen (PureCol;
Inamed), and 4.2% sodium bicarbonate] which polymerized for 15 min. Finally, 1 ml of custom
adult neurobasal media was added to the dish and tissue was left in a 37°C, 5% CO: incubator

until further experiments were performed.

Organotypic slice drug treatments. Tissue was allowed to recover from slicing for 24 hr before

addition of drug treatment. Slices were treated with recombinant CGRP (2 uM; AnaSpec) or

vehicle at 24 hr ex vivo for a subsequent 24 hr. Doses were chosen based upon preliminary
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dose-response analyses where increases in myenteric aSyn were seen within 24 hr. After 48 h
culture, slices were fixed in 4% paraformaldehyde for 10 min and washed with 1X PBS 3 times

for a total of 9 min.

Slice re-sectioning. To enhance the visualization of cellular components after fixation, 250 pm

slices were re-sectioned at 50 um, as described previously (Schwerdtfeger and Tobet, 2020;
Schwerdtfeger and Tobet, 2021). Briefly, slices were placed in 4% agarose and then kept at 4°C
for 4 min to ensure agarose polymerization. Using a vibrating microtome; VT1000S; Leica

microsystems, Wetzlar, Germany) slices were sectioned at 50 um thick.

Immunohistochemistry. 50 pm sections of immersion fixed whole colon or 50 um re-sectioned

slices were washed in 1x PBS for 10 minutes at 4°C and incubated in 0.1M glycine for 30 min at
4°C, followed by three 5 min PBS washes. Next, tissue sections were incubated in 0.5% sodium
borohydride at 4°C for 15 min, followed by three 5 min PBS washes. Sections were blocked in
PBS with 5% normal goat serum (NGS; Lampire Biological, Pipersville, PA), 1% hydrogen
peroxide, and 0.3% Triton X (Tx) for 1 hr at 4°C with a change of solution at 30 min. Following
blocking, sections were placed into primary antisera for 24 hr as outlined in Table 1 made in
PBS 5% NGS and 0.3% Tx. Dual-label reactions were performed in parallel with both antisera
being added at the same time. Of note, the aSyn antibody labels total aSyn per the vendor and
several publications.*® The CGRP antibody likely labels a small percentage of BCGRP,
however, signal was only partially extinguished in BCGRP pre-absorption studies performed by
the vendor. A pre-absorption with full length aCGRP peptide (AnaSpec, Fremont, CA)
eliminated signal (Templeton et al, 2025). All experiments were performed with a negative
control where secondary antisera were omitted. Following primary antisera incubation, sections
were washed at room temperature in PBS with 1% NGS and 0.32% Tx four times at 15 min

intervals. Sections were then incubated for two hours in Alexa Fluor conjugated secondary
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antibodies to the appropriate species (Table 5) at 1:500 in PBS with 0.32% Tx. Following
secondary antibody incubation, sections were washed four times at 15 min intervals in PBS with
0.02% Tx, followed by four PBS washes. Finally, sections were mounted on slides, and cover

slipped with an aqueous mounting medium (Aqua-Poly/Mount, Polysciences, Warrington, PA).

Table 5. Primary and secondary antibodies used.
Primary | Immunizing | Raised | Dilution Source Catalog | Secondary
Antibody Antigen Number Antibody
PGP9.5 Recombinant | Chicken | 1:500 Novus NB110- Goat anti-
full length Biologicals | 58872SS | chicken IgY
human — Alexa Fluor
UCHL1 568 (Abcam)
purified from
E. coli
CGRP Full length rat | Rabbit 0.625ug/ | ImmunoSta | 24112 Goat anti-
a-CGRP mL r rabbit IgG —
Alexa Fluor
647 or 488
(Invitrogen)
aSyn Rabbit a- Rabbit 1:500 Cell 4179 Biotin-SP
synuclein Signaling donkey anti-
(D37A6) rabbit IGG
(Jackson
Immuno
Research)
S1008 Proprietary Rabbit 1:1200 Abcam ab52642 | Biotin-SP
donkey anti-
rabbit IGG
(Jackson
Immuno
Research) or
Goat anti-
rabbit IgG -
Alexa Fluor
594
(Invitrogen)

Cell proliferation. To determine the synthesis of new DNA in presumptive dividing cells the

incorporation of 5-ethynyl-2’-deoxyuridine (EdU; Invitrogen, Eugene, OR) was used. Mice
received 25 mg/kg intraperitoneal injections of EdU 24 hr prior to euthanasia and slice

experiments were performed as outlined above. Following IHC, the EdU visualization procedure
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began with a 30 min block in 3% bovine serum albumin buffer (BSA; Sigma-Aldrich) and 5% Tx.
Sections were then placed in a click-IT cocktail containing 1X click-IT reaction buffer, CuSO4,
Alexa-Fluor azide 647, and 1X reaction buffer additive (Invitrogen) for 1 hr. Finally, sections were

washed 3 times in 1X PBS for a total of 30 minutes prior to being mounted.

Tissue imaging & analysis. Images were taken using a Zeiss LSM800 upright confocal laser

scanning microscope and a 40x or 63x (EC Plan-Neofluar) oil immersion objective. Data for
CGRP or PGP9.5 and aSyn, S1008 and CGRP, S100B and EdU, and CGRP and EdU analyses
was gathered from confocal Z-stacks with 20 planes 1 um apart with the top and bottom planes
set from the focus of labeling. Max intensity Z-projections were performed. Control areas for
aSyn and PGP9.5 colocalization were initially defined as muscle regions with no PGP9.5-ir.
These regions had no aSyn-ir. All image acquisition and analyses were performed by a
researcher blinded to treatment. All image analyses were performed using Fiji (v1.0; NIH).
Immunoreactive percentage of area labeled was calculated using the ‘measure’ tool in Fiji on
thresholded images restricted to the defined ROI for each respective analysis. To determine the
% area of aSyn in CGRP or PGP9.5 neurons/fibers, thresholded CGRP-ir or PGP9.5-ir images
were used to generate ROls using the analyze particles tool. Thresholded aSyn-ir images were
then analyzed using CGRP or PGP9.5 ROls as area restrictions. Then, the percentage of total
CGRP-ir or PGP9.5-ir area that contained aSyn-ir was calculated. To determine the % area of
EdU in CGRP-ir or S100B-ir, thresholded CGRP-ir or S100B-ir images were used to generate
ROls using the analyze particles tool. Thresholded EdU-ir images were then analyzed using
CGRP-ir or S100B-ir ROlIs as area restrictions. Then, the percentage of total CGRP-ir or S1003-
ir area that contained EdU-ir was calculated. To determine the % area of CGRP in S1003+
cells, thresholded S100B-ir images were used to generate ROIs using the analyze particles tool.
Thresholded CGRP-ir images were then analyzed using S100B-ir ROIs as area restrictions.

Then, the percentage of total S1008-ir area that contained CGRP-ir was calculated.
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Enzyme-linked immunosorbent assay. The levels of CGRP and S1008 in fecal samples were

determined using an enzyme-linked immunosorbent assay (ELISA) kit (CGRP EEL090, S1003
EEL109, Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s guidelines.
Fecal samples were homogenized in triton X-100 buffer at a ratio of 1:10 (g/mL) buffer to
sample and centrifuged for 6 min and 10,000 rcf. Standards were prepared in serial dilution
according to the Thermo Fisher Scientific user manual. Samples and standards were added to
appropriate wells, followed by biotinylated and horseradish peroxidase (HRP) antibodies. The
ELISA plate was read on a Cytation 3 plate reader (Agilent Technologies, Inc., Santa Clara, CA)
at 450 nm. Concentrations were calculated based on the manufacturers standard curve and

final concentrations were adjusted for dilution factors prior to plotting.

2.5 Statistics. All statistical analyses were performed using Graphpad Prism version 10.1.2
(Graphpad Software, La Jolla, CA). Analysis revealed no sex differences, so all data is reported
with both males and females. For in vivo aSyn and CGRP average area, CGRP area, percent
area of CGRP in S1008, percent area of aSyn in CGRP, and percent area of EAU in CGRP or
S100B unpaired t tests were performed. For ex vivo aSyn and CGRP average area, CGRP
area, percent area of CGRP in S100p, and percent area of aSyn in CGRP a two-way ANOVA
was performed by treatment and genotype. All data are presented as means +/- standard error
of the mean (SEM). In all instances where p values are noted, a post hoc Tukey’s multiple
comparison test was performed to compare individual means. A Brown-Forsythe equality of
variance test was performed for all two-way ANOVAs to confirm variances were not significantly

different across groups.
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Results:

aSyn is elevated CGRP-ir cells in the A53T*" colon.

Immunoreactive aSyn was colocalized with CGRP* myenteric neurons and apical mucosal
fibers in a genotype specific manner in the in vivo colon (Fig. 16A). The percentage of aSyn-ir
area in CGRP* apical fibers was 458% greater in A53T*" animals (6.7% +/- 0.8) compared to

WT (1.2% +/-0.2; (1(9)= 5.4, p<0.001)) (Fig. 16B). The percentage of aSyn-ir area in CGRP*
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Figure 16. Elevated aSyn in CGRP-ir cells in A53T+*"colon. (A) The percent area of
aSyn-ir in apical CGRP* fibers and myenteric CGRP* neurons is greater in A53T*" colon
compared to WT. Apical CGRP-ir total area is greater in A53T*" colon compared to WT, but
myenteric CGRP-ir total area is similar in both A54T+- and WT colon. (B) Quantification of %
area of aSyn-ir in apical CGRP* fibers. (C) Quantification of apical CGRP-ir total area. (D)
Quantification of % area of aSyn-ir in myenteric CGRP+ neurons. (E) Quantification of
myenteric CGRP-ir total area. Scale bars are 20 um, aSyn = alpha synuclein, CGRP =
calcitonin gene related peptide, WT = wild type. **p<0.01, ***p<0.001 ****p<0.0001. n =6 (3
male, 3 female).

myenteric neurons was 471% greater in A53T*" animals (16% +/- 1) compared to WT (3% +/-
0.8; (t(10)= 910.28, p<0.0001) (Fig. 16D). Total CGRP-ir was interrogated by anatomic region,
with quantification of CGRP-ir in apical crypts and myenteric plexus. In apical crypts, CGRP

levels were 206.2% greater in A53T* animals (989 pm? +/- 182) compared to WT (323 um? +/-
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68; t(10) = 3.6, p < 0.01) (Fig. 16C). Myenteric CGRP levels were similar in A53T*" (24837 um?

+/- 5944) and WT animals (34921 pm? +/- 6442; {(10) = 1.2, p > 0.05) (Fig. 16E).

Ex vivo CGRP treatment increases aSyn in myenteric neurons.
The peripheral neuronal marker PGP 9.5 was used to interrogate the percent area of aSyn-ir in
PGP 9.5 myenteric neurons of ex vivo colon slices following vehicle or CGRP treatment. A two-

way ANOVA revealed a main effect of treatment (F(1,14) = 30.6, p < 0.0001) where percent
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Figure 17. Myenteric neurons have elevated aSyn following CGRP treatment. (A)
CGRP treatment increased levels of aSyn in PGP 9.5* myenteric neurons in both WT and
A53T+" ex vivo colon slices. (B) Quantification of aSyn-ir in PGP 9.5* myenteric neurons in
WT and A53T+" slices following vehicle or CGRP treatment. Scale bars are 10 um, aSyn =
alpha synuclein, PGP 9.5 = protein gene product 9.5, CGRP = calcitonin gene related
peptide, WT = wild type. * p < 0.05, **p<0.01. WT n = 4 (2 male, 2 female), A53T+" VEH n =
4 (2 male, 2 female), CGRP n =5 (2 male, 3 female).

area of aSyn-ir was greater in CGRP treated colon in both WT and A53T*" animals (Fig. 17A,
B). Following CGRP treatment, WT myenteric neurons (20.5% +/- 2) had a 1039% increase in
aSyn-ir compared to vehicle treatment (1.8% +/- 0.3; p < 0.05). Following CGRP treatment
(31.5% +/- 6.2) A53T*" myenteric neurons had a 235% increase in aSyn-ir compared to vehicle

treatment (9.4% +/- 1.3; p < 0.05). There was also a main effect of genotype (F(1,14) = 6.4, p <
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0.03) where A53T*" mice had a greater percent area of aSyn-ir in PGP9.5+ myenteric neurons

than WT animals.

Enteric glial cells are hyperplastic and express CGRP in A53T*~ colonic mucosa.

To investigate possible mucosal cells expressing CGRP apically, the enteric glial marker, S1003
was examined in in vivo sections of colon. A53T*- mucosa (2.8 +/- 0.2) (Fig. 18B) had 87%
more S100B* cells per crypt compared to WT (Fig. 18A) (1.5 +/-0.2; t(10) = 5.1, p < 0.001) (Fig.
18A-C). The percent area of CGRP-ir in S1008+ cells was 159% greater in A53T*"- mucosa

(57% +/- 1.7) compared to WT (22% +/- 3.2; t(10) = 9.4, p < 0.0001) (Fig. 18D).
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Figure 18. Enteric glial cells are hyperplastic and express CGRP in A53T colonic
mucosa. (A) S1008 and CGRP in WT in vivo colon. (B) S1008 and CGRP in A53T*" in vivo
colon. (C) Quantification of average S1008* cell number per crypt in WT and A53T*" colon.
(D) Quantification of % area of CGRP-ir in S100B+ cells in WT and A53T*" colon. Scale bars
are 20 um, S1008 = calcium binding protein B, CGRP = calcitonin gene related peptide, WT
= wild type. ***p<0.001 ****p<0.0001. n = 6 (3 male, 3 female).
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Enteric glial cell quantities and CGRP-ir are elevated to A53T*" following ex vivo CGRP
treatment in WT mice.

Number of S1008* cells per apical crypt were interrogated in ex vivo colon slices following
vehicle and CGRP treatment. A two-way ANOVA revealed a main effect of treatment (F(1,15) =
51.08, p < 0.0001), a main effect of genotype (F(1,15) = 58.3, p < 0.0001), and a significant
interaction between genotype and treatment (F(1,15) = 16.78, p < 0.001). This indicated that the
number of S100B-ir cells was greater when treated with CGRP in both WT and A53T+" colon,
but A53T+*" colon had greater overall S100B3-ir cells (Fig. 19A, B). Following CGRP treatment
(4.1 +/- 0.4), WT colon had around 2.8 more S100B-ir cells per crypt compared to vehicle
treatment (1.2 +/- 0.2, p < 0.0001). Following CGRP treatment (5 +/- 0.2), A53T*" colon had
around 0.78 more S1008-ir cells per crypt compared to vehicle (4.2 +/- 0.3, p > 0.05) (Fig. 19A,
B). The percent area of CGRP-ir in S1003* cells was also investigated following vehicle or
CGRP treatment. A two-way ANOVA revealed a main effect of genotype (F(1,13)=12.42, p <
0.01) indicating that A53T*" colon has a greater percent of CGRP-ir in S100B cells than WT
colon, regardless of treatment. Vehicle treated A53T*" colon (18% +/- 3) had 415% greater
percent CGRP-ir in S100B* cells than vehicle treated WT colon (3.6% +/- 1.7, p < 0.05) (Fig.
19C). CGRP treated A53T*" colon (24.7% +/- 5) had 90% greater percent CGRP-ir in S1008
cells than CGRP treated WT colon (13% +/- 157, p > 0.05). A two-way ANOVA also revealed a
main effect of treatment (F(1,13) = 4.9, p < 0.05) indicating that CGRP treatment increased
percent area of CGRP-ir in S100B+ cells. Following CGRP treatment, WT colon had 266.2%
more CGRP-ir in S100B* cells (p < 0.5) and A53T*" colon had 35% more CGRP-ir in S100B3*

cells (p > 0.05).
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Figure 19. CGRP treatment alters mucosal S1008 cell quantities and CGRP co-
localization. (A) A53T+" colon slices have greater number of S1008* cells regardless of
treatment. CGRP treatment increases S1008* cell number in WT colon. (B) Quantification of
S1008 + cell number per apical crypt in WT and A53T colon slices following VEH or CGRP
treatment (C) Quantification of % area of CGRP-ir in S100B+ cells. Scale bars are 20 pm,
S100pB = calcium binding protein B, CGRP = calcitonin gene related peptide, WT = wild type,
VEH = vehicle. * p < 0.05, ****p<0.0001. WT n = 4 (2 male, 2 female), A53T*" n = 5 (2 male,
3 female).

S100b is elevated in A53T*- mouse stool and CGRP is increased with age.

Quantities of CGRP and S100b in stool were compared between WT and A53T+" animals. Both
WT (196 pg/mL +/- 21) and A53T+" (209 pg/mL +/- 320) animals had similar quantities of stool
CGRP (Fig. 20A), however a Spearman’s correlation revealed stool CGRP quantity was
positively correlated with age in A53T+"animals (Spearman’s r = 0.89, p <0.05) (Fig. 20B) but
not correlated in WT animals (Fig. 20B). When investigating S1008 concentrations in stool, WT

animal’s stool (63 pg/mL +/- 6.5), had less S100B8 compared to A53T*" animals, which showed a
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249% increase (219 pg/mL +/- 41;t(10) 3.8, p < 0.01). There was no association observed

between stool S100B quantities and age in WT (Spearman’s r = -0.52, p > 0.05) or A53T*"
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Figure 20. S1008 is elevated in A53T mouse stool and CGRP is increased with age. (A)
Stool CGRP levels were similar in WT and A53T+/- animals (B) No correlation between age
and stool CGRP levels in WT animals. (C) Stool CGRP levels increase with age in A53T+/-
animals. (D) Stool S100p levels were greater in A53T+/- animals compared to WT. (E) No
correlation between age and stool S1008 levels in WT animals. (F) No correlation between
age and stool S1008 levels in A53T+/- animals. CGRP = calcitonin gene related peptide,
S100B = calcium binding protein B, WT = wild type, **p<0.01. n = 6 (3 male, 3 female).

(Spearman’s r = 0.77, p = 0.10) animals as measured by a Spearman’s correlation.

To determine if the age effect on stool CGRP was consistent with substantially younger animals,
a pilot was performed to view CGRP/S1008 phenotypes and aSyn levels at 12 — 14 weeks of
age. This preliminary data suggested that young A53T*" mice exhibit elevations in aSyn in
PGP9.5+ myenteric neurons, and apical crypt CGRP-ir and S100B+ cell quantities, similar to old
(> 9 mo old) A53T*- mice (Fig. 21A, B). Therefore, further analysis of young vs. old A53T+"

animals was not performed.
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WT A53T*- WT
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Figure 21. Young A53T*- mice exhibit similar aSyn, CGRP, and S100B phenotypes as
old A53T+" mice. (A) Young A53T*"mice have elevated aSyn levels in PGP9.5+ myenteric
neurons similar to old A53T*"mice. (B) Young A53T+"mice have increased S100B-ir and

apical CGRP-ir similar to old A53T*" mice. Scale bars for A are 10 um, Scale bars for B are

20 um S100B = calcium binding protein B, CGRP = calcitonin gene related peptide, WT =
wild type.

Apical S100B-ir and CGRP-ir cells are non-proliferative.

Investigations next sought to determine if the apical elevation of CGRP+ / S1003+ cells was due
to enteric glial cell proliferation. Animals were treated with EAU 24 hr prior to sac and was
developed after post-hoc IHC for anti-S100p8 (Fig. 22A, B) or CGRP (Fig. 22E, F) which

revealed minimal co-localization between EdU+ cells and S100B+ cells in WT (15.5% +/- 2.8) or
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A53T*" (16.2% +/- 3) (Fig. 22C) and CGRP+ cells in WT (7.6 +/- 1.9) or A53T*" (7 +/- 1) (Fig.

22G). There was no difference in total cell proliferation between WT (30 +/- 3.2) and A53T*"
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Figure 22. S1008+ and CGRP+ cells are not co-localized with EdU in WT or A53T+"
mice. (A) S100B-ir and EdU in WT colon. (B) S100B-ir and EdU in A53T*" colon. (C)
Quantification of the percentage of S100B-ir area containing EdU. (D) Quantification of EAU+
cell count per crypt. (E) CGRP and EdU in WT colon. (F) CGRP and EdU in A53T*" colon.
(G) Quantification of the percentage of CGRP-ir area containing EdU. Scale bars are 25 pym,
n =6 (3 male, 3 female).

(30.3 +/- 2.6) mice (Fig. 22D).

Discussion:

The importance of gut-brain signaling in PD has been increasingly recognized, with
gastrointestinal dysfunction often preceding motor symptoms. Using a transgenic A53T mouse
model of PD, the current study points towards CGRP influencing the accumulation of enteric
aSyn, an effect potentially influenced by reactive enteric gliosis. By identifying factors like CGRP
that facilitate aSyn accumulation in the gut, this research provides further evidence supporting

the gut is a critical area for investigation on the origins of PD.
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A pesticide model of PD using rotenone in mice has shown an upregulation of CGRP in
myenteric neurons (Templeton et al, 2025) and PD patients have increased levels of CGRP in
CSF (Svenningsson et al, 2017). Furthermore, previous work has demonstrated increased
aCGRP immunoreactivity in apical colonic crypts and elevated aSyn levels in aCGRP+ neurons
and fibers (Templeton et al, 2025). The present study found similar increases in colonic apical
CGRP-ir associated with elevated aSyn in A53T mice, suggesting that dysregulation of enteric
CGRP may contribute to aSyn aggregation similar to that seen in PD patient derived neuronal
cultures (Calabresi et al, 2023; Lin et al, 2021). The observed elevation in myenteric neuronal
aSyn in response to CGRP treatment in both wild-type and A53T*" mutant mice suggests a role
for CGRP in facilitation of enteric aSyn aggregation, regardless of pre-existing aSyn levels and
PD-like pathology. Additionally, stool levels of CGRP correlated with increased age only in
A53T*mice suggesting that CGRP is released as aSyn accumulates and disease progresses.
Antagonizing CGRP receptors can reduce aSyn levels in the brain (Na et al, 2020), further
supporting the role of CGRP in aSyn aggregation dynamics. The CGRP — aSyn interaction
observed in the present study opens an arena for investigating peripheral modulation of
synuclein aggregation via enteric neuropeptides.

Immune dysregulation resulting in systemic inflammation has been implicated in PD
(Harms et al., 2017), yet specific mechanisms through which it modulates disease are not fully
understood. Microglia in the CNS and enteric glial cells in the ENS have been implicated in PD
pathology (Clairembault et al., 2014; Rocha et al, 2023). The brains of PD subjects have
increased levels of activated microglia in areas with increased pathologic aSyn (McGeer et al,
1988), and the distribution of aSyn+ astrocytes parallel the distribution of Lewy bodies (Braak et
al, 2007). Additionally, S100B, a calcium-binding protein, expressed on astrocytes and enteric
glial cells is increased in the CSF and substantia nigra of PD patients (Sathe et al, 2012). S1003
has also been associated with the onset and maintenance of inflammation in the gut (Esposito

et al, 2007; Cirillo et al, 2009). Furthermore, PD subjects have elevated GFAP immunoreactivity
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in colon biopsy samples, pointing towards an activated glial phenotype (Clairembault et al.,
2014; Rosembaum et al., 2016). In the present study, increased quantities of S1008-ir and
CGRP-ir in the colonic mucosa of A53T*" mice was predominantly enteric glial cells that were
expressing CGRP, pointing towards an activated enteric glia phenotype. This was further
supported by elevated quantities of S100B in stool of A53T+" mice. When added to colonic
slices from wild type animals, CGRP increased mucosal S1003+ cell quantities and
CGRP/S1008-ir co-localization in-line with A5S3T mutant mice. This mirrors clinical phenotypes
of PD where subjects have increased quantities of enteric glial cell expression of GFAP in the
colonic wall (Clairembault et al, 2014). The observed glial hyperplasia following CGRP
treatment was only significant in wild-type colon slices, while slices from A53T*" mice had
higher baseline levels of S100B-ir. One explanation for this could be that A53T+" mice may have
an impaired inflammatory response that alters how enteric glial cells respond to external signals
such as CGRP. It is also possible that A53T+" animals are at a maximum ‘capacity’ of enteric
glial cells at baseline, and treatment with CGRP is done in a tissue environment with minimal
physical space for expansion or energy resources. Furthermore, data point towards the elevated
quantities of mucosal enteric glial cells as likely being a migration event to the apical mucosa,
rather than a proliferative one, as enteric glia and CGRP+ cells did not take up the thymidine
analog EdU. There was also no difference in cell proliferation between WT and A53T*" animals
as seen by similar EdU+ cell numbers. Preliminary data pointed towards these enteric neural
phenotypes being seen as early as 3-months of age in AS3T mice, emphasizing the need for
earl development studies in this animal model of PD.

In summary, our findings suggest that CGRP is involved in promoting aSyn
accumulation in the enteric nervous system, and its dysregulation, along with glial activation,
may play a critical role in PD pathogenesis. Targeting peripheral CGRP signaling pathways

could offer a potential therapeutic strategy to reduce enteric aSyn aggregation, an approach
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particularly apt for early stages of disease, when peripheral aSyn accumulation may be a

precursor to disease progression.
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DISCUSSION

Overview

The gut is essential for overall health, serving not only as the center for digestion and
nutrient absorption but also playing a crucial role in immune support, microbial balance, and
metabolic regulation. In the last 15-20 years, the concept of gut health has become increasingly
popular as the knowledge of the gut’s involvement in more than just digestion has become more
widely available and accepted (Bischoff, 2011). Scientific investigations along with the food and
drug industries have highlighted the importance of maintaining a balanced microbiome and diet
to avoid impairment of intestinal barrier as this may lead to increased risk of developing various
diseases, including autoimmune disorders (Akobeng et al, 2020; Christovich and Luo, 2022),
inflammatory bowel disease (Michielan and D’Inca, 2015), and neurodegenerative conditions
like Parkinson’s Disease (Braak et al, 2006; Kim et al, 2019; Holmqvist, 2014).

Traditionally, Parkinson’s Disease (PD) was thought of as a disorder confined to the
central nervous system (CNS). Despite the high prevalence of Gl issues in PD, including
constipation, visceral pain, and bloating, Gl symptoms were largely overlooked in clinical
practice until the late 1970s, only becoming clinically relevant due to side effects associated with
the use of dopamine pathway modulators like levodopa (Parkes et al., 1971). Not until the new
millennium did the search for explanations concerning the potential role of the peripheral
nervous system (PNS) and Gl involvement in PD pathogenesis gain momentum (Braak et al.,
2006; Braak et al., 2003). In 2003, Heiko Braak postulated that PD pathology, and specifically
aSyn aggregation, began in the gut and traveled to the brain via the vagus nerve. In support of
this hypothesis, aggregated aSyn has been found throughout the Gl tract in PD subjects (Braak
et al., 2006; Potsuma et al., 2012; Beach et al., 2016; Lebouvier et al., 2010; Pouclet et al.,
2012; Sanchez-Ferro et all. 2015). Additionally, pathological aSyn can propagate bidirectionally

between the brain and gut via the vagus nerve (Van Den Berge et al., 2019). Four months after
169



injection of aSyn pre-formed fibrils (PFFs) into the duodenal wall, phosphorylated aSyn
pathology was increased in the DMV and several brain areas including the SNpc (Van Den
Berge et al., 2019). Fibrils of aSyn injected into the striatum can propagate anterograde to the
colon within one month, primarily via the vagus nerve (Wang et al., 2022). Additionally,
dysregulation of gut barrier integrity has been described in PD subjects and multiple animal
models and may contribute to disease progression. Increased intestinal permeability (Davies et
al., 1996; Schwiertz et al., 2018) and barrier structural alterations (Clairembault et al., 2015)
have been correlated with increased mucosal aSyn (Forsyth et al., 2011). These results support
the hypothesis of vagal bidirectional communication between the gut and brain resulting in
propagation of aSyn. While it is clear that there is a gut-brain connection in PD, investigations
into the gut-brain axis are relatively new. Therefore, methodologies to study gut homeostasis
and pathogenesis are still evolving creating a need to develop models that accurately capitulate

in vivo physiology.

Ex Vivo Models

The gut is a complex organ composed of epithelial, immune, and neural elements that
work synergistically to digest and absorb nutrients while protecting the body from potentially
detrimental external stimuli and pathogens. Ex vivo models of the gut involve removal of the
organ from the body while maintaining the patterned 3D architecture of crypts and villi, multi-
cellular diversity, and microenvironment seen in vivo. However, when ex vivo tissues are
cultured in a dish, the barrier between luminal contents and the gut wall is lost. Utilization of
dual-flow microfluidic devices to create two channels separated by gut explants enables this
physical barrier to be maintained. This microfluidic device creates a valuable model to study
questions related to barrier integrity, however, is more time-consuming, costly, and lower
throughput than organotypic slices. Utilization of both microfluidic devices and organotypic

slices in my investigations enabled me to study gut physiology within the context of PD using
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differential experimental paradigms, one with a maintained epithelial — luminal barrier, allowing
studies on perturbations of the barrier itself, and another without barrier maintenance but with
neural and immune networks more readily accessible for investigation.

The work discussed in Section 1 built upon previous work in the lab utilizing iterations of
a microfluidic device and an organotypic slice model that highlighted the importance of the
microbiome on regulation of gut wall health and physiologic oxygen concentrations for
preservation of microbiota (Schwerdtfeger et al., 2016; Schwerdtfeger et al. 2019, Richardson et
al., 2020; McLean et al., 2018, Martinez et al., 2022). The devices described in Section 1
included the luminal addition of inulin, a soluble fiber to “feed” the microbiome, and sodium
sulfite, an oxygen scavenger, to decrease oxygen to more in vivo — like levels. In addition,
media was custom-made in house to contain physiological glucose levels of 4 mM versus
traditional culture media with ~25 mM glucose. The combination of inulin, lower glucose levels,
and in vivo oxygen concentration, resulted in improved maintenance of neuronal populations not
accounted for in other ex vivo on-chip device culture systems (van Midwoud et al., 2010; Kim &
Ingber, 2013). Despite the benefits of physiological oxygen levels for microbiome and mucosal
health, sodium sulfite is an anti-microbial and may impact the microbiome. Another important
modification to the previous device design was the use of 50 um pore Nitex above and below
the tissue explant held with quick-setting cyanoacrylate to securely hold the tissue explant in
place. This allowed for the elimination of nicardipine, a calcium channel blocker that was
previously used to keep the tissue from pulling out of position in the device by eliminating
intestinal smooth muscle contractions (Richardson et al., 2020). Nicardipine is an L-type calcium
channel blocker used previously in our laboratory to modulate or inhibit muscle contractions in
gut organotypic slices (Schwerdtfeger et al., 2016). Calcium channels play vital roles in several
cellular physiological functions by allowing controlled transport of calcium across the plasma
membrane, such as muscle contraction and neurotransmitter release (Cooper & Dimri, 2022).

By eliminating the need for nicardipine, a variable potentially impacting physiological processes
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downstream of gut contractions was removed, providing a more accurate modeling of the in vivo
physiological environment. Many ex vivo models do not preserve organ structure beyond 24 hr
and/or do not maintain a range of cell types including immune and neural components (de
Kanter et al., 2005; van Midwoud et al., 2010; Kim & Ingber, 2013). The specifications
implemented into our device that accounted for luminal environment, oxygen concentration,
nutrient availability, and contractility, resulted in a physiologically relevant model that maintained
epithelial cells, immune cells, neuronal fibers, and tight junctions for 72 hr. The microfluidic
devices described in Section 1 will enable study of intestinal physiology and disease in a
physiologically complex gut culture system with potential for use in the later stages of drug
development pipelines.

My work in refining our gut-on-chip ex vivo model instilled an interest in further
understanding barrier tissue function within the context of a pathologic phenotype known as
leaky gut. Breakdown of the gut epithelial barrier and mucus layers became of particular interest
as these tissue elements are associated with multiple diseases including, inflammatory bowel
diseases (IBD) (Michielan and D’Inca, 2015), autoimmune diseases such as celiac disease
(Akobeng et al, 2020; Christovich and Luo, 2022), neurodegenerative disorders such as
Alzheimer’s and Parkinson’s Disease, (Braak et al, 2006; Kim et al, 2019; Holmqvist, 2014;
Caradonna et al, 2024), multiple sclerosis (Schwerdtfeger et al., 2025), and
neurodevelopmental disorders such as autism spectrum disorder (Min et al, 2022). When
developing a means to trigger leaky gut in our microfluidic organotypic device cultures, it was
important that it could be applied to multiple disease states / animal models of disease.
Therefore, we chose collagenase, an enzyme naturally secreted by gut bacteria to induce a
leaky gut phenotype. Addition of broad-spectrum bacterial collagenase in the luminal media
successfully recapitulated hallmarks of leaky gut seen in human patients such as decreased
tight junction proteins and increased epithelial permeability (Cherwin & Templeton et al., 2023;

Way et al., 2024; Davies et al., 1996; Schwiertz et al., 2018; Clairembault et al., 2015).



Despite its value in recapitulating a ‘leaky gut’ phenotype, the microfluidic organotypic
device only provided readouts of barrier breakdown post hoc after culture via
immunohistochemistry, or with an outside assay on media effluents to determine fluorescein
concentrations in media across flow chambers (Martinez et al., 2022). A highlight of the device
described in Chapter 2 was the incorporation of trans-epithelial electrical resistance (TEER)
enabling monitoring of barrier permeability in real time. Traditionally, TEER has been used on
cell monolayers, devoid of the complex three dimensional and heterogenous cellular
environment of barrier tissues in vivo. Existing devices capable of long-term explant viability are
limited to data observed after the tissue is removed from the device, 48 h or more after it was
dissected from the animal (Dawson et al., 2016; Richardson et al., 2021; Martinez et al., 2022).
Incorporating TEER measurements inside our microfluidic device increased the temporal
resolution of changes in barrier function that might be caused by external perturbations (e.g.,
infection or chemical irritation). Preservation of tissue viability and the ability to characterize
barrier permeability in real time addresses important drawbacks in existing live tissue barrier
permeability devices.

Since the microfluidic device successfully recreated a leaky gut phenotype, future
studies will be aimed at utilizing specific matrix metalloproteinases (MMPSs) to create a leaky gut
model with relevance to peripheral pathogenic mechanisms involved in PD etiology. MMPs are
versatile endopeptidases that degrade many extracellular matrix and non-matrix proteins
(Rempe et al., 2016) and in the context of PD, MMP1 is a host collagenase found in gut
epithelia, mucosa, submucosa and muscularis externa (Biel et al., 2023) that cleaves aSyn into
fragments with increased likelihood of aggregation (Levin et al., 2009). GelE is the bacterial
equivalent of MMP1 secreted by bacteria including Enterococcus faecalis which is routinely
reported to be elevated in the microbiome of PD patients (Fan et al., 2022; Weis et al., 2019; Li
et al., 2022). GelE also activates host MMPs leading to a further compromised intestinal

epithelial barrier and subsequent inflammation (Shogan et al., 2015). Therefore, future studies



harnessing our microfluidic devices to investigate the peripheral production of pathogenic aSyn
fragments should utilize MMP1, GelE, or other enzymes with potential to disrupt barrier integrity

and induce intestinal neuroinflammation.

CGRP as a key to PD

While disruption of intestinal barrier integrity is a key peripheral phenotype of PD,
growing evidence suggests that peripheral and central innate immune responses, cellular
inflammation, and antibody production contribute to neurodegeneration in PD (Harms et al,
2017). Recent research suggests that peripheral immune activation can lead to immune cell
infiltration in the brain (Greenhalgh et al., 2020) as well as increases in cytokines that can cross
the blood brain barrier to activate microglia (Fani Maleki and Rivest, 2019). Elevation of pro-
inflammatory cytokines such as, IL1B, IL6, and TNFa have been detected in the serum and
cerebral spinal fluid of PD patients (Nagatsu et al., 2000; Schroder et al., 2018). Additionally,
aSyn has been shown to trigger immune activation (Alam et al., 2022) and exhibits
chemoattractant activity towards macrophages, neutrophils, and dendritic cells in humans, and
mouse neutrophils and microglial cells (Stolzenberg et al., 2017; Wang et al., 2015). In the
brain, aSyn released from neurons activates microglia which can lead to chronic
neuroinflammation (Zhang et al., 2005; Kim et al., 2013). Following immune challenge with
norovirus infection, the amount of aSyn in enteric neurons was shown to be correlated with
degree of inflammation as measured by increases in polymorphonuclear and mononuclear
immune cells, in the intestinal wall. Therefore, it is thought that enteric neuronal aSyn is induced
as a consequence of immune challenge (Stolzenberg et al., 2017). However, mechanisms
underlying this peripheral immune activation in the Gl tract of PD subjects are currently
unknown.

Following a pilot experiment using rotenone as a model of PD, the neuropeptide

calcitonin gene related peptide (CGRP) stood out as a potential player in enteric PD pathology
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due to the presence of apical CGRP immunoreactive “fireworks” in the rotenone treated colon.
This phenotype drove me to read deeper into neuropeptide involvement in PD. Alterations in
CGRP have been closely linked to various disease states that are strongly associated with PD,
including IBD (Pascual-Mato, 2024), migraine (Juhasz et al, 2005), and increased CNS aSyn
(Na et al, 2020). CGRP is also thought to play a large role in the neuro-immune axis through
inducing shifts in immune cell recruitment, proliferation, and cytokine release (Assas et al.,
2014). Results in Section 2 pointed towards CGRP as being critical in aSyn accumulation in the
gut as well as regulation of neuro-immune and neuro-epithelial interactions.

Utilizing a rotenone model of PD, results from Chapter 4 revealed elevated apical CGRP
following rotenone treatment in both males and females that was associated with elevated aSyn
in these fibers. However, females had a greater elevation in both apical CGRP and aSyn in
these CGRP fibers. Sex differences in cellular and physiological level functions are common
and must be considered in the investigation of disease pathology. Investigating diseases like PD
which show sex differences in presentation, incidence, and severity, underscores the necessity
to consider basal physiologic sex differences when designing basic science studies on PD or
considering therapeutic choices. Females with PD exhibit faster disease progression and higher
mortality rates than males (Dahodwala et al., 2016). In addition, females with PD report more Gl
symptoms with higher severity, (Chang et al., 2023; Xiao-Ling et al., 2021; Picillo et al., 2021)
including constipation and abdominal pain. Aggregation of aSyn in the intestinal wall alters gut
immune populations (Perez-Pardo et al., 2018), and sex differences in immune responses are
abundant systemically (Klein et al., 2016), and peripherally in the gut mucosal immune system
(Schwerdtfeger & Tobet, 2021). The greater increase in apical CGRP in rotenone-treated
females provides a focal point highlighting CGRPs potential involvement in the higher incidence
of visceral pain observed in female PD patients. Uncovering sex specific alterations in enteric
neuronal populations, underscores the importance of considering sex as a biological variable

while investigating prodromal Gl symptoms.
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Along with alterations in CGRP and aSyn following rotenone administration, changes
were seen in specialized epithelial cells responsible for producing and secreting mucus known
as goblet cells. Rotenone treatment resulted in fewer apical goblet cells that were increased cell
size. The impact on goblet cells was more pronounced apically, coinciding with the greater
CGRP fiber density after rotenone. One explanation for the association between elevated gut
mucosal CGRP and aSyn driven constipation is through regulation of mucus production by
goblet cells. Not only does enteric mucus play an important role in barrier health, but it also acts
as lubrication to promote intestinal transit. One of the earliest symptoms of PD is often
constipation (Adams-Carr et al., 2016; Cersosimo et al., 2013). While acute stimulation of goblet
cells serves as a protective mechanism to bolster the mucosal barrier in response to pathogens
(Newberry & Lorenzo, 2005), chronic stimulation may lead to goblet cell mucus depletion
contributing to dysregulation of the intestinal barrier and constipation. The findings described in
Chapter 4 demonstrate a potential pathway for sex selective neuronal-epithelial interaction
between CGRP and goblet cells secondary to elevated enteric aSyn, identifying a potential
contributor to Gl dysfunction in PD.

My findings in the rotenone model of PD prompted further investigation into the role of
CGRP in aSyn accumulation in the gut. Utilizing a genetic A53T model of PD and ex vivo slices,
results from Chapter 5 revealed that CGRP treatment increased aSyn in myenteric plexus
neurons in both wild-type and A53T*" mice suggesting a role for CGRP in facilitation of aSyn
aggregation, regardless of whether the animal already had pre-existing aSyn accumulation and
PD pathology (e.g., A53T+*" animals). By identifying specific factors like CGRP that may facilitate
aSyn accumulation in the gut, this research provides further evidence supporting the gut-brain
axis as a critical area for investigation in PD.

Along with elevations in apical CGRP and aSyn, A53T*" mice exhibited increased
numbers of S100b+ glial cells and increased S100b levels in stool consistent with an activated

enteric glial cell (Rosenbaum et al., 2016) seen in PD patients with elevated GFAP
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immunoreactivity (ir) in colon biopsy samples (Clairembault et al., 2014). Interestingly, A53T+"
mice also had increased colocalization of CGRP and S100b. When treated with CGRP, S100b+
cell number and S100b/CGRP colocalization increased in wild-type mice only. A53T+" mice had
higher levels of S100b-ir than wild-type mice before CGRP treatment. One explanation for this
could be that A53T+- mice may have an impaired inflammatory response that alters how enteric
glial cells respond to CGRP. It is also possible that A53T+" animals are at the maximum carrying
capacity of enteric glial cells at baseline, and treatment with CGRP leaves no room or energy
resources to expand the already expanded glial population. In contrast, wild-type tissue may
have a more controlled inflammatory response and thus show more robust enteric glial
response when treated with CGRP.

Finally, | wanted to determine if elevated aSyn preceded changes in CGRP and S100b
or if changes in CGRP and S100b preceded elevations in aSyn. A53T*" mice exhibit linear
increases in aSyn load in the substantia nigra with age (Oaks et al., 2013). Therefore, a pilot
experiment was performed to ascertain whether the CGRP/S100b phenotypes and aSyn levels
were present at young age, 12-14 weeks old, before a heavy aSyn burden appeared.
Preliminary data suggested that young A53T*"- mice exhibited elevations in aSyn in PGP9.5+
myenteric neurons, elevated apical CGRP-ir, and increases in mucosal S100b+ cells similar to
aged (e.g., 9-12 months) A53T+" mice. These results suggest that elevated aSyn may precede
the CGRP/S100b phenotypes, however, studies using even younger mice will need to be
performed in the future. While the relationship between enteric aSyn and CGRP/S100b remains
obscure, results from Chapter 4 indicate a clear role for CGRP and S100b in Gl pathology seen
in mouse models of PD.

Currently, there are no cures for PD and only symptomatic treatments that often become
ineffective over time. Since Gl symptoms arise years before motor dysfunction, understanding
mechanisms of enteric aSyn pathophysiology is crucial for identifying early diagnostic markers

and novel therapeutic targets.
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