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Abstract

The search for an understanding of the causal elements that lead to neurodegenerative dis-
eases has motivated researchers for decades. Alzheimer’s disease (AD) was first clinically
described in 1906 by Alois Alzheimer, who observed the first patient’s decline for four years
and subsequently assessed morphological and biochemical alterations in the brain tissue.
Today, it is the most prevalent form of dementia and affects approximately fifty million people
worldwide, with only 5% of patients carrying causal genetic mutations. A significant research
effort over the last fifty years has identified early-onset clinical biomarkers, developed novel
imaging technologies to study AD in live patients, and yielded an understanding of the risk
factors and genetic predispositions that can lead to Alzheimer’s disease. The latter has led to
the development of pre-clinical animal models of AD that further enable in-depth research
with a capacity to manipulate genetics, lifestyle and treatment.

In recent years, studies of animal models as well as observations in humans have brought the
gut microbiome to the forefront of AD research, as a significant contributor to the develop-
ment of Alzheimer’s disease. In fact, the gut microbiome is now understood to be a modulator
of health and disease in numerous areas of physiology, including energy metabolism, im-
munity, endocrinology, and most relevant to this thesis, brain health and cognition. The gut
microbiome is a complex environment composed of symbiotic bacteria, fungi and viruses
(the microbiota) that produce a wide range of signalling molecules that are interpreted both
by members of the microbiota and by the host (the microbiome). The host-gut interface is an
ecosystem that consists of bi-directional signals and pressures applied by both constituents
in order to maintain symbiotic homeostasis. Significant deleterious effects on health occur
when homeostasis is lost, which may take place due to a variety of factors. These include host
genetic factors and environmental factors, such as diet. Modulation of the gut microbiome has
become a potentially viable therapeutic avenue for Alzheimer’s disease, though it currently
remains at the early stage of discovery.

The first part of this thesis aims to contribute to the field of microbiota modulation and its ther-
apeutic outcomes in neurodegenerative diseases. I characterize the evolution of Alzheimer’s
disease in the 5xFAD mouse model under conventional rearing conditions, with a focus on
the gut microbiome and on cognitive decline and brain biochemistry. In addition, I describe
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Abstract

for the first time the power of co-housing healthy and AD animals to significantly impact
gut microbiota composition and hallmarks of AD in aged animals. This form of microbiota
modulation is accompanied by strict gnotobiotic rearing conditions, whereby germ-free and
low-complexity bacterial cocktails were implemented in the 5xFAD model. In this part of the
study, I outline the effects microbiota modulation on hallmarks of AD and provide insights
into the metabolite profile of the brain altered by the microbiota and AD.

The work in this thesis was equally motivated by the development of diagnostic tools using
microscopy techniques. Biochemical assessments of disease status and progression provide
information pertaining to "what" is interacting and "how much" this affects disease. With
microscopy, we may gain the additional knowledge of "where" physiological constituents are
and how they interact with the surrounding environment.

I describe a novel multi-modal microscopy pipeline that enables the observation of signals of
interest in large volumes and at high resolution with a capacity to cross-reference regions of
interest in both modalities. The pipeline, known as gutOPT, consists of a sample preparation
workflow compatible with mesoscale optical projection tomography (OPT) of fluorescently-
labelled targets and subsequent imaging of pre-selected regions of interest in high-resolution
modalities, such as confocal microscopy. I outline an optimized OPT optical setup for imag-
ing the mouse intestine and demonstrate its applicability for imaging components of the
organized immune system of the gut known as gut-associated lymphoid tissues.

Key words: Alzheimer’s disease, 5XFAD model, microbiota, microbiome, conventionally-raised,

germ-free, gnotobiotic, bacterial cocktails, microscopy, optical projection tomography, gut-
associated lymphoid tissues
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Résumé

La compréhension des éléments causaux qui conduisent aux maladies neurodégénératives
motive les chercheurs depuis des décennies. La maladie d’Alzheimer (MA) fut décrite clinique-
ment pour la premiere fois en 1906 par Alois Alzheimer, qui a observé le déclin comportemen-
tal de la premiere patiente reconnue et qui a ensuite étudié les altérations morphologiques et
biochimiques du tissu cérébral. Aujourd’hui, il s’agit de la forme de démence la plus répandue,
touchant environ cinquante millions de personnes dans le monde, avec seulement 5 % de
patients étant porteurs de mutations génétiques causales. Au cours des cinquante derniéres
années, d'importants efforts de recherche ont permis d’identifier des biomarqueurs cliniques
précoces, de mettre au point de nouvelles technologies d’imagerie pour étudier la maladie
d’Alzheimer chez des patients vivants et de mieux comprendre les facteurs de risque et les
prédispositions génétiques qui peuvent conduire a son développement. Ce dernier point a
conduit a la mise au point de modéles animaux précliniques qui permettent des recherches
approfondies avec la possibilité de manipuler la génétique, le mode de vie et les traitements
appliqués.

Ces derniéres années, les études sur les modeles animaux et les observations chez ’homme
ont mis le microbiome intestinal au premier plan en tant que facteur important au dévelop-
pement de cette maladie. Le microbiome intestinal est un modulateur de la santé dans de
nombreux domaines physiologiques, notamment le métabolisme énergétique, I'immunité,
I'endocrinologie et la santé du cerveau, dont la mémoire et la cognition. Le microbiome in-
testinal est un environnement complexe composé de bactéries, de champignons et de virus
symbiotiques (le microbiote) qui produisent un large éventail de molécules de signalisation
qui sont interprétées a la fois par les membres du microbiote et par I'h6te (le microbiome).
Linterface hote-intestin est un écosystéme constitué de signaux bidirectionnels ayant pour
but de maintenir 'homéostasie symbiotique. Des effets délétéres importants sur la santé se
produisent lorsque ’homéostasie est perdue, ce qui peut se produire en raison d'une variété
de facteurs. Il s’agit notamment de facteurs génétiques de I'hote et de facteurs environnemen-
taux, tels que I'alimentation. Ainsi, la modulation du microbiome intestinal est devenue une
avenue thérapeutique potentiellement viable pour la maladie d’Alzheimer, bien qu’elle reste
actuellement au stade de la découverte.



Résumé

La premiere partie de cette thése vise a contribuer au domaine de la modulation du microbiote
et de son potentiel thérapeutique dans les maladies neurodégénératives. Je caractérise I'évolu-
tion de la maladie d’Alzheimer dans le modele de souris 5xFAD dans des conditions d’élevage
conventionnelles, en mettant I’accent sur le microbiome intestinal, le déclin cognitif et la
biochimie du cerveau. Je décris pour la premiere fois une modulation microbiale par le biais de
la cohabitation d’animaux sains et d’animaux atteints de la maladie d’Alzheimer. Je démontre
I'impact significatif de cette cohabitation sur la composition du microbiote intestinal et sur les
caractéristiques de la maladie d’Alzheimer chez les animaux agés. Pour démontrer la viabilité
de cocktails probiotique en tant que traitement potentiel de symptomes cognitifs, le méme
modele (5xFAD) fut élevé sous des conditions sans-germes et gnotobiotiques. Je décris les
résultats observés due a ce type de modulation du microbiote sur les caractéristiques de la
maladie d’Alzheimer et je donne un apercu du profil des métabolites du cerveau influencé par
le microbiote et la maladie d’Alzheimer.

Les travaux de cette thése ont également été motivés par le développement d’outils de diag-
nostic utilisant des techniques de microscopie. Les évaluations biochimiques de I’état des
symptdémes de la maladie d’Alzheimer fournissent des informations sur "ce" qui interagit
et "dans quelle mesure" cela affecte la maladie. Grace a la microscopie, nous pouvons ac-
quérir des connaissances supplémentaires sur "l’endroit" ou se trouvent les constituants
physiologiques et sur la fagon dont ils interagissent avec le milieu environnant.

Je présente une configuration de tomographie par projection optique (OPT) optimisée, per-
mettant I'imagerie de I'intestin de souris et je démontre son applicabilité pour I'imagerie
de structures organisées du systeme immunitaire intestinal. Je décris un nouveau pipeline
de microscopie qui permet ’observation de signaux d’'intérét dans une modalité a grands
volumes et une autre a haute résolution avec une capacité de référence croisée des régions
d’intérét dans les deux modalités. Le pipeline, connu sous le nom de gutOPT, consiste en
une préparation d’échantillons d’intestins de souris compatible avec la tomographie par
projection optique (OPT) a I’échelle millimétrique et 'imagerie ultérieure de régions d’'intérét
présélectionnées dans des modalités a haute résolution, comme la microscopie confocale.

Mots clés : Maladie d’Alzheimer, modéle 5xFAD, microbiote, microbiome, sans-germe, gnoto-
biotique, cocktails microbiaux, microscope, tomographie par projection optique
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|§ Introduction

Neurodegenerative diseases are an increasingly prevalent health affliction that not only affect
the patient but also their entourage. Its societal burden has grown as populations have
aged, thus making our search for diagnostic and therapeutic tools a global public health
priority. The etiology of neurodegenerative disease is complex and in some cases, such as
Alzheimer’s disease (AD), has yielded few concrete treatment options for patients. However,
the recently understood involvement of the microbiome in modulating the development
of neurodegeneration has opened a new and hopeful field of study in both pre-clinical and
clinical research.

In this thesis I investigate gut microbiome alterations in the context of Alzheimer’s disease
using the 5xFAD mouse model. Multiple methods of gut microbiota modulation are imple-
mented and their effects on hallmarks of AD are examined. With this research, I advance
the field’s understanding of the bi-directional dynamics of the gut-brain connection and
how the gut microbiota may be manipulated in the hopes of providing treatment options for
Alzheimer’s disease.

Furthermore, I address the need for novel diagnostic tools by presenting a multi-modal three-
dimensional microscopy pipeline with the capacity to concatenate high-volume mesoscale
imaging of the gut with high-resolution confocal microscopy. With this method, termed
gutOPT, I hope to provide a novel diagnostic pipeline for tissues in the centimetre range,
originating from pre-clinical models or clinical biopsies.

This thesis is structured as follows:

Chapter 1 will introduce the main topics covered by the research presented in this thesis. I
will outline the hallmarks of Alzheimer’s disease and introduce the 5XxFAD animal model. T will
describe the complex host-gut ecosystem whose capacity to modulate health and disease is
becoming increasingly clear. Having gained an understanding of this ecosystem, its physiolog-
ical connection to the brain will be explored, with an interest in how the gut microbiome has
been reconsidered as a therapeutic axis in disease contexts. As will be discussed early on, diag-
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nostic tools for the assessment of Alzheimer’s disease severity and progression remain limited,
especially for mesoscale observations. Hence, the power of microscopy to elucidate structural
and functional parameters of the gut will be introduced. Chapter 2 presents the research I
performed on the link between the gut microbiota and Alzheimer’s disease in conventionally-
raised animals, as well as the effects I observed as a result of gut microbiota modulation. In
chapter 3, the development of the optimized optical projection tomography setup for imaging
mouse intestine is described, with a proof-of-concept two-channel measurement of the gut
autofluorescent structure and stained vascular network along five centimetres of intestine.
Chapter 4 outlines the gutOPT sample preparation and multi-modal acquisition pipeline,
with which large-volume and high-resolution cross-referenced observations of regions of
interest can be acquired. To demonstrate the usefulness of this workflow, I present the first
millimetre-long uninterrupted acquisition and reconstruction of gut-associated lymphoid
tissues. I also illustrate the value of label-free OPT scans to characterize mucosal structures
of the intestine by applying virtual unfolding and image processing of villi density. Finally,
concluding remarks and perspectives are given in chapter 5.

1.1 Alzheimer’s Disease

1.1.1 Human Alzheimer’s Disease

Dementia is a syndrome most visibly characterised by a steady decline in cognitive function,
including memory, that eventually leads to significant disability (1). The most common form of
dementia is Alzheimer’s disease (AD), representing up to 70% of the 50 million dementia cases
worldwide. Diagnostic tools have evolved in recent years to improve diagnosis confidence
prior to death, including for example live patient functional and structural brain imaging
techniques. However, the very common co-occurrence of AD with other morbidities, such as
vascular dementia or Lewy Body disease, makes diagnosis a very complex process (2). A full
understanding of the etiology of AD continues to elude researchers, which has led to a very
low success rate in therapy development and ultimately no cure existing today.

The hallmarks of Alzheimer’s disease, summarised in figure 1.1, center around two proteinopath-
ies characterised by the extracellular aggregation of amyloid-§ peptides into amyloid plaques
and the intracellular accumulation of phosphorylated tau protein into neurofibrillary tangles.
The combination of aggregated tangle-positive neurons surrounding amyloid plaques forms
neuritic plaques (3) that contribute to the complexity of AD’s proteinopathic presentation.
Pathophysiological processes, such as angiopathy (4; 2), neuroinflammation (5) and cognitive
decline (6; 7), arise due to these local cellular disturbances and lead to a generalised imbalance
in brain physiology characteristic of Alzheimer’s disease.
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Figure 1.1 — The Hallmarks of Alzheimer’s disease in Humans and the 5xFAD mouse model
Pathophysiological hallmarks of AD are summarised in the center, with the overlapping region
encompassing symptoms that are induced in the 5XxFAD model. On the left is an overview
of AD prevalence and etiological statistics in the human disease. On the right is a list of the
familial AD mutations implemented to generate a model form of AD as well as a timeline of
symptom development. Abbreviations: AD [Alzheimer’s disease], FAD [familial Alzheimer’s
disease], EOAD [early-onset Alzheimer’s disease], APP [amyloid precursor protein], PSEN1
[presenilin 1], PSEN2 [presenilin 2]

Sources: (8); World Health Organization Dementia (1); Alzforum Research Models 5xFAD
(C57BL6) (9); Figure design is author’s own, created using Biorender.

The majority of Alzheimer’s disease cases are sporadic and have no associated genetic pre-
dispositions (figure 1.1, left). On the other hand, less than 5% of cases are linked to genetic
mutations that either confer familial AD (FAD, (10)) or are risk factors for early-onset AD
(EOAD, (11)). Familial AD is caused by mutations in the genes that encode enzymes directly
involved in the truncation of the trans-membrane amyloid precursor protein (APP), as shown
in figure 1.1. Subsequent cleaving of the APP by -secretase and y-secretase leads to the
production of 42 peptide-long amyloid-f fragments capable of seeding the formation of
plaques (12). Known familial AD mutations with loci within the amyloid precursor protein and
the presenilin-1 sub-unit of y-secretase (13; 14) increase the activity of this amyloidogenic
pathway and lead to the over-production of pathogenic AS fragments.
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Figure 1.2 — Amyloid-f formation through the truncation of the amyloid precursor protein
The formation of amyloid-f fragments relies on the subsequent truncation of APP by S-
secretase and y-secretase. Abbreviations: APP [Amyloid precursor protein], SAPPS [soluble
APP-B], CTEB [C-terminal fragment ], AB [amyloid ], AICD [APP intracellular domain]
Sources: Figure design is inspired by (15) , created using Biorender.

1.1.2 Animal Models of AD

The discovery of genetic mutations with significant associations to Alzheimer’s disease (16; 17;
18) led to the creation of disease models in animals ranging from rodents (19) to insects (20)
and nematodes (21). Several murine models of AD exist and vary in the landscape of imple-
mented genetic mutations as well as their phenotypic presentation. In particular, the range of
phenotypic hallmarks, such as amyloid plaques and neurofibrillary tangles, and the speed at
which these develop can vary widely. The 3xTg model is an example where both amyloid and
tau pathology develop, as well as gliosis and cognitive impairment (22). The cognitive decline
occurs by four months, thus preceding amyloid plaque and tau build-up, but does not repre-
sent a learning deficiency otherwise more aligned with pathology observed in humans. Some
widely used models, including the APPPS1 (23) and 5xFAD (24) models, rely solely on amyloid
plaque formation to cause an AD phenotype. Phenotypic presentation is similar in these two
models, with onset of amyloid plaques occurring within 6 weeks and cognitive impairment
becoming detectable by the Morris water maze at approximately 7 months. Comparatively, the
5xFAD model presents a more complex cognitive phenotype with motor deficits and reduced
anxiety (25) being recorded as well as spatial working memory impairments (26). For this
reason, the 5XxFAD model was selected for the studies presented in this thesis.
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In the 5xFAD mouse model, five mutations are implemented to target neurons: three in APP
(named Sweden, Florida and London after identified hot-spot regions for each mutation)
and two in presenilin-1 (M146L and 1286V after the localisation of the mutation within the
PSEN1 gene) (13; 14). As a result of these mutations, the 5xFAD mouse is a robust model
of amyloidosis-dependent Alzheimer’s disease. The phenotypic hallmarks common to hu-
mans and the 5xFAD model, with a timeline of their presentation, are outlined in figure 1.2
(right). Cerebral structural deficits include early-onset deterioration of the myelin surrounding
axons (27), region-specific axonopathy (28), amyloid angiopathy and microvascular inflamma-
tion (29) culminating to neuronal loss in cortical and subiculum regions (24). The subiculum,
being a part of the hippocampal formation, plays a key role in mediating the interaction be-
tween the hippocampus and cortex (30), with evidence supporting that connectivity between
these regions influences recollection at old age (31).

The presentation of inflammation in the 5xFAD model is central to its phenotype (32; 33; 34),
with treatment methods targeting inflammation showing successful remediation of amyloid
plaque deposition (34), neuronal loss (35) and cognitive impairment (36). This last hallmark
is of particular diagnostic interest in pre-clinical research due to its deleterious significance
in humans. In the 5xFAD model, spatial memory is significantly impacted from mid- to late-
life (24; 37; 38; 25). Other forms of observed cognitive decline include increased anxiety (25),
social avoidance and aggressivity (39), motor deficits (40) and auditory processing loss (41).

Despite similarities existing in the phenotypic presentation between animal models and the
human disease, central hallmarks are often absent. In the 5xFAD, this includes tau phosphory-
lation and neurofibrillary tangle development. Preclinical models offer significant advantages
for one’s ability to robustly manipulate genetics and environment, and to study specific organs
and behaviours as well as their response to treatment. However, they do not replicate the
intricate complexities of the true disease found in patients. As a result, this context must be
accounted for whilst making system-wide interpretations of scientific results.

1.2 The Host-Gut Ecosystem

The gut microbiome is composed of numerous elements that exist and interact with the host
to create a symbiotic relationship when in equilibrium. The abundance of these elements
and the system’s interactive cues are largely impacted by the host’s environment starting from
birth and spanning one’s lifetime (42). The singular nature of each individual’s experiences
and their inherently personal genetic makeup means that the gut microbiome is unique as
well as exceptionally complex.

This fundamental uniqueness considered alongside the increasing commonality of Alzheimer’s
disease in today’s society causes a question to arise. How can an entity characterized by such
unique features be strongly associated with a disease affecting so many? We may begin to
understand this concept when considering the host-gut microbiome interface as an ecosystem
that amounts to more than the sum of its parts.



Introduction

1.2.1 Components of Ecosystems

Ecosystems are defined as "a complex of living organisms, their physical environment and
the interrelationships" within that environment (Encyclopedia Britannica). Living organisms
are the biotic components of the ecosystem that interact with the physical environment
through abiotic (non-living) components (figure 1.3). In figure 1.3 (A), a typical example of
an ecosystem is shown. Resources such as the sun, temperature and molecules are abiotic
contributors that are consumed and transformed by biotic elements, i.e. plants and animals.

We draw a parallel between this classical ecosystem to outline the elements and connections
that make up the host and gut microbiome in figure 1.3 (B). Here, the abiotic constituents
are raw dietary materials and host- and microbiota-derived metabolites, respectively acting
as a source of complex fibers necessary for metabolism and as signalling molecules. The
biotic components of the host-gut microbiome ecosystem originate from distinct spaces on
either side of the gut lining. Examples of host-gut interactions include immune cells and
host metabolites crossing into the lumen to facilitate physiological function and to ensure
equilibrium and symbiosis with the biotic components of the gut microbiome are maintained.
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Figure 1.3 — The Host-Gut Ecosystem Explained in Terms of a Traditional Ecosystem
Ecosystems are made up of abiotic (a) and biotic (b) components that circulate within webs
to efficiently and sustainably use resources for life. The framework of a commonly described
ecosystem, as displayed in A, can be applied to the host-gut microbiome ecosystem and
simplify its understanding as in B.

Sources: A is modified from (43). B is author’s own, inspired by A. Created using Biorender.

Early studies of the gut microbiota in health and disease contexts focused on the composition
and relative abundance of the bacteria harboured in relevant regions of the gastro-intestinal
(GI) tract. As this field has expanded, so too has our understanding that the ecosystem as a
whole is crucial. Figure 1.4 provides an overview of the main communication axes that make
up the host-gut ecosystem, these being immunity, energy metabolism and the connection to
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the nervous system and will all be discussed henceforth.

1.2.2 Immunity

Host immune function at the gut lining is the physiological frontline maintaining homeostasis
in the gut between host cells and the bacteria, fungi and other symbionts colonising the
lumen. Cell type-specific modes of action range from pathogen detection by microfold (M)
and dendritic cells, targeting and segregation of pathogens by secreted immunoglobulin A
(sIgA) and their destruction and removal by recruited neutrophils (44; 45) (figure 1.4).

The gut microbiome contributes to the stimulation of host immune responses via the pro-
duction of short-chain fatty acids (SCFA), that are able to activate inflammasomes through
G-protein coupled receptors (GPCR) at the epithelial lining. This stimulation also leads to an
increased production of mucus by goblet cells, improving the physical barrier between the gut
lining and pathobionts, as well as the release of sIgA.

Antimicrobial peptides (AMP) are another means by which the host regulates gut microbiota
population. Once released, their mechanism of action can range from suppression of cell
division, inhibition of microbial metabolism or interruption of ATP synthesis (46). Interestingly,
self-regulation of bacterial populations is also possible via the production of bacteria-derived
AMPs known as bacteriocins (46).

As a whole, immunity is a principal effector of host-mediated modulation of gut function and
gut microbiota population homeostasis. Furthermore, immune responses at the gut lining are
heavily influenced by various other factors that fall into the energy metabolism and nervous
system branches of this ecosystem. The effects of microbiota dysregulation on immune
function has been observed at relatively distant sites, such as the brain. Microglia are the main
immune cell type in the brain and have been found to depend on microbiota-derived short-
chain fatty acid sensing for maturation and activity modulation (47). Microglial dysfunction is
also observed in neurodegenerative diseases (48), such as Alzheimer’s disease (34; 49), thus
forming another axis by which gut microbiota modulates brain health.

1.2.3 Energy Metabolism

The bidirectional host-gut modulation of energy metabolism is grounded in the gut’s main
role of harvesting energy from ingested food. The main symbiotic axis linking the microbiome
and the host is the capacity for microbes to metabolize complex carbohydrates through
fermentation processes (50). This catalysis increases the accessibility of nutrients locked in
dietary fiber and leads to the bi-product release of short-chain fatty acids.

As mentioned previously, SCFAs are powerful signalling molecules that in this context can
be directly taken up as an energy source or induce paracrine signalling cascades through G
protein-coupled receptor stimulation in white adipose tissue as well as epithelium-resident
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Figure 1.4 — Principal Axes of the Host-Gut Ecosystem The main physiological axes through
which host-gut cross-talk occurs are immunity, energy metabolism and nervous system sens-
ing. Each axis has a multitude of effects localised both in the gut and throughout the whole
organism. The bidirectional nature of the interactions and their widespread influence has led
to the gut microbiome being linked to the healthy development of organisms. As is shown in
this figure, numerous physiological pathways are involved in maintaining host-gut homeosta-
sis ranging from physical aspects of the gut (e.g. gut motility and permeability) to the efficient
harvest of nutrients from diet. As will be made evident throughout the ensuing discussion,
each branch is heavily interlinked thus highlighting the complexity of this ecosystem.
Abbreviations: M cell [microfold], sIgA [secreted immunoglobulin A], AMP [anti-microbial
peptide], GPCR [G protein-coupled receptor], SCFA [short-chain fatty acid], WAT [white
adipose tissue], GLP-1 [glucagon-like peptide 1], PYY [peptide tyrosine tyrosine], L cell [en-
teroendocrine], EC cell [enterochromaffin], BA [bile acid], BAT [brown adipose tissue], LPS
[lipopolysaccharide], HPA [hypothalamus-pituitary-adrenal], ENS [enteric nervous system],
NT [neurotransmitter].
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enteroendocrine (L) and enterochromaffin (EC) cells (figure 1.4). These specialised tissues
and cells produce hormones that directly influence aspects of gut health such as gut motility,
and appetite and satiety. Leptin is one such hormone produced in adipose tissue that when
secreted reduces lipid absorption, stimulates intestinal motility and has an important role
in modulating inflammatory processes in the gut (51). Enteroendocrine cells produce a
number of other hormones, such as PYY and GLP-1 which are capable of regulating satiety
and food intake as well as gut transit time (52). Enterochromaffin cells, located within the
gut epithelium, sense their environment and are triggered by molecules such as SCFAs to
produce serotonin. Serotonin is best known as having neurotransmitter properties but in
the gut acts in endocrine pathways to closely regulate motility (53). Gut motility and satiety
are the main physiological processes modulated by the pathways described here. They are
extremely important as they affect the intake of raw materials and the length of time the host
and the gut are exposed to them, respectively.

Another important class of molecules that play a key role in the host-gut ecosystem are bile
acids (BA). They originate from the catalysis of cholesterol in the liver and are delivered to
the GI tract to facilitate lipid breakdown and absorption (54). Prior to delivery in the gut, bile
acids are in their primary conformation and once there are transformed by members of the
gut microbiota to secondary bile acids. These secondary bile acids can be detected in various
tissues that harbour the appropriate receptors, as is summarised in figure 1.4. Via BA stimula-
tion, lipid storage is influenced by white adipose tissue, whilst energy expenditure and insulin
sensitivity are controlled both by brown adipose and muscle tissue. Additionally, secondary
BA signalling triggers insulin secretion and GLP-1 modulation from the pancreas (54).

Evidently, all of the involved pathways significantly impact the host’s metabolic system. Fur-
thermore, this links gut microbiota function to several diseases such as obesity and diabetes,
which are known risk factors for numerous co-morbidities including Alzheimer’s disease (55).
Thus, two major signalling molecules either produced or modified by members of the gut mi-
crobiota are able to directly influence host energy metabolism through wide-ranging pathway
involvement. This highlights the importance of the raw materials that shape gut microbiota
populations by providing an ideal environment for some over others.

1.2.4 The Nervous System

The nervous system branch of the host-gut ecosystem is composed of neural connections
between the gut and the brain that involve the central nervous system (CNS), the autonomic
nervous system (ANS) and the enteric nervous system (ENS).

Within the CNS, sensory networks transmit signals to the brain that largely lead to efferent
neurons implementing physiological responses (56). One of the core CNS pathways between
the gut and brain is the adrenal-pituitary-adrenal (HPA) axis, which mediates stress responses
via step-wise signalling through each of the HPA constituents, leading to the eventual release
of cortisol (57). Stressors, for example pro-inflammatory cytokines, will activate the HPA



Introduction

axis in order to address the physiological needs in the gut. HPA adrenal cortisol release at
these sites affects various intestinal effector cells including immune cells, epithelial cells,
enteric neurons and enterochromaffin cells. As has been mentioned previously, these cell
types are also under the influence of the gut microbiota, thus revealing one of the underlying
mechanisms responsible for the bidirectional communication of the gut-brain connection.

The vagus nerve is the most prominent component of the autonomic nervous system involved
in the gut-brain axis (GBA). It can be stimulated by various gut-derived ligands, including
SCFAs, neurotransmitters and hormones secreted by enteroendocrine cells in response to
microbiota-derived lipopolysaccharide (LPS) stimuli (58). Its efferent roles include the reg-
ulation of gut motor and secretory functions, more specifically gut permeability, whilst its
afferent effects are closely linked to complex host behaviour due to its direct communication
with the limbic system. By connecting to the limbic system, the vagus nerve enables the gut
to influence fear and arousal responses in the amygdala, memory and spatial recognition in
the hippocampus as well as olfactory and sensory motor functions in the limbic cortex (56).
As will be discussed in further sections, the direct effect of the gut microbiota on cognitive
health, including on memory, makes the gut microbiota a highly relevant area of research in
neurodegenerative diseases.

The enteric nervous system constitutes a GI tract-spanning network of ganglia interconnected
by nerve fibers (59), whose particular structure and function vary according to organ-specific
niche development. In the small intestine, the ENS has extensively evolved to detect nutri-
ents, modulate epithelial secretion of various molecules including bioactive peptides and
hormones, influence intestinal barrier integrity and more (60). One of the prominent physio-
logical functions fulfilled by the ENS is the coupling of exocrine secretion with microvascular
circulation in response to neurotransmitters mostly originating from afferent neurons as well
as epithelial cells (59; 60).

1.3 Evidence of Gut-Brain Dysregulation in Neurodegenerative Dis-
orders and Therapeutic Targets

The relevance of gut-brain homeostasis in the maintenance of health and the development
of disease has become increasingly evident alongside our understanding of the host-gut
ecosystem. Having provided an overview of the axes connecting the gut and the brain, we
progress to examples of the organism-wide impairments that can arise when a dysregulated
gut-brain axis contributes to disease. Autism spectrum disorder (ASD) is an important example
of this, as studies of this syndrome’s gut-brain characteristics were seminal in bringing the
gut microbiome to the forefront of neurological disease research. The current status of the
gut-brain link and associated therapeutic approaches for ASD, Parkinson’s and Alzheimer’s
disease will be presented.
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1.3. Evidence of Gut-Brain Dysregulation in Neurodegenerative Disorders and
Therapeutic Targets

1.3.1 Autism Spectrum Disorder

Autism spectrum disorder is characterized by stereotyped behaviour, communication deficits
and a diminished capacity for social interaction starting from childhood (61). As well as
exhibiting significant neurological symptoms, it is a disorder that consistently presents with
GI tract disturbance, such as constipation or diarrhoea (61). Other gut-related symptoms
include severe disruption of gut barrier permeability (62), detection of bacterial products (e.g.
LPS) in the bloodstream (63; 64) and alterations in gut microbiota diversity as well as the loss
of anti-inflammatory microbiota constituents (e.g. Bacteroides) (65).

Therapeutic interventions targeting the gut have proven effective in alleviating some symp-
toms of ASD. An important consequence of the cognitive symptoms of ASD is a difficulty in
implementing a varied diet, thus leading to deficiencies in dietary fiber and anti-oxidant com-
ponents (66). Diet supplementation with, for example, omega-3 fatty acids or levocarnitine
was able to improve ASD symptoms (67; 68). Probiotic supplementation, i.e. the innoculation
of living bacterial cocktails, with either simple (one/two species) or multi-bacteria cocktails
was shown to improve gut barrier integrity and restore a normal immunomodulation of cy-
tokines (69). In a six-month-long study testing probiotic efficacy, cognitive improvements
were also observed independently of improvements observed in the gut (70). A more ag-
gressive approach to modulating the gut microbiota is microbiota transfer therapy (MTT),
involving fecal material transfer (FMT). This technique is controversial as its effectiveness in
treating inflammatory bowel disease has been shown in isolated studies (71) but variability in
efficacy and adverse effects remain of concern. Nevertheless, a recent trial performed MTT
in children with ASD with a 2-year follow up that showed long-term improvements in both
gastro-intestinal and ASD symptoms (72).

1.3.2 Parkinson’s disease

Parkinson’s disease (PD) is the second-most prevalent form of neurodegenerative disease (73).
Clinical symptoms center around motor dysfunction caused by nerve cell damage and a
subsequent decrease in dopamine production in the basal ganglia (73), otherwise known as
the control center for movement, balance and coordination. The gut-brain axis has been
implicated in PD as dysregulation of the enteric nervous system, gastrointestinal symptoms
such as constipation (74) and prolonged transit time (75), and gut microbiota dysbiosis have
been shown to precede motor deficits (76; 77; 78). Evidence of specific microbial community
alterations (79; 80; 81; 82) and short-chain fatty acid profiles (83) have been associated with
PD severity and disease outcome.

The efficacy of targeting the gut microbiota as a therapeutic approach for Parkinson’s disease
has shown promise through the implementation of various techniques. Indirect efficacy was
shown through the gut microbiome’s capacity to modulate drug metabolism (84), which
has been shown to influence pharmacokinetics in the treatment of Parkinson’s disease (85).
Direct modification of the gut microbiota, through fecal material transfer, was performed in
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six PD patients with a two-year follow-up (86). Improvements in motor, non-motor and GI
symptoms were observed in five out of six patients within four weeks, with adverse effects
occurring in one of the six. Probiotic and prebiotic interventions have focused on the effect of
supplementing the host-gut ecosystem with health-promoting short-chain fatty acids, such
as butyrate (87; 88). Probiotic supplementation with Clostridium butyricum in a neurotoxic
agent-induced PD animal model revealed the importance of glucagon-like peptide 1 (GLP-
1) in rescuing gut microbiota dysbiosis whilst in parallel improving characteristic motor
and cognitive functions (88). In PD patients, the administration of resistant starch as a
prebiotic aimed to increase SCFA levels, that are typically depleted in PD (87). The 12-week-
long intervention led to a stabilisation in fecal microbiota composition, an increase in fecal
SCFA abundance (particularly butyrate) and a decrease in the bowel inflammation marker,
calprotectin.

1.3.3 Alzheimer’s Disease

The number of studies of the gut-brain connection in Alzheimer’s disease grew exponentially,
as shown in figure 1.5, as the direct impact of the gut on neuroinflammation and its involve-
ment in other neurodegenerative diseases, such as Parkinson’s disease (76), became clear.
Unfortunately, this increase in publications is driven mostly by review articles describing the
potential for the gut microbiota to provide new avenues in the field of neurodegenerative
disease. This imbalance highlights the need for continued original research efforts ultimately
required for novel insights to arise.

In humans, patients diagnosed with dementia due to AD exhibited a decrease in fecal micro-
biota diversity and a distinct composition compared to age- and sex-matched controls (89).
More specifically, the ratio in the two most abundant phyla (Firmicutes and Bacteroidetes)
was inversed in AD. Furthermore, specific genera, including Akkermansia spp., Bacteroides spp.
and Turicibacter spp., showed significantly altered relative abundance. These also correlated
with the presence of AD biomarkers in the cerebro-spinal fluid of patients. Furthermore,
the presence and abundance of pro-inflammatory members of the gut microbiota positively
correlated with amyloidosis in the brain of AD patients as well as peripheral inflammatory
markers (90).

AD-associated gut microbiota alterations are also relevant in preclinical models of AD. Similar
trends in diversity and phylum- and genus-level differences were observed in conventionally-
raised aged APP/PS1 mice (91). The use of a germ-free APP/PS1 model proved the micro-
biome’s capacity to affect model hallmarks of AD, having shown a significant reduction in the
genetically-driven accumulation of amyloid-§ in the brain. Furthermore, the colonization of
germ-free AD mice with cecal contents obtained from conventionally-raised AD mice signifi-
cantly increased amyloid plaque burden compared to when colonized with the microbiota
from healthy mice.

Microbial manipulations in the context of treating symptoms of Alzheimer’s disease have been
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Figure 1.5 — Growth of the field of gut-Alzheimer’s disease research in number of publications
Number of publications per year in Pubmed database between 2000 and 2021 matching the
search query of "gut" and "alzheimer". Data source: pubmed.ncbi.nlm.nih.gov

successful, though not widely prescribed. Approaches to dietary intervention should account
for their positive impact on prominent risk factors of AD such as obesity. Thus, adhesion to a
Mediterranean diet led to improvements in brain matter loss in cognitively normal individuals
atrisk of AD (92). In search of a diet-mediated modulation of inflammation in AD, several
anti-inflammatory ingredients, including curcumin, vitamin D3 and caffeine, were shown to
improve symptoms of AD (93). Probiotic treatments tested in two pre-clinical models of AD
(3xTg-AD mice and rats injected with Af) successfully restored energy metabolism pathways
in the brain, reduced levels of phosphorylated tau (94) and improved spatial learning deficits
and synaptic plasticity (95).

In summary, the potential for therapies targeting the gut microbiota to be successful in
neurodegenerative diseases remains promising but somewhat unclear. Today, we are in the
early stages of implementing therapeutic strategies whilst continually assessing the variability
of efficacy as well as controlling for adverse effects. The continued global research effort
towards a better understanding of the gut-brain connection in diseases such as AD will provide
novel options for early diagnosis and hopefully also for treatment.

1.4 Microscopy Tools to Study the Gut Ecosystem

In recent years, technological advances in microscopy and image processing have enabled
scientists to probe biological processes through imaging. Due to these advances, microscopy
has evolved from largely qualitative observations of cells and tissues to the production of
high-throughput quantitative data sets in fixed or live tissues (96). A unique advantage brought
by applying microscopy techniques to physiological contexts is the ability to generally retain
native conformations of structural and functional components of interest. Three-dimensional
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data provide the added benefit of contextualising biological signals within tissues in a way that
improves interpretations of physiology. However, the availability of a wide range of microscopy
techniques comes with inevitable technical constraints related to specimen preparation and
staining that must be considered during modality selection and the resulting interpretation.

Traditionally, the study of biological processes focuses on interpreting molecular and/or
cellular interactions using biochemical techniques. For example, our approach to assessing
the gut-brain interaction in Alzheimer’s disease entails studies of gut microbiota composition
by 16S rRNA sequencing and of brain metabolites by mass spectrometry. Histopathological
assessment of amyloid- g plaque load is historically appropriate, but novel techniques, such as
optical projection tomography, can provide a holistic view of molecular or cellular interactions
at the organ scale. For example, an understanding of the spatial organisation of amyloid
plaques throughout the brain in the 5xFAD model was revealed by OPT (97; 98).

Imaging modalities applied to the gut usually span the microscopic scale, with the ability
to image epithelial and bacterial cells at varying resolutions (99; 100; 101; 102; 103). Re-
cently, light-sheet microscopy (LSM) has garnered much interest for its capacity to produce
3-dimensional images with high resolutions (in the range of 2-15 micrometers (104)). Further-
more, its adaptation for the acquisition of fluorescent signals, known as light sheet fluorescent
microscopy (LSFM), has made it compatible with previously established fluorescent labelling
methods. Centimetric volumes can be acquired by LSM, though this requires the concatena-
tion of microscopic acquisitions that is time-consuming and produces heavy data sets.

Within the host-gut ecosystem, an example of a spatially relevant entity composed of spe-
cialised structures is immunity. Gut-associated lymphoid tissues (GALT), which include Peyer’s
patches (PP) and isolated lymphoid follicles (ILF), form hubs for continuous monitoring of lu-
minal signals and rapid pathogen detection and destruction within the intestinal mucosa (105).
The relevance of these structures in understanding the host-gut ecosystem’s immune network
is underlined by the dependence of ILF maturation on gut microbiota training (106; 107). The
distribution of GALTs throughout the intestine has mostly been described by 2D local visual-
ization using methods such as brightfield microscopy, scanning electron microscopy, confocal
microscopy and stereomicroscopy (108; 109; 110; 105; 111). Three-dimensional studies of
lymphoid cells using LSFM have revealed the importance of cell trafficking in a mouse model
of inflammatory bowel disease (112).

The functional relevance of intestinal structures such as GALTs cover distances that go beyond
a few centimetres. The mesoscopic scale of optical projection tomography, as well as its capac-
ity for fluorescence signal acquisition, make it an ideal modality for studying large volumes of
intestine. Despite a reduced resolution relative to modalities such as LSM, reduced data acqui-
sition and processing times are advantageous. However, immune disturbances are driven by
coordinated clusters of cells and the importance of observing these at high resolution cannot
be denied. Therefore, to address the need for high volume and high resolution observations of
the gut’s immune system, OPT is concatenated with confocal microscopy in our novel gutOPT

14



1.4. Microscopy Tools to Study the Gut Ecosystem

pipeline. Additionally, the procedure of clearing reversal should be compatible with other
high-resolution imaging modalities, thus making gutOPT adequate for the development of a
multi-modal imaging pipeline.

In this thesis, I will present a novel application of optical projection tomography developed to
probe functionally pertinent structures in the gut. The rotational image acquisition of optical
projection tomography proved to be suited to the tubular shape of the gut. Furthermore, an
updated setup design aimed to optimize the resolution was achieved to the reduced depth of
field of the gut compared to larger samples previously imaged by OPT (for example the mouse
brain (97)).
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Y4 Effect of Gut Microbiota Modulation
in a Model of Alzheimer’s Disease

The work presented in this chapter is the result of a multi-disciplinary research effort within
the framework of the AD-gut Horizon 2020 Consortium (adgut.eu). The goal of the project
was to reach a better understanding of gut microbiota composition alterations resulting from
early-onset Alzheimer’s disease mutations in the 5xFAD mouse model. Furthermore, we aimed
to investigate the therapeutic potential of gut microbiota modulation in AD using two methods.
In one, the power of cohousing 5xFAD (Tg+) mice with healthy (Tg-) littermates was observed,
whereby microbiota composition was altered in wild-type cohoused groups compared to
those separately housed. In the other, strict germ-free and gnotobiotic conditions were put
in place, with the aim to test the effects of two different low-complexity bacterial cocktails in
the 5xFAD model. The gut ecosystem encompasses varied classes of metabolites that directly
impact host health at the gut lining but also at distant sites. Thus, we hypothesised that one
major axis by which the gut microbiota is modulating brain health is through metabolomic
transport and signalling. Our investigation of brain metabolites revealed genotype-dependent
differences in the abundance of a number of compounds derived from ingested products in
conventionally-raised conditions. Low-complexity groups, whose AD phenotype is reduced,
do not exhibit a genotype dependence in the abundance of these metabolites in the majority
of cases.

Arielle L. Planchette, Alessio Mylonas, Francesca Ronchi, Terry Mueller, Monica Iacchizzi,
Andrina Rutsch, Olena Prykhodko, Stephen Burleigh, Thao Duy Nguyen, Tannaz Ghaffarzade-
gan, Ling Cao, Raffaele Vitale, Katrin Freiburghaus, Cedric Bovet, Martina Zanella, Frida
Fak-Hallenius, Andrew Macpherson, Aleksandra Radenovic, Mercedes Gomez de Aguero, "Ef-
fects of Gut Microbiota Modulation in a Model of Alzheimer’s Disease" Submitted to Scientific
Reports (October 2021)

A.L.P. wrote the bulk of the manuscript in close collaboration with A.M., ER., M.G. and A.R..
The same team collaborated on the combined data analysis, synthesis and preparation of
figures. The author contributions to the experiments in the manuscript can be found in the
methods section. The project was supervised and guided by M.G., A.Mac. and A.R.
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Chapter 2. Effect of Gut Microbiota Modulation in a Model of Alzheimer’s Disease

2.1 Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disease and occurs most
frequently in the elderly (113). Characteristic hallmarks of AD include the accumulation of
amyloid-beta plaques and cognitive decline. Genetic mutations that alter the proteolytic
processing of the amyloid precursor protein (APP) have been implicated in causing either
an early (114) or late onset (115) familial form of Alzheimer’s disease (fAD). Mutations in the
APP (17) and its proteolytic processing lead to an increased deposition of amyloid-beta (Af)
in plaques. Despite important advances in our understanding of APP (116), we still lack a
satisfactory understanding of the aetiology of AD.

Recently, the gut microbiome has been implicated in the development of neurodegenerative
diseases including Multiple sclerosis (MS) (117; 118), Alzheimer’s disease (AD) (91), Parkinson’s
disease (PD) (76) and Autism Spectrum Disorders (ASD) (119). These findings have made it
relevant to investigate the gut microbiome as a potential source of diagnostic biomarkers and
as a therapeutic route. Previously, it was shown that the lack of a microbiome is protective
of plaque deposition in AD (91), demonstrating the functional role of the gut microbiota
in Alzheimer’s disease progression. It is established that as the microbiota composition is
altered, so too are the host’s microbial-derived metabolites (120). However, the extent of
cognitive decline and the involvement of microbial metabolites in the brain have not yet been
investigated.

Additionally, health- or disease-promoting mechanisms, such as biomarkers of AD and inflam-
matory processes, have been associated with the abundance of specific bacteria. Genera that
are more prevalent in AD patients include Blautia and Bacteroides, both of which correlate
with amyloid-beta and phosphorylated tau biomarkers measured in cerebrospinal fluid (CSF)
(89). Conversely, health-promoting genera that are significantly less abundant in AD patients
are Bifidobacterium, Turicibacter (89), Parabacteroides (91) and Akkermansia (121). The
bacterium Akkermansia muciniphila has been of particular interest for its therapeutic impact
as it is consistently less abundant in neurodegenerative diseases (122). For example, in aged
conventionally-raised AD mice, Akkermansia muciniphila relative abundance was negatively
correlated with levels of amyloid-beta 42 in the brain (91). Additional health-promoting bacte-
ria identified in humans and in murine models that are of interest for probiotic formulations
include Roseburia intestinalis, implicated in the production of anti-inflammatory products
(123), Bacteroides thetaiotaomicron known to trigger immunological development in germ-
free models (124), and Lactobacillus reuteri as an immunomodulator capable of reducing
the production of pro-inflammatory cytokines (125). To increase the value of studying the
microbiota in disease contexts, functional studies of the molecular signals that alter host
physiology should be a priority.

In this study, we identify the bacteria characterizing dysbiosis in the conventionally-raised
5xFAD model (24) and follow the microbiome’s evolution throughout AD development, to-
gether with an assessment of the brain metabolite signature at old age. The housing experi-
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mental conditions, that significantly contribute to an organism’s microbiome, are extremely
important in studies of gut microbiota modulation (121; 126; 127; 128; 129; 130; 131; 132).
We aimed to study how housing conditions could influence gut microbiota composition and
neurological symptoms of AD in 5XxFAD mice. We found that amyloid and cognitive symp-
toms of AD were significantly diminished in aged cohoused 5xFAD animals compared to
non-cohoused groups. These occurred in conjunction with changes in the microbiota profile
of both cohoused genotypes, with specific bacteria identified as significantly altered as a
result of cohousing. Finally, we tested whether specific bacteria of the gut microbiota were
effective in treating symptoms of AD in 5XxFAD mice. The two cocktails that we used are Adgut
(Akkermansia muciniphila YL44, Parabacteroides distasonis ASF519 and Roseburia intestinalis
DSM14610) and Cuatro (Escherichia coli K12, Bacteroides thetaiotaomicron ATCC29148, Lac-
tobacillus reuteri 149 and Clostridium clostridioforme YL32). In both gnotobiotic conditions,
symptoms of AD pathology did not worsen compared to animals in germ-free conditions,
even at old age.

2.2 Methods

2.2.1 Animal models

Animals were housed in two separate facilities based on their hygiene conditions. All conventio-
nally-raised groups were specific pathogen free (SPF) at EPFL and experiments were run with
the approval of the Canton of Vaud ethics and veterinary authorities (VD 3448). Standard food
and water were available ad libitum. The gnotobiotic models (germ-free, Adgut and Cuatro)
were housed in individual isolators at the clean mouse facility (CMF) in Bern (BE88/17 and
BE35/2021), with an ad libitum supply of autoclaved food and water. Animal experiments
were approved by the Bern cantonal ethics and veterinary authorities. Contribution: A.L.P.
and A.M.

Two conventionally-raised cohorts were studied at EPFL. In one, animals were separated at
weaning according to 5xFAD genotype, with two groups of cages containing only one genotype
and a control group with co-housed animals. Non-cohoused groups are annotated WT-WT or
Tg-Tg depending on the genotype present, whilst cohoused groups are WT-CH for cohoused
wild-type littermates and Tg-CH for cohoused 5xFAD transgenic animals. The separately-
housed cohort was performed once, whilst the cohoused cohort was repeated once (two
iterations in total). Contribution: T.M., M.I,, A.R., ER. and M.G.

2.2.2 16S sequencing of the gut microbiota

Longitudinal feces collections were performed at time points designed to probe early (16
and 24 weeks) and late (32 and 42 weeks) stages of Alzheimer’s disease. Individual mice were
placed in a clean cage and fecal pellets were collected, flash frozen and stored at -20°C until
sequenced. Contribution: A.L.P.
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V4 16S rRNA sequencing was used to probe gut microbiota composition, with sample process-
ing performed according to the Illumina sequencing pipeline requirements.

16S relative abundance data was interpreted using ANOVA-simultaneous component analysis
(ASCA, (133)), with age and genotype as filtering factors. Ten thousand permutations were
computed with the number of samples from the smallest group. Principal component sep-
aration for the group as a whole was observed and the corresponding loading values were
analysed to identify bacteria significantly associated with genotype and/or age. Contribution:
S.B.,O.P,L.C,,EE

Pearson correlation analysis was performed on the complete 16S profile of the selected groups
and plotted using Graphpad Prism. Contribution: A.L.P.

2.2.3 Cognitive testing

The Morris Water Maze was performed in conventionally-raised females at the four time-points
selected for our study. The test is preceded by three days of 2-minute handling sessions by the
experimenter. The test was performed over five days, with four days of training followed by
one recall session. The training phase consisted of six 2-minute trials per mouse separated by a
30-minute period. During these trials, the mice freely explored the pool with no input from the
experimenter. After two minutes, mice were guided to the platform and remained there at least
15 seconds before being returned to the cage. If the mice found the platform and remained
on it at least 3 seconds, they were removed by the experimenter. The recall test consisted of a
2-minute trial during which the platform was absent and the experimenter assessed searching
characteristics exhibited by the mouse. Gnotobiotic animals (germ-free, Adgut and Cuatro)
were tested at 42 weeks of age under SPF conditions as a terminal experiment. Contribution:
A.L.P.

2.2.4 Amyloid-f plaque quantification

Upon excision, a portion of the brain was fixed in 10% Formalin at room temperature for
4 hours and cryo-protected in 30% sucrose at 4°C overnight. The samples were frozen in
optimal cutting temperature compound (OCT) on dry ice and 25 micrometre-thick sections
were collected using a Leica CM3050S cryostat and mounted on charged glass slides. To
stain the amyloid-f plaques, slides were primed in 70% ethanol for 1 minute, followed by a
20-minute dark incubation in 0.1% Thioflavin S (CAS 1326-12-1, Acros Organics 213151000)
dissolved in 70% ethanol filtered through a 0.22um filter. After a wash step, slides were
mounted with Fluoromount G (Southern Biotech 0100-35) and a 60x20mm glass coverslip.
Slides were imaged in an Olympus VS120 slide scanner at 10X magnification illuminated with
a DAPI filter for 200ms. Individual plaques and brain tissue regions were segmented using a
pixel classifier in the Qupath whole-slide image processing software (134). The ratio of plaque
relative to brain area is calculated within Qupath and extracted for all samples using a program
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in python with Qupath integration. Contribution: A.L.P.

2.2.5 Metabolomic Analysis

The metabolic profile was probed in the brain by untargeted ultra-performance liquid chro-
matography high resolution mass spectrometry (UPLS-HRMS). Metabolites with high-quality
peaks were cross referenced with an in-house database and annotated when the metabolite
identity was certain. Standard fold change analysis was performed using the MetaboAnalyst
tool, with a minimum threshold of 2-fold difference and a 95% confidence limit. Contribution:
ALP,KE,CB,M.Z. and R.V.

2.3 Results

2.3.1 Gut microbiota composition is altered in the 5XxFAD model

Animal rearing conditions were set up such that 5xFAD transgenic positive (Tg+) and negative
(Tg-) littermates were born from a 5xFAD Tg+ father and a Tg- mother, as shown in figure 2.1
(A). At weaning, mice were separated according to the 5xFAD genotype so that the two groups
were separately-housed (Tg+ SH and Tg- SH). Assessments of AD symptom severity were
performed terminally, whilst feces collection and 16S rRNA sequencing occurred throughout
ageing. The genetically-driven accumulation of amyloid- 8 plaques in the 5xFAD model is able
to induce symptoms of Alzheimer’s disease, such as cognitive decline. Disease severity was
probed at time points designed to span from young (16 and 24 weeks) to old age (32 and 42
weeks) testing both females and males. Amyloid plaques were stained with thioflavin S and
imaged in order to quantify plaque burden dynamics throughout the evolution of AD (figure
2.1 (B)). This burden increases with age in Tg+ animals, with wild-type littermates remaining
clear of plaques throughout (figure 2.1 (C)). Cognitive decline was measured using the Morris
water maze and is prominent in females at 42 weeks of age (figure 2.1 (D)), with latency to
the target platform being significantly increased in transgenic animals on day 2 of learning.
Instead, at 32 weeks, the increase in latency in Tg+ SH animals is less pronounced and not
statistically significant (figure 2.1 (D)).

The effect of the 5xFAD genotype on fecal microbiota composition was measured throughout
ageing in littermates that were housed separately according to genotype. Using the multivari-
ate analysis tool ASCA (133), we found that 5xFAD Tg+ genotype significantly influenced fecal
microbiota composition regardless of age (figure 2.1 (E)) and that the greatest divergence in
microbiota profile occurs at the latest stage of AD (figure 2.1 (F)). The 16S profiles of individual
mice show a distinct separation at 42 weeks (figure 2.1 (G)). Using loadings values from the
genotype only (figure 2.1 (H)) and the interaction between genotype and age (figure 2.1 (I)), we
identify bacteria that associate with these parameters. We found that the bacteria Bacteroides
spp., Odoribacter spp., Alistipes spp. and Anaeroplasma spp. were significantly associated
with Tg+ SH mice, whereas Turicibacter spp., Bifidobacterium spp. and Allobaculum spp. were
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associated with the Tg- SH group (figure 2.1 (H-I)). By plotting individual bacteria selected
by the multivariate analysis (figure 2.1(]J)), we observed the varying dynamics of their relative
abundance due to age and 5xFAD genotype. In particular, the majority of bacteria associated
with the Tg+ SH mice show a sudden increase at 42 weeks (figure 2.1(])), at which time both
plaque burden and cognitive decline are advanced.
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housing 5xFAD littermates. (B) Amyloid-f plaque aggregation is shown in representative
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2.3.2 Co-housing 5xFAD and control littermates alters microbiota composition
and reduces severity of AD

Housing is an experimental factor known to significantly impact studies of gut microbiome
composition (135; 136). We conducted experiments with the co-housing condition, as shown
in figure 2.2, to understand how the microbiota and disease development (cerebral amyloid
plaques formation and memory deficits) would be affected. At weaning, animals born from a
5xFAD transgenic positive (Tg+) father and negative (Tg-) mother were separated into three
housing groups: a cohoused (Tg+ CH and Tg- CH) and two separately-housed (Tg+ SH and
Tg- SH) groups (figure 2.2 (A)).

At 42 weeks, a Pearson correlation matrix of the fecal microbiota profile confirms that by
cohousing 5xFAD littermates (Tg+ CH and Tg- CH), the microbiota of Tg- and Tg+ animals
becomes similar to each other and very dissimilar to separately housed Tg- SH animals (figure
2.2 (B)). This distinct separation is further identified by ASCA modelling of the 16S data
including all ages, whereby the significant difference between separately housed genotypes
was lost when animals were cohoused (figure 2.2(C)). When the effect of genotype and age is
analysed, we observed the grouping of Tg- CH, Tg+ CH and Tg+ SH animals from 16 weeks
onwards that evolves into a larger divergence at 42 weeks (figure 2.2 (D)), whilst Tg- SH animals
exhibited no variation throughout. Several genera previously changing due to 5xFAD genotype
were found to be altered by co-housing at 42 weeks of age by plotting loadings along principal
component 1 (figure 2.2 (E)). Individually plotting the bacteria Bacteroides spp., Allobaculum
spp., Alistipes spp., Prevotella spp. and Turicibacter spp., confirmed the trend observed by
multivariate analysis (figure 2.2 (F)). This effect is present but less prominent at 32 weeks
(figure 2.6 in supplementary information).

Alongside altering gut microbiota composition, co-housing significantly reduced the cerebral
amyloid plaque load at 42 weeks compared to levels observed in separately-housed individuals
(figure 2.2 (G)). This is also the case for animals at 32 weeks of age (figure 2.6 in supplementary
information). This suggests that gut microbiota modulation is capable of altering hallmarks of
AD, in spite of the amyloid plaque load being genetically driven in these models. Furthermore,
cognitive decline appears to be influenced by the housing condition. In the Morris water maze
at 42 weeks (figure 2.2 (H)), the significant loss in cognition observed in separately-housed
animals (Tg+ SH) is no longer significant in the cohoused group (Tg+ CH). At 32 weeks (figure
2.6 in supplementary information), cognitive decline is not observed in the Morris water
maze. Our findings clearly suggest that the gut microbiota can modulate brain function under
conventionally-raised conditions.
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Figure 2.2 — Cohousing 5xFAD and control littermates alters gut microbiota composition and
symptoms of AD Comparative analysis of 16S rRNA fecal microbiota composition of cohoused
and non-cohoused animals at 42 weeks, with assessment of changes in AD hallmarks. (A)
Experimental approach for breeding and housing non-cohoused and cohoused 5xFAD litter-
mates. (B) Pearson correlation of 16S profiles for the four housing groups at 42 weeks. (C) ASCA
principal component analysis of the genotype and housing factor along PC1 with 10’000 model
permutations. (D) ASCA PC1 values of interaction between housing condition and age. (E)
Loadings values for individual bacteria with significant association along PC1. (F) Individual
plots for bacteria of interest under the different housing conditions. (G) Amyloid-beta plaques
measured at 42 weeks in cohoused (Tg+ CH) vs separately-housed (Tg+ SH) mice. (H) Latency
to target platform (TPF) on day 2 of the Morris Water Maze in the different housing conditions.
Statistics are two-way ANOVA with Bonferroni multiple comparisons. Cohousing experiment
performed twice.
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2.3.3 The metabolite profile is altered in the AD brain

Microbial communities and their metabolites are known to reach and affect the brain through
the vagus nerve (137; 138) and circulation (139; 140). Therefore, we assessed the effect of
microbiota on brain metabolites. An untargeted approach was implemented using ultrahigh-
performance liquid chromatography combined with high-resolution mass spectrometry
(UPLC-HRMS) to identify brain metabolites in separately-housed 5xFAD transgenic mice
and littermate controls at 42 weeks. The metabolite profiles of Tg- SH and Tg+ SH animals
are distinct and diverge mostly according to principal component 2 (figure 3A). By calculating
fold change with a minimum 2-fold difference and a 0.05 statistical significance threshold, we
identified 31 metabolites, of which 26 were reduced in Tg+ SH brain tissue relative to Tg- SH,
and 15 were significantly more abundant in Tg+ SH animals (figure 2.3 (B)). Some of these
metabolites are classed as pharmacological compounds with, for example, clomipramine
having anti-depressant properties (141). Such metabolites associating with 5xFAD genotype
is perplexing, as they may influence cognition characteristic of the AD phenotype. Thus, a
relevant area of further research lies within the potential for the gut microbiome to influence
the host’s absorption of pharmacological compounds and downstream effects on pathology.
Of those, 11 metabolites altered in 5xFAD brain tissue were found to be derived from dietary
products (figure 2.3 (C)). The majority of these compounds, 9 out of 11, are less abundant in
Tg+ brain tissue compared to the Tg- controls. Several food components and a metabolite
linked to the gut microbiota, 5-(3,4’-Dihydroxyphenyl)-gamma-valerolactone, were identified
(figure 2.3 (C)) (142). The full list of compound classes, exposure routes and known sources
can be found in figure 2.7 in the supplementary information.
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Figure 2.3 — Food-derived metabolites in the brain are altered in the 5xFAD model Untar-
geted metabolomic analysis of brain tissue from non-cohoused mice at 42 weeks. (A) PCA of
metabolite profile with 95% confidence ellipse in non-cohoused (SH) 5xFAD (Tg+) and control
littermates (Tg-). (B) Fold change analysis of metabolites with a significant greater than 2-fold
increase or decrease in the 5XxFAD animals. Metabolites with significant fold change between
genotypes. (C) Significantly altered metabolites that were derived from food products. The
first ten are components of foods whilst the last metabolite, 5-(3',4’-Dihydroxyphenyl)-gamma-
valerolactone, is produced by microbiota metabolism. Statistics are two-tailed T-test.
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2.3.4 Low-complexity gut microbiota compositions significantly influence hall-
marks of AD

Gut microbiota modulation has been proposed as a potential therapeutic target for diseases
affected by the gut microbiota, including neurodegenerative diseases (143). To test the effect
of modulating microbiota composition on hallmarks of AD, we assessed disease severity at old
age in a germ free 5xFAD model and in two models colonized with defined low-complexity bac-
terial cocktails known as Adgut (Akkermansia muciniphila YL44, Parabacteroides distasonis
ASF519 and Roseburia intestinalis DSM14610) and Cuatro (Escherichia coli K12, Bacteroides
thetaiotaomicron ATCC29148, Lactobaccillus reuteri 149 and Clostridium clostridioforme
YL32). The Adgut cocktail was selected based on a previous study highlighting the loss of
Akkermansia municiphila and Parabacteroides distasonis in a model of AD (91), as well as, in
particular, the association of Akkermansa muciniphila with health (121; 144; 145; 61).

Our findings showed that the low-complexity microbiota conditions do not aggravate AD
severity, such as cerebral plaque formation and/or cognitive impairment. Representative
images of brain sections stained with thioflavin S (figure 2.4 (A)) were processed to quantify
amyloid plaque load as a percentage of brain area. Amyloid plaque load at 42 weeks was
significantly reduced in the germ-free, Adgut and Cuatro microbiota conditions relative to
age-matched conventionally-raised 5XxFAD Tg+ mice (figure 2.4 (B)). In the Morris water
maze (MWM) at 42 weeks, cognitive deficits are entirely absent in Tg+ compared to Tg-
littermates in the groups colonized with the Adgut and Cuatro microbiota (figure 2.4 (C)).
Conversely, germ-free animals have a delayed learning curve, whereby latency in Tg+ mice
is significantly different from Tg- controls throughout the test (figure 2.4 (C)). This trend
potentially represents an exacerbated phenotype in the germ-free 5xFAD mice as result of
deficient neural development in the absence of a microbiota (146; 147). This is confirmed and
more evident on day 2 (figure 2.4 (D)).

With the aim to deepen our understanding of the cerebral environment in 5xFAD animals col-
onized with low-complexity cocktails, we analysed the brain metabolite profile by untargeted
mass spectrometry. The brain metabolome in the germ-free, Adgut and Cuatro microbiotas
cluster together by partial least-squares discriminant analysis (PLS-DA) whilst the conven-
tional microbiota forms a separate cluster (figure 2.5 (A)). For this reason, individually plotted
metabolites (figure 2.5 (B)) only include the germ-free and low-complexity microbiota cock-
tails. Many of the food-derived metabolites identified as changing in conventionally-raised
AD mice were no longer affected by genotype in the gnotobiotic groups shown here (figure 2.8
in supplementary information).
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Figure 2.4 — AD symptoms are altered in low-complexity microbiota models Amyloid plaque
burden and cognitive decline at 42 weeks in germ-free, Adgut and Cuatro microbiota con-
ditions, compared to conventionally-raised model. (A) Representative images of amyloid
plaques stained with thioflavin S at 42 weeks of age. Scale bars are 500um. (B) Percentage
of brain occupied by Amyloid- plaque at 42 weeks of age. Statistics are two-way ANOVA
with Bonferroni multiple comparisons. (C) Latency to target platform relative to the healthy
controls for each microbiota condition, with a Tg- baseline that equals 1 for each group. Statis-
tics are two-way ANOVA with Bonferroni multiple comparisons. Table below plot highlight
significant Bonferroni p-values, all others are NS. (D) Latency to target platform on day 2 of
the MWM at 42 weeks. Statistics s are two-way ANOVA with Bonferroni multiple comparisons.
Experiments performed once.

Five food-derived metabolites changed in abundance in Tg+ animals (e.g. cis-aconitic acid,
exo-dehydrochalepin, jubanine A, hordatine B glucoside in the germ-free group and Garcinia
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acid in the Adgut) (figure 2.5 (B)). Interestingly, the trend observed here is inversed from
the changes observed in conventional groups. For example, cis-aconitic acid is significantly

reduced in conventional Tg+ mice (figure. 2.3 (C)), whereas it is more abundant in germ-
free Tg+ animals. Another metabolite derived from food products that was not identified as
significantly altered in conventionally-raised animals was pisumoside B, a component of pea

plants (148). The full list of compound classes, exposure routes and known sources can be

found in figure 2.9 in the supplementary information.
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Figure 2.5 — Brain metabolites in low-complexity microbiota compositions
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metabolomic analysis of brain tissue from germ-free and low-complexity microbiota con-
ditions at 42 weeks. (A) PLS-DA of metabolite profile with 95% confidence ellipse in all
microbiota groups and both genotypes: conventionally-raised, germ-free, Adgut and Cua-
tro. (B) Top 10 significantly altered metabolites, of which six are derived from food products.

Statistics are two-way ANOVA with Bonferroni multiple comparisons.
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2.4 Discussion

The gut microbiome is known to affect the development of multifactorial diseases such
as Alzheimer’s disease, and has increasingly attracted scientific interest in the search for
microbiota-derived therapeutic solutions. In this study, we aimed to investigate gut micro-
biota dynamics in the 5xFAD model of Alzheimer’s disease (AD) reared under varying living
conditions. These aimed to (i) observe an unchallenged microbiota scenario in separately
housed transgenic and wild-type littermates, (ii) examine the modulatory effect of co-housing
on symptoms of AD and (iii) probe the capacity for low-complexity bacterial cocktails to
ameliorate AD symptoms by old age.

In conventionally-raised separately-housed animals, we found significant alterations in the
gut microbiota according to 5xFAD genotype and identified specific bacteria with previously
reported associations in other studies of AD (91; 89; 149; 77). With the aim to observe metabolic
alterations in the AD brain, we identified a panel of metabolites derived from ingested dietary
products reaching the brain from the gut. The observed reduction of AD symptom severity in
cohoused animals provides evidence for the bi-directional nature of host-gut modulation and
supports gut microbiota modulation as a viable therapeutic avenue for disorders of the brain.
As a preliminary test for future probiotic treatment, low-complexity microbiota compositions
were implemented under gnotobiotic conditions. In the Adgut and Cuatro cocktails, amyloid
plaque burden and cognitive deficits did not worsen, compared to germ-free conditions, at
the latest stage of disease.

2.4.1 AD affects gut microbiota composition in a conventional environment

The 5xFAD genotype leads to the rapid onset of Alzheimer-like symptoms that evolve with
age, including the accumulation of amyloid plaques and cognitive decline (figure 2.1). Thus,
this model is an effective pre-clinical model of neurodegeneration that may be used to test
gut-brain interactions in this context. To demonstrate the relevance of the 5xFAD as a viable
model for host-microbiome studies, we characterized AD-associated shifts in feces (figure
2.1). We report microbial dysbiosis in the 5XxFAD model, in line with previous reports in
the APP/PS1 mouse model (91; 149; 77; 150) and in humans (89). Specifically, we find an
increase in the abundance of Bacteroides and decrease in Allobaculum similar to that seen
in feces of the APPPS1 model (149). We also find considerable overlap with genera identified
in humans. These include the wild-type-associated Turicibacter and Bifidobacterium and
the AD-associated Adlercreutzia and Alistipes (89). Several studies have tested the effect of
direct microbiota modulation on gut dysbiosis and symptoms of AD in the 5xFAD model. In
one example, inoculating the Bifidobacterium longum strain effectively reduced gut dysbiosis
and cognitive symptoms (151). In a separate study, sustained antibiotic treatment led to
a reduction in amyloid plaque load and nesting behaviour (152). Thus, the potential for
therapeutic avenues to be found in gut microbiota modulation has begun to be explored in
AD models.
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Our results corroborate that gut microbiota composition is altered in a model of AD. Certain
altered genera, namely Allobaculum, Turicibacter and Bifidobacterium, diverge according to
genotype starting in young mice and prior to the presentation cognitive decline. In addition,
consistently identified bacterial associations across different murine models and in humans
suggest that fundamental biological processes implicated in disease are conserved. Shifts
in gut microbiota composition may be symptomatic of dysbiosis of the gut environment as
a whole, thus we believe the associated microbial metabolites are a compelling biological
process to be further investigated.

2.4.2 Evidence for the bi-directional gut microbiota modulation through cohous-
ing

Cohousing is useful in reducing cage- or littermate-related bias for microbiome studies as well
as a robust method for standardizing a model’s microbiota (130; 131; 136). In this study, we
test if by cohousing 5xFAD animals (Tg+ CH) with wild-type littermates (Tg- CH) symptoms of
AD would be different than the ones assessed in non-cohoused groups (Tg+ SH and Tg- SH).
Cohousing was found to significantly alter fecal 16S profile (figure 2.2), most importantly at
the latest measured stage of AD (42 weeks). At this age, the gut microbiota composition of
cohoused wild-type animals (Tg- CH) is indistinguishable from cohoused and non-cohoused
transgenic littermates (Tg+ CH and Tg+ SH). The age-dependence of this trend suggests a
co-evolution of microbiota modulation with AD symptom severity. Bacteria that were altered
due to genotype in non-cohoused groups, namely Alistipes, S24-7, Allobaculum, Bacteroides,
Prevotella and Turicibacter, were also influenced by cohousing. Thus, we substantiate the
genotype-associated gut microbiota modulation via cohousing and show a directionality effect
with transgenic individuals affecting wild-type microbiota composition.

Co-housing has been assessed as a method for microbiome intervention in other contexts.
In a model of ConA-induced hepatitis, biomarkers for liver damage showed a co-housing-
dependent amelioration in diseased animals (153). Co-housing was also found to exert a
protective effect in NLRP3 -deficient mice by alleviating depressive behaviour (154). In another
example, co-housing modified the gut microbiota composition of type-1-diabetes-susceptible
NOD mice, but did not alter physiological characteristics of the model (155). As well as
affecting the gut microbiota, we found that cohousing led to a significant decrease in amyloid
plaques in cohoused 5xFAD individuals (Tg+ CH) compared with the non-cohoused group
(Tg+ SH). Cognition was altered, with an observed loss of cognitive deficit in cohoused animals
(Tg- CH and Tg+ CH) compared to the separately housed groups in the Morris water maze.
Trends observed in younger mice, at 32 weeks, further implicate the gut microbiota in the
modulation of cognition. At that age, the significant reduction in amyloid plaque burden is
reproduced. However, in the absence of significant divergence in microbiota composition,
cognitive decline is not apparent.
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2.4.3 Altered Brain Metabolite Profile Reveals Pathological Hallmarks of AD

The brain metabolome is known to be influenced by the gut microbiota (119; 156). To inves-
tigate the effects of altered gut microbiota composition in the brain, we aimed to identify
metabolites with potential associations with the gut environment. The animal models stud-
ied here had equal access to food and water, thus the changes we observed in food-derived
metabolites may be due to changes in satiety and/or in metabolism.

A pathological axis of Alzheimer’s that could be linked to changes we observed in brain metabo-
lite profile and the gut environment is inflammation. The compound 1-Isothiocyanato-6-
(methylsulfinyl)hexane (6-MSITC) is found in foods in the Brassicaceae vegetable family,
including cabbage, mustard and wasabi root (148). Functional analyses of 6-MSITC extracted
from the wasabi root have revealed its potent anti-inflammatory and anti-microbial proper-
ties (157). The anti-inflammatory mode of action is mediated by 6-MSITC’s suppression of
cyclooxygenase-2 (COX-2) and downstream cytokine activation (158). Thus, the significant
reduction of 6-MSITC levels in Tg+ brain tissue may signal increased tissue inflammation as a
result of overexpressed inflammatory factors.

In our model, indirect evidence of mitochondrial dysfunction and cell survival is suggested
by AD-dependent changes in the abundance of two key players in the citric acid cycle, cis-
aconitic and garcinia acid (also known as hydroxycitric acid, HCA). Cis-aconitic was increased
in Tg+ separately housed animals and is an intermediate metabolite in the Krebs cycle (159),
levels of which have been used as a metric for mitochondrial respiratory chain deficiency
(160). Cis-aconitic acid regulates the enzymatic activity of itaconate, a decarboxylase en-
zyme responsible for modulating cell growth and survival and exhibiting immune regulatory
function (161). Garcinia acid, found to be less abundant in Tg+ SH brain, is a competitive
inhibitor of ATP citrate lyase, an enzyme responsible for the extramitochondrial catalysis of
citrate to oxaloacetate and acetyl CoA (162), both of which are key compounds in the Krebs
cycle. Furthermore, garcinia acid is a potent modulator of appetite by its ability to increase
the availability of serotonin (163) in the brain. Interestingly, serotonin is also produced in
the gastrointestinal tract by enterochromaffin cells upon stimulation by microbiota-derived
short-chain fatty acids (53). In the 5XFAD brain, we observed a relative decrease in cis-aconitic
and an increase in garcinia acid which strongly suggests changes in mitochondrial function.
This being one of the well-described hallmarks51 and perhaps triggers (164) of Alzheimer’s
disease in patients and in pre-clinical models of AD (165).

Our results suggest that the metabolic processing of dietary products, such as food rich in
cis-aconitic acid and garcinia acid, is a potential source of influence in the development
of mitochondrial pathology, as well as uncontrolled inflammatory processes in Alzheimer’s
disease.
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2.4.4 Low-complexity cocktails influence amyloid plaque burden and cognition

Having established the capacity for gut microbiota modulation to influence hallmarks of AD
under conventional rearing conditions, we tested the efficacy of low-complexity bacterial
cocktails in reducing AD severity. Evidence of probiotic-associated improvements of stress
(166), host immune function (167) and neurological health (168; 169) is given in studies of
pre-clinical models and humans. Since the start of our study, probiotic treatments have been
tested in AD patients and animal models, having shown an effect on cognition, synaptic
plasticity and other physiological mechanisms such as metabolic status (169). However, the
composition of previously tested probiotic cocktails relies on select bacteria that are easy to
culture and have shown an ability to modulate the established microbiota (167) to influence
host health (166). In most cases, probiotic cocktails include mixtures of one to several strains
of Lactobacillus and Bifidobacterium (167; 169; 95; 170).

Our approach to probiotic supplementation differed in that we designed cocktails with the
aim to restore balance and replenish the microbiome with species that have been shown to be
depleted as a result of disease (91). Furthermore, in order to improve our ability to test their
efficacy in ameliorating symptoms of AD, the cocktails were used in gnotobiotic conditions. In
the gnotobiotic environment, no evidence was found of AD-related gut microbiota dysbiosis.
Furthermore, amyloid plaque burden and cognitive deficits were not worsened by supple-
menting with the two low-complexity bacterial cocktails we present, compared to germ-free
conditions.

The Adgut cocktail contains Akkermansia muciniphila YL44, Parabacteroides distasonis
ASF519 and Roseburia intestinalis DSM14610, which were selected based on their associ-
ation with a healthy phenotype in various disease models, including AD (91). In another
study, supplementation with A. muciniphila led to a reduction in amyloid-beta plaques and
an amelioration of cognitive impairments in a model of AD (121). Alone, P. distasonis was able
to influence metabolic status, which plays a role in AD (171; 172) and in obese pre-clinical
models (173). In conjunction, an elevation of A. muciniphila and P. distasonis abundance
resulted in alterations in the brain metabolome, especially affecting amino acid transport
essential to neurotransmitter biosynthesis (174). This trend is confirmed in the 5XFAD model
treated with the Adgut and Cuatro cocktails, as we observe no worsening of plaque burden
compared to germ-free-raised 5xFAD group.

The constituents of the Cuatro probiotic cocktail were selected based on their known asso-
ciations with health in gnotobiology and in humans. The combination of Escherichia coli
K12, Bacteroides thetaiotaomicron ATCC29148, Lactobacillus reuteri 149 and Clostridium
clostridioforme YL32 in this cocktail is based on the implementation of low-diversity gno-
tobiotic models that improve metabolic microbial capacity with a resulting physiological
function similar to that of complex microbiomes (175). B. thetaiotaomicron was associated
with healthy individuals (176) and shown to enhance epithelial and immunological develop-
ment when introduced into a germ-free model (124). L. reuteri is a known immunomodulator
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that reduces the production of pro-inflammatory cytokines (177) and has been successfully
implemented as one of twelve species in the stable Defined Moderately Diverse Mouse Micro-
biota (178; 134) known to reconstitute a healthy phenotype in gnotobiotic conditions (178).
The capacity for the Cuatro microbiota to not exhacerbate symptoms of AD pathology in the
5xFAD model could support the hypothesis that supplementation with health-promoting
bacteria can significantly shift host-gut interactions towards a healthy phenotype. However,
these statements will need to undergo careful in vivo testing in more diverse both defined and
undefined hygiene conditions.

The power of gut microbiota composition to influence brain biochemistry is exemplified in
the separated clustering of gnotobiotic brain metabolomic profile from conventionally-raised
animals. Furthermore, the majority of genotype-dependent metabolite variation observed
in conventional rearing conditions not observed in germ free or low-complexity microbiota
settings. This is evident in trends displayed by cis-aconitic acid. Levels of this metabolite
are increased in the conventional Tg+ SH relative to Tg-, whereas a significant decrease is
observed in the germ-free Tg+ mice. Meanwhile, levels remain unchanged in Tg- groups
regardless of the microbiota composition. These differences suggest that the absence of a
microbiota modulates the effect of genotype on physiological markers, such as metabolites.

2.5 Conclusion

Our findings demonstrate that in AD, gut dysbiosis occurs and influences specific genera
whose sensitivity to AD is conserved across multiple pre-clinical models and in humans. In
conjunction with gut dysbiosis, we observed variations in brain metabolites and identified nu-
merous metabolites derived from ingested products as candidates for microbiota-modulated
brain metabolites in AD. We present two methods of gut microbiota modulation, one being
cohousing mediation and the other through strict gnotobiotic control. With these, we confirm
the role of microbiota composition as a key player in influencing the severity of AD pathology.
Our findings support gut microbiota modulation as a therapeutic intervention in diminishing
amyloid plaque formation and cognitive decline. The colonization with genera known to
impact general health benefits did not exhacerbate plaque load and cognition in the Adgut and
Cuatro cocktails, this could suggest the importance of gut microbiota population dynamics
and the resulting microbiome’s capacity to improve host health; however further studies are
necessary.

Though the majority of experimental results were individually convincing, the overall interpre-
tation of the physiological interactions encountered certain limitations. The implicitness of
directionality in the system is minimal, likely as a result of the system’s multidimensionality
and the big-picture approach taken in this study. Furthermore, the complexity of physiological
networks at the whole organism level makes effect directionality in any biological system chal-
lenging to identify. In some cases, as in the gnotobiotic brain metabolites, experiments would
benefit from increased power. This is particularly pertinent in light of inherent inter-individual
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Figure 2.6 — The prominence of the cohousing effect is diminished at 32 weeks Comparative
analysis of 16S rRNA fecal microbiota composition of cohoused and non-cohoused animals at
32 weeks, with assessment of changes in AD hallmarks.(A) Pearson correlation of 16S profiles
for each housing group at 32 weeks. (B) ASCA model PCA of the genotype and housing factor
along PC1 and (C) PC2. (D) Relative abundance of a subset of bacteria identified at 42 weeks in
the 32-week old group. (E) Percentage of brain tissue occupied by plaques in separately housed
and cohoused mice at 32 weeks. (F) Latency to target platform (in seconds) on day 3 of the
Morris water maze. Statistics in D are two-way ANOVA with Bonferroni multiple comparisons.
Statistics in E are two-tailed t test. In E statistics are one-way ANOVA with Bonferroni multiple
comparisons.
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Name Metabolite ID | Compound class Exposure route | Source Literature
Jubanine A HMDB0030205 | Oligopeptides Ingestion Component of jujuba root 1
Hordatine B glucoside | HMDB0030460 | 2-arylbenzofuran Ingestion Component of cereal products 2
flavonoids
exo-Dehydrochalepin | HMDB0039071 | Psoralens Ingestion Component of herbs and spices 1
gamma-Glutamyl-S- HMDB0031863 | N-acyl-alpha Ingestion Component of foods in the onion family 1
methylcysteine amino acids
sulfoxide
Garcinia lactone HMDB0040462 | Tricarboxylic acids Ingestion Component of fruits 1
dibutyl ester and derivatives
Clofenotane HMDB0032127 | Diphenylmethanes Ingestion Component of cow's milk 1
cis-Aconitic acid FGCZ-C00417 | Tricarboxylic acids Ingestion Found in several foods, including cow's milk, 3
and derivatives japanese pumpkins, purple mangosteens root
veg and shallots.
Garcinia acid HMDB0031159 | Tricarboxylic acids Ingestion Component of plants such as Garcinia cambogia | 4
and derivatives and Hibiscus sabdariffa
Methylgallic acid-O- HMDBO0060005 | Methyl ester of Ingestion Found in gallnuts, sumac, witch hazel, tea 5
sulphate gallic acid leaves, oak bark, and other plants
1-Isothiocyanato-6- HMDBO0038461 | Sulfoxides Ingestion Component of brassicas - cabbage and mustard | 1
(methylsulfinyl)hexane family
5-(3',4'- HMDB0029185 | Catechols Gut-microbiota | Metabolised from flavan-3-ols in food 6
Dihydroxyphenyl)- derived
gamma-valerolactone
Sl Figure 2 List of metabolites identified in conventionally-raised brain samples and their dietary product origin

Figure 2.7 — List of metabolites identified in conventionally-raised brain samples and their
dietary product origin

1. Yannai, edited by S. Dictionary of food compounds with CD-ROM: additives, flavors, and
ingredients. (Boca Raton, Fla.: Chapman and amp; Hall/CRC, 2004).

2. Piasecka, A. et al. Phenolic metabolites from barley in contribution to phenome in soil
moisture deficit. Int. J. Mol. Sci. 21, 1-23 (2020).

3. Hayamizu, K. et al. Effects of garcinia cambogia (Hydroxycitric Acid) on visceral fat accumu-
lation: a double-blind, randomized, placebo-controlled trial. Curr. Ther. Res. Clin. Exp. 64,
551-567 (2003).

4. van der Hooft, J. J. J. et al. Structural elucidation and quantification of phenolic conjugates
present in human urine after tea intake. Anal. Chem. 84, 7263-7271 (2012).

5. Sdnchez-Patdn, E et al. Synthesis, Analytical Features, and Biological Relevance of 5-(3,4-
Dihydroxyphenyl)-y-valerolactone, a Microbial Metabolite Derived from the Catabolism of
Dietary Flavan-3-ols. J. Agric. Food Chem. 59, 7083-7091 (2011).

6. Shaner, D. L. and O’Connor, S. L. The Imidazoline Herbicides. (1991).
doi:https://doi.org/10.1201/9780203709993
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Statistics are two-way ANOVA with Bonferroni multiple comparisons.
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Name Metabolite ID | Compound Exposure | Source Literature
class route

cis-Aconitic acid FGCZ-C00417 | Tricarboxylic Ingestion | Found in several foods, including cow's milk, 3
acids and japanese pumpkins, purple mangosteens root veg
derivatives and shallots.

exo-Dehydrochalepin HMDB0039071 | Psoralens Ingestion Component of herbs and spices 1

Jubanine A HMDB0030205 | Oligopeptides Ingestion Component of jujuba root 1

Hordatine B glucoside HMDB0030460 | 2- Ingestion Component of cereal products 2
arylbenzofuran
flavonoids

Garcinia acid HMDBO0031159 | Tricarboxylic Ingestion Component of plants such as Garcinia cambogia 4
acids and and Hibiscus sabdariffa
derivatives

Pisumoside B HMDBO0037125 | Diterpene Ingestion Component of pea plant 1
glycosides

Magnesium Salicylate HMDBO0015469 | Non-steroidal Synthetic NA 8
anti-
inflammatory
drug (NSAID)

Erythrityl Tetranitrate HMDB0015551 | Alkyl nitrates Synthetic | NA k]

Oxoglutaric acid HMDB0000208 | Gamma-keto Endogenous | NA 10
acid and source
of glutamate

N-methyl-glutamic acid | HMDB0062660 | Glutamic acid Endogenous | NA 11
derivatives

Sl Figure 4 List of metabolites identified in germ-free and gnotobiotic brain samples and their dietary product origin

Figure 2.9 — Brain metabolites in low-complexity microbiota compositions

1. Yannai, edited by S. Dictionary of food compounds with CD-ROM: additives, flavors, and
ingredients. (Boca Raton, Fla.: Chapman andamp; Hall/CRC, 2004).

2. Piasecka, A. et al. Phenolic metabolites from barley in contribution to phenome in soil
moisture deficit. Int. J. Mol. Sci. 21, 1-23 (2020).

3. PubChem Compound Summary for CID 643757, cis-Aconitic acid. National Center for
Biotechnology Information. Available at: https://pubchem.ncbi.nlm.nih.gov/compound/cis-
Aconitic-acid. (Accessed: 1st October 2021)

4. Hayamizu, K. et al. Effects of garcinia cambogia (Hydroxycitric Acid) on visceral fat
accumulation: a double-blind, randomized, placebo-controlled trial. Curr. Ther. Res. Clin.
Exp. 64, 551-567 (2003).

5. van der Hooft, J. J. J. et al. Structural elucidation and quantification of phenolic conjugates
present in human urine after tea intake. Anal. Chem. 84, 7263-7271 (2012).

6. Sdnchez-Patdn, E et al. Synthesis, Analytical Features, and Biological Relevance of 5-(3,4-
Dihydroxyphenyl)-y-valerolactone, a Microbial Metabolite Derived from the Catabolism of
Dietary Flavan-3-ols. J. Agric. Food Chem. 59, 7083-7091 (2011).

7. Shaner, D. L. and O’Connor, S. L. The Imidazoline Herbicides. (1991).
doi:https://doi.org/10.1201/9780203709993

8. PubChem Compound Summary for CID 64738, Magnesium 2-
hydroxybenzoate. National Center for Biotechnology Information Available at:
https://pubchem.ncbi.nlm.nih.gov/compound/Magnesium-salicylate-anhydrous. (Ac-

cessed: 1st October 2021)

9. National, C. for B. I. PubChem Compound Summary for CID 5284553, Erythrityl tetranitrate.
Available at: https://pubchem.ncbi.nlm.nih.gov/compound/Erythrityl-tetranitrate. (Accessed:
1st October 2021)

10. PubChem Compound Summary for CID 51, 2-Oxoglutaric acid. National Center for
Biotechnology Information Available at: https://pubchem.ncbi.nlm.nih.gov/compound/2-
Oxoglutaric-acid. (Accessed: 1st October 2021)

11. PubChem Compound Summary for CID 439377, N-Methyl-L-glutamic
acid. National Center for Biotechnology Information. Available at:
https://pubchem.ncbi.nlm.nih.gov/compound/N-Methyl-L-glutamic-acid. (Accessed:
1st October 2021) 40



8] High resolution optical projection to-
mography platform for multispectral
imaging of the mouse gut

Optical projection tomography (OPT) is a mesoscopic imaging modality that relies on the
three-dimensional reconstruction of sequential acquisitions over a 360° sample rotation. In
order to detect structures within the depth of field, samples must be transparent. Fluorescent
labels can be used to target structures of interest, as has been demonstrated for whole-brain
imaging of amyloid- 8 plaques in a model of Alzheimer’s disease (97), functional gene activity
characterization in plant structures (179), cell proliferation tracking in zebrafish embryos (180)
and more.

Whilst OPT has been applied to various large samples as cited above, this work aimed to
describe the first iteration of an OPT setup optimized to image the mouse gut. The longitu-
dinal and cylindrical shape of the gut is particularly appropriate for the rotational nature of
OPT acquisitions, which inspired the application of the technique described in this chapter.
Furthermore, the implications of observing the localisation of tissues or cells of interest were of
particular interest as the study described in chapter 2 was ongoing. However, the development
and implementation of this OPT modality could not be performed on 5xFAD tissues due to
time limitations.

This section consists of a published manuscript in which we describe the OPT setup we
developed to address the need to image the mouse gut environment. We implemented an
optimized resolution and field of view, adapted acquisition settings and channel management
tools for imaging sections of mouse intestinal tissue. We also demonstrate the resulting 3D
reconstructions of the autofluorescent mucosal tissue of the gut as well as the stained vascular
network.

Cédric Schmidt, Arielle L. Planchette, David Nguyen, Gabriel Giardina, Yoan Neuenschwan-
der, Mathieu Di Franco, Alessio Mylonas, Adrien C. Descloux, Enrico Pomarico, Aleksandra
Radenovic, and Jérome Extermann, "High resolution optical projection tomography platform

for multispectral imaging of the mouse gut," Biomed. Opt. Express 12, 3619-3629 (2021)

C.S. and A.L.P. contributed equally to the writing of the manuscript, with contributions from
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all authors, and initiated the project. C.S. designed and built the setup in collaboration
with D.N.,, G.G,, Y.N,, M.D.E, E.P. and J.E.. A.L.P. and A.M. selected targets of interest and
performed sample preparations. A.L.P, C.S. and G.G. acquired the data and implemented 3D
reconstruction. A.R. and J.E. supervised the project.

3.1 Introduction

Mesoscopic imaging focuses on samples typically ranging from a few millimeters up to several
centimeters in at least one dimension (181). This range is generally not accessible to optical mi-
croscopy techniques such as confocal and multiphoton microscopy which use raster scanning
to produce volumetric images, thus limiting the sample size to less than 1 mm for a reasonable
acquisition time (181). At the mesoscopic scale imaging whole animal organ portions becomes
possible, thus providing the opportunity to investigate their global structural organization,
as well as biological functionalities. In particular, systematic longitudinal imaging of intact
gut tissues is a desirable tool to advance our understanding of the fundamental interactions
between the enteric nervous system, the immune system, the epithelial barrier and microbes.
Such imaging range can also be exploited for the molecular diagnosis of Parkinson’s disease.
Recent studies using conventional microscopy have revealed the presence of Lewy Bodies
in the intestine, and highlighted their usefulness as early reliable biomarkers of the disease
(182; 183; 184). However, this method is challenging to apply in routine diagnostics because of
poor tissue sampling in standard histological methods occurring when dealing with elongated
specimens. The added advantages of using whole-tissue imaging are reliable and global bio-
logical marker characterization and quantification, therefore decreasing the need for repeated
endoscopic interventions.

While mesoscopic imaging is mainly conveyed by light sheet fluorescence microscopy (LSFM)
(185), optical projection tomography (OPT) (186) differs in that it comes with reduced com-
plexity, lower cost, and an alternative scanning geometry. In LSFM, the illumination consists
of a well-defined sheet of light generated by a laser and that is orthogonal to the detection path.
Recently, LSMF has been used in a humanized mouse model to image Human T cells in the
ileocolic artery of colitic immunodeficient mice and demonstrated the translational value of
the 3D imaging of the inflamed murine gut (112). On the other hand, OPT can be understood
as the optical equivalent of the x-ray computed tomography (CT) (187; 188) or the micro-CT
(189) for smaller specimens: a camera acquires a sequence of bright-field or fluorescence
images (or projections) of the sample upon rotation at equally spaced angular orientations.
The sample is then reconstructed using a suitable algorithm (190). Both LSFM and fluorescent
OPT allow spectral decomposition of the measured signal. This feature provides enhanced
tissue specificity as compared to higher-energy scanning techniques such as x-ray imaging,
where tissue identification is performed via light attenuation measurements. Although LSFM
can provide a higher lateral resolution with respect to OPT (typically sub-um in at least one
dimension), its intrinsic anisotropy between axial and lateral resolution could induce ambigu-
ity in 3D analysis (191). For this reason, and because of its rotational scanning geometry, we
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consider OPT to be competitive for imaging long samples with cylindrical symmetry, such as
the mouse gut.

Since its first demonstration, the OPT scheme has been adopted for a variety of applications,
including imaging of zebrafish embryos (192; 193) and their cardiovascular system (194; 195),
mouse organs (196; 197), as well as plants (198; 199), in both transmission and epi-detection
geometries. In preclinical research, pancreas imaging via OPT (196; 200) has been shown
to play a key role in diabetes research, providing scientists with a quantitative overview of
the disease progression in the entire mouse organ. Similarly, whole mouse brain imaging
was performed with OPT for the study of Alzheimer’s disease (201; 98). Technical advances
have come with the growth of OPT applications in preclinical research. For instance, helical
scanning has been proposed to increase the field of view (FOV) (202), fluorescence lifetime
measurements has demonstrated enhanced tissue specificity (193; 203), coherent LASER
illumination has enabled measurement of blood flow (204; 205) and tomography acquisition
has been combined with LSFM in hybrid instruments for artefact correction (206; 207; 208).
At the same time, advanced reconstruction algorithms based on light field retrieval (209; 210;
211), resolution improvement using point-spread-function (PSF) deconvolution (212; 213;
214), tissue absorption measurements (215) and iterative reconstruction allowing reduced
acquisition time (202; 216; 217), have been developed.

Here, we present the first multispectral fluorescent OPT platform suited to mouse gut imaging.
To this end, we introduce a new sample preparation technique, based on a virtually cut-free
specimen embedding procedure via molding in cylindrical tubes. This method allows one to
uniformize sample shape, as well as reduce sample damage and imaging artefacts as compared
to standard sample preparation (218; 180). In addition, we design our setup to optimize the
trade-off between the sample size and the lateral resolution induced by visible light diffraction
limitations (219). We provide accurate measurements of the resolving power of the instrument
based on the reconstructed PSF of 1 um diameter fluorescent microspheres and demonstrate
a sub-28 um resolution along the 3 dimensions. Finally, we present a reconstructed 3-cm long
gut portion with two spectral channels to emphasize the vascular system network surrounding
the intestinal villi structure.

3.2 Methods

3.2.1 Sample Preparation Protocol
Trans-cardiac Perfusion and Fixation

Mice were generated and housed at the Ecole Polytechnique Fédérale de Lausanne and
handled in accordance with the guidelines and regulations of the institution and of the state
of Vaud (authorization number VD3448). Animals are deeply anesthetized by intra-peritoneal
injection of 50 mg/kg of sodium pentobarbital. Upon disappearance of reflexes, the mice
are perfused with 10 ml of heparinized PBS (5 [.U./ml Liquemin) followed by 10 ml of 4
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% paraformaldehyde (CAS 30525-89-4, Carl Roth AG 0964.1). Once samples of interest are
collected, they undergo post-fixation overnight at 4°C.

Tissue Fluorescence Quenching and Permeabilization

Samples are washed in PBS at room temperature for 30 minutes to remove excess paraformalde-
hyde. Tissue fluorescence quenching is performed by incubating the samples in a solution of
MetOH:DMSO:H202 (as a 2:1:3 ratio) overnight. This is followed by tissue permeabilization,
which is carried out by cycling through three freeze-thaw cycles (1hr at -80°C and 30 minutes
at room temperature).

Antibody Staining

The principle of staining whole organ samples is based on immuno-histochemical staining
on a large scale. The samples are blocked in a buffer for 24 hours at room temperature
followed by a 48-hour primary antibody incubation and a 24-hour wash in 0.1 % TBS-Triton
X-100 (UN3082, Applichem). Then, the samples undergo a 48-hour secondary antibody
incubation and another 24-hour wash. Organ vasculature is stained by post-excision infusion
staining of a rat anti-CD31 primary antibody targeting the murine platelet-endothelial cell
adhesion molecule (Abcam ab7388). The secondary antibody is a goat anti-rat AlexaFluor 647
(Thermofisher A21247).

Mounting and Clearing

The samples are mounted in 1.5 % agarose using cylindrical open-ended molds made from 10
ml serological pipettes cut to optimal length. In order to center and straighten the intestinal
tissue, the samples are pierced with strings on either end, which are used to adjust the sample’s
position within the cylinder. One end of the mold is closed using parafilm, to be filled with
1.5 % agarose and allowed to set at room temperature. The agarose-enclosed samples are
dehydrated for 24-hour in pure methanol (CAS 67-56-1, Sigma-Aldrich 322415), with two
solution changes. Then, they are cleared using a 1:2 ratio of benzyl alcohol (CAS 100-51-6,
Sigma-Aldrich 305197) and benzyl benzoate (CAS 120-51-4, Sigma-Aldrich B6630) (BABB).
Clearing takes at least 72 hours prior to OPT acquisition. All the steps above are performed in
the dark to prevent photo bleaching.

Fluorescent Microsphere

For calibration and resolution analysis, we used 1 um fluorescent FITC-labeled microspheres
based on melamine resin (90305-5ML-E Sigma). The sample preparation follows the previous
steps with the beads as specimen. Approximately 0.01 ml of particle solution is mixed to 10
ml of 1.5 % agarose before molding to achieve a nearly colloidal solution. The acquisition is
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performed shortly after the clearing process to avoid undesired fluorescence quenching of the
signal induced by chemical reaction with either the methanol or the BABB.

3.2.2 Acquisition setup

The optical design of our platform has been realized with commercially available optics. The
imaging depth of field (DOF), FOV and optical resolution have been optimized for imaging
a mouse gut with a diameter up to 5 mm over the whole visible range using OpticStudio
21.1 (Zemax LLC). In order to reduce the number of sections during sample preparation, the
positioning mechanism allows specimens up to 10 cm in length to be acquired. A schematic
of the setup is shown in Fig. 3.1. Sample illumination is provided by several LEDs on metal-
core PCBs (MxxxD2,3 series, Thorlabs) of different central wavelengths, mounted on heat
dissipators and filtered out using bandpass filters. An aspheric condenser lens (ACL25416U,
Thorlabs) in front of the LEDs combined with a spatial mask allow for a nearly homogenous
beam of 7 mm in diameter at the sample position after being reflected on a dichroic beam
splitter (Chroma). The sample illumination, as well as the fluorescence detection, relies on an
achromatic doublet (AC300-080-A, Thorlabs) and a meniscus (LE4484, Thorlabs) composing
the objective lens set. The implementation of the meniscus reduces the spherical aberration
induced by the successive air-glass-BABB planar interfaces (220). The interaction with the
sample takes place in a quartz cuvette (Hellma, HELL704001-30-10) with 3 mm wall thickness
filled with BABB acting as an index-matcher. The tip and tilt fine-tuning of the position of
the rotation axis has been carried out using aluminum thin sheets following the procedure
provided by Watson et al. (221). The sample embedded in agarose is glued to the lower end of
a cylinder magnet facilitating its positioning onto the rotation stage. The sample positioning
and projection acquisition process is driven by a custom MATLAB interface for sequential
measurement of multiple regions.

Sample fluorescence is transmitted through a dichroic beam splitter, passes through an
aperture stop of 2.24 mm diameter and a spectral filter, before being focused onto a SCMOS
sensor (ORCA-Flash 4.0, Hamamatsu; pixel size of 6.5 um) by a tube lens (TTL200-A, Thorlabs).
The whole imaging system has a 2.66x magnification and a numerical aperture of 0.03 resulting
in a Huygens PSF (222) that spans from 15 to 20 um FWHM over the visible range. These
characteristics lead to an isotropic voxel size of 2.44 ym. The camera sensor can capture a 5x5
mm? FOV, meaning a 5 mm-long specimen region of interest. The images are saved in 16 bit
TIFF format and compressed around 8:1 ratio using an efficient lossless compression method
(223) to reduce data transfer and storage. The fixed sample is mounted on a stage assembly
to perform x and z translation (PT1/M-Z8, Thorlabs), as well as a 0 rotation (PRM1/MZ8,
Thorlabs). The sample y-axis is scanned vertically using a 300 mm linear translation stage
(LTS300/M, Thorlabs) allowing to image specimens up to 10 cm in length in 25 sequential
acquisitions (assuming 1 mm overlap). The setup has been designed to allow ease and speed
in changing the LED light source, dichroic beam splitter and spectral filters by implementing
a custom filter cube slider. Up to five channels are currently available, spanning UV to red
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wavelengths. Typical measurements are performed with an illumination power density of
0.1 W/cm? (at 415 nm) and a camera integration time spanning from 0.01 s to 0.5 s. When
imaging with multiple spectral channels, the filter slider is moved manually after the complete
acquisition of the sample. Channels are acquired opposite to the excitation wavelength
number, from red to UV, in order to reduce photobleaching. The tissue’s autofluorescence
is excited with a LED centered at 415 nm and spectrally filtered between 400 nm and 440
nm while the emission is measured between 455 nm and 520 nm. Under these conditions, a
complete set of 1200 projections spanning 360° can be acquired within 12 minutes. Currently,
half of this time is taken by the final positioning step of the rotational stage before projection
acquisition and we are currently working on implementing a video acquisition mode to reduce
imaging time. Moreover, we plan to adopt a similar scanning approach as reported by A.
Arranz et al. (202) in order to reduce the risk of unnecessary photobleaching of the sample
when measuring overlapping regions for stitching.

a 1 LED 6 meniscus b

2 aspheric lens 7 sample

3 spectral and spatial 8 pinhole
excitation filter 9 detection filter

4 dichroic mirror 10 tube lens

5 achromatic doublet 11 camera

Y

6 n
4 g

L
’é j

Figure 3.1 —- OPT design a) Optical layout superimposed with the corresponding mounting
system (view from the top). Optical components are numbered from 1 to 11. The optical path
of the excitation and detection beams are represented in purple and green, respectively. b)
A three-quarter view of the motorized sample positioning stages, as well as the transparent
cuvette filled with BABB. c) Photograph taken from the side of the cuvette. A 30 mm long
mouse gut sample is embedded into a cylinder of agarose gel submerged in the BABB cuvette.
The gel cylinder is glued to the sample holder, which is held together with the rotating motor
using a magnet. The gut sample is excited by a LED centered at 415 nm and the fluorescent
signal is acquired by the camera for multiple angular positions of the specimen. d) A selection
of five projections showing the characteristic acquisitions of cleared samples over 360° in OPT
imaging.

3.2.3 Image reconstruction algorithm

2.3 Image reconstruction algorithm Our reconstruction process relies on the filtered back-
projection (FBP) algorithm (224) for its minimal computational costs. The software is written
in Python and calls ASTRA library (225) functions for reconstruction. The full process handles
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16-bit data and heavy tasks are all GPU accelerated. Briefly, the measured background signal
is first subtracted from all projections. The upper and lower limits of the reconstruction
area are defined according to the specimen by applying an intensity threshold value after
averaging over all projections. The center of rotation is determined at the 10 % top and 10
% bottom of the specimen limits by iterating over a guessed interval and maximizing the
variance of the reconstruction, as suggested in (226). After complete FBP reconstruction, a
circular mask is applied to the data to remove the out-of-FOV diverging values and the voxels
with negative values are set to zero (224). The 3D image is finally exported as a 3D TIFF file
ready for visualization. The full process typically takes less than 5 min with a 3.5 GHz CPU and
an enabled 4 Gb GPU (GeForce GTX 750 Ti) acceleration. The script is provided in Dataset 1.

The filtering step in FBP consists in applying a band pass filter to reduce the blurring induced
by oversampling the sample near the rotation axis. Such numerical filtering can be applied in
the spatial or spectral domain and multiple filter designs have been implemented in the ASTRA
toolbox (225). To select the most appropriate filter type for our application, we rely on the no-
reference image quality assessment (NR-IQA) BRISQUE model (227) and the measurement of
the spatial resolution determined with fluorescent microspheres. We computed the BRISQUE
test on a typical reconstructed gut with a selection of the most common filters used in OPT.
As given in table 1, we obtained better results with the Hamming filter, which confirms our
qualitative impression. The stitching of multiple sub-regions and the registration of multiple
spectral channels are realized after volume reconstruction using BigStitcher (228), an Image]
(229) plugin.

Table 3.1 — No-reference image quality assessment for the most common FBP filters used in
OPT

Filter type BRISQUE score® PSF FWHM?

No filter 87.2 No data
Ram-Lak 69.4 31 ym
Shepp-Logan 59.2 34 ym
Cosine 41.3 36 um
Hamming 384 28 um
Hann 38.8 29 ym

“Evaluated after reconstruction of a mouse gut. A lower BRISQUE score means a better-
evaluated scene. ”Lateral resolution measured using the PSF of reconstructed fluorescent
microspheres. The value corresponds to the FWHM of a Gaussian fit realized after intensity
integration in the XZ-plane.
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3.3 Results

3.3.1 Instrument resolution and optimization

To improve the resolution power of a standard OPT scheme, the DOF needs to be adapted
to cover at least half of the specimen along the optical axis (186). This strategy allows for the
use of higher NA objective lenses, while acquiring the entire sample over a 360° rotation. The
smallest achievable lateral resolution R;,; of the optical assembly therefore depends on the

2
radius of the sample rs4p,pie. Indeed, the confocal parameter is given by DOF = 271”/1—“;0. where
n is the effective refractive index of the medium between the objective lens and the sample, wg

the Gaussian beam waist, and 1y the vacuum wavelength. By using the relation that converts
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providing the diffraction limit achievable with a standard OPT instrument for a given sample

dimension. For our application, given n =1.54, 19 = 525 nm and rsgqpmpie = 2.5 mm, the smallest

achievable R;,; is 14 um.

To optimize the alignment and characterize the resolution of the instrument, we have selected
1 um fluorescent microspheres as emitting point sources to measure the point spread function
(PSF) in the projection space (230) and in the reconstructed volume. These particles are more
than five times smaller than the theoretical PSE thus satisfying the sampling theorem (231),
and are sufficiently bright to be imaged by the OPT instrument (232). Examples of acquired
beads are shown in Fig. 3.2 (a) and (b), in the projection space and after reconstruction,
respectively. According to previously reported works (214; 233), we observe that the lateral
resolution given by the reconstructed PSFs decreases radially away from the axis of rotation, as
shown by Fig. 3.2 (f). Moreover, as detailed by Chen et al. (233) this effect is strongly enhanced
when the angular resolution is reduced (see 0.6°, 0.9°, 1.8° and 3.6° data), and 0.3° angular
steps (1200 projections) are required to satisfy the minimal number of projections (233) and
maintain the PSF optimal over the whole FOV. Similarly, the position of the rotational axis with
respect to the focal plane must be finely adjusted in order to remove the seagull shape of the
PSF shown by Fig. 3.2 (f). This artefact was previously reported by Watson et al. (221) and was
attributed by the authors to a refractive index mismatch between the BABB and the agarose
matrix or by a too small DOE Here, we were able to correct the insufficient sampling of the
single emitter by optimally positioning the rotation axis with respect to the DOF using five
sets of beads acquired with 0.30 angular resolution for different positions of focus, as shown
by Fig. 2e. After optimization, and by selecting the beads positioned inside a 2 mm radius
from the rotational axis, we have measured a mean PSF FWHM of 17 um in the y-axis and 28
pm in the x- and z-axis (see Fig. 2c and 2d). The PSF FWHMs are measured after integrating
over the corresponding axis. These PSF values demonstrate a sub-28 ym resolution along all
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3 dimensions and over more than 60 mm?3

in a single acquisition. As compared to a similar
setup dedicated to the mouse brain imaging with a claimed 50 ym isotropic resolution (201),
we succeed in improving the resolution by a factor of almost 2. While the y-axis resolution
confirms the computed theoretical estimation (15-20 um) and is slightly superior to the system
diffraction limit (14 um), the x- and z-axis suffer from a resolution loss introduced by the
FBP reconstruction. We are currently investigating the implementation of PSF deconvolution

(212; 213; 214) during FBP to reduce this drawback.
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Figure 3.2 — OPT PSF characterization a) Single projection of the acquired fluorescent micro-
spheres. The close-up shows an in-focus microsphere (scale bar = 20 um). b) Y-projection
over the reconstructed volume of microspheres to show the XZ-plane PSE The close-up shows
a typical microsphere (scale bar = 20 um). ¢) Gaussian fit of the PSF integral represented in a)
along the Y-axis. The given value is the Gaussian FWHM. d) Gaussian fits of the PSF integrals
represented in b) along the X- and Z-axis. The given value is the Gaussian largest FWHM. e)
XZ-plane lateral FWHM of the reconstructed PSF as a function of the distance to the rotation
axis for multiple angular resolutions. Each data point is the mean of microspheres included
in a 0.1 mm interval. f) XZ-plane mean lateral resolution (black line) measured from the
reconstructed PSF of fluorescent microspheres as a function of the distance of the rotation
axis to the focal plane. 15 PSFs (blue dots) are represented by axis position. A typical PSF for
each position is represented at the top of the graph. A seagull shape of the PSF is visible as the
distance of the rotation axis to the focal plane increases (scale bar = 20 um).

3.3.2 Mouse gutimaging

We have imaged a 3-cm long portion of a mouse gut with the use of 2 spectral channels. In
addition to the tissue autofluorescence dominated by flavin adenine dinucleotide, we stained
the vasculature to emphasize the penetrating vessel network and demonstrate the specificity
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of our approach. The CD31-mediated vasculature staining is excited at 625 nm and recorded
at 690 nm. The full acquisition has been performed by sequentially measuring 8 sub-regions
of 5-mm length and 0.5-mm reciprocal overlap (used for stitching) for each spectral channel.
The data acquisition and processing took approximately 190 minutes. The intestinal tissue’s
macroscopic structure is well preserved after OPT sample processing and details can be
observed after volumetric reconstruction. At the centimeter scale, we are able to resolve the
mesentery-associated vasculature, which surrounds and supports the gastrointestinal tract
(Fig. 3.3 (a)) (234). In the autofluorescence channel (shown in cyan), individual villi appear as
an evenly distributed speckled pattern, as shown in Fig. 3.3 (b). With a cross-sectional view as
in Fig. 3.3 (c), we are able to distinguish the submucosa and muscularis layers of the tissue
as a distinct ring surrounding the villi structures. When exciting the sample at 625 nm, we
observe regions (shown in magenta) with a high density of blood vessels stained by anti-CD31
within the submucosa, where the blood and lymph vasculature networks as well as the enteric
nervous system are situated (Fig. 3.3 (c)). This signal is also present in the villi themselves, with
an increased concentration of the signal at the ends of the villi closest to the lumen (Fig. 3.3 (c)
and (d). This is due to the convergence of the vascular network resident within each individual
villus. Thus, OPT can be used as a powerful tool to cross-sectionally image the mouse gut
whilst keeping the longitudinal structure intact for subsequent analysis and interpretation in
any desired angle and plane (see Visualization 1).
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Figure 3.3 — Mouse small intestine portion imaged by multispectral OPT a) 3D blend render-
ing of a 3-cm long mouse gut portion acquired using 2 spectral channels. The vasculature
(magenta) is stained using an anti-CD31 antibody combined with an anti-rat Alexa Fluor 647
secondary antibody and is excited at 625 nm. The tissue is imaged using autofluorescence of
flavin adenine dinucleotide excited at 415 nm. b) Sliced perspective view of the gut portion
emphasizing the intestinal villi structure, as well as the penetrating vessels, and highlighting
the 3D advantage of the technique. ¢) OPT cross-section view of the gut showing the submu-
cosa and muscularis layers of the tissue surrounding the villi structures. d) Close-up of the
typical villi structure with the increased concentration of the vasculature visible close to the
lumen as well as in the submucosa and muscularis layers.

3.4 Conclusion

We described a new multispectral OPT setup optimized for the imaging of the mouse gut
and capable of spanning 3 orders of magnitude in size along the 3 dimensions, from a few
micrometers to centimeters. We used fluorescent microspheres to optimize the instrument
performance and to demonstrate sub-28 um resolution along the 3 axes. We showed that
the adoption of a multispectral fluorescence approach on cleared samples subject to specific
stainings allow to extract anatomic and structural information within a whole organ structure.
Our multispectral OPT setup enables the investigation of the spatial organization of the villi
structures, as well as the identification of the vasculature network, of a 3-cm long mouse gut.
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Besides visualizing the peripheral intestinal vasculature, we observe a high density of blood
vessels within the submucosa, as well as clear traces of vasculature at the villi ends closest to
the lumen. We consider this technique a powerful tool for translational gastroenterological
research, as it can overcome the typical downsides of conventional techniques, such as limited
penetration depth, FOV or resolution. Moreover, it is likely that OPT can be performed with
whole-mount stained human specimens obtained from biopsies or surgery, for research
and diagnostics in fields like inflammatory bowel disease or cancer immunotherapy. The
advantage of OPT as a diagnostic tool is that it is time-efficient, cost-effective and it enables
the observation of large volumes with a single acquisition, thus reducing misinterpretations
based on poor tissue sampling while using standard histological methods. Moreover, the
unique advantage of OPT in enabling bright-field illumination to the mesoscopic range allow
3D imaging from unlabeled samples (206). Specimen-adapted multispectral OPT imaging has
the potential to set the basis for major advances in translational research and patient care,
leading to the optimization of current diagnostics.
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Optical Imaging of the Small Intestine
Across Scales

This section presents a submitted manuscript in which I outline a novel pipeline for imaging
the small intestine across scales. The gutOPT workflow encompasses fluorescence labelling
of millimetre-long sections of small intestine, 3-dimensional imaging by optical projection
tomography and region-of-interest referencing in confocal microscopy. An important applica-
tion of such a technique lies in the characterization of gut tissue structure in autofluorescence
OPT imaging, including villous density. Observations of the gut immune compartment,
consisting here of isolated lymphoid follicles, offers a unique large-scale visualization with
quantitative parameters available. This pipeline can be applied to pre-clinical samples, as
shown here, and there is hope for this technique to be useful in the characterization of clinical
biopsies.

Arielle L. Planchette, Cédric Schmidt, Alessio Mylonas, Olivier Burri, Mercedes Gomez de
Agiiero, Aleksandra Radenovic and Jérome Extermann, "Optical Imaging of the Small Intestine
Across Scales" Submitted to Nature Biotechnology (October 2021)

A.L.P. wrote the manuscript with contributions from all authors, and initiated the project.
A.M., C.S. and A.L.P. performed sample preparations, acquired OPT scans and performed 3D
reconstructions. A.R. and J.E. supervised the project.

4.1 Introduction

The intestine forms an interface between the external environment and the rest of the body,
fulfilling many essential functions in the process. Among these are immune system education,
and the regulation of the microbiome — which are incidentally interdependent (235; 236).
Indeed, we now know that the microbiome is necessary for the correct education of the
immune system (237; 238) and that this has long-term repercussions on immunity in the
gut. As such, the gut microbiome has been linked to distinctly immune-related disorders
ranging from obesity (239) and diabetes (240) to auto-immune (241) and allergic diseases
(242; 243; 244). Importantly, significant advances in the aetiology of such disorders were
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made through studying gut structure (28; 245; 246). For example, deficits in gut morphology
and barrier permeability have been implicated in both obesity (247; 248) and diabetes (249),
with the latter showing signs of decline prior to type-1-diabetes onset in non-obese diabetic
mice (NOD). The relevance of observing cell localization within tissue regions of the gut is
further exemplified by microscopic observations of intraepithelial lymphocytes localisation,
which highlighted the impact of high-fat-diet-induced obesity on the control of pathogen
transepithelial migration and the mediation of intestinal epithelial repair (248).

Secondary lymphoid structures are strategically positioned along the gastrointestinal tract to
orchestrate immuno-surveillance against pathogens and invading microorganisms. These
are known to develop during early life (250), and to require stimuli from the microbiome
(251; 252). Peyer’s patches (seconday LT) and isolated lymphoid follicles (ILFs, tertiary LT) form
key networks where microbial antigens are presented to T- and B-cells, effectively dictating
both regulation and tolerance to commensals. While new methods are continuously being
developed for immuno-phenotyping and isolation of immune cells from ILFs (253; 111), their
function — deriving from their location at the interface with the microbiota — also necessitates
further research in their natural context.

Optical projection tomography (OPT) is a 3D imaging modality that is ideal for mesoscale
imaging, offering broad applicability while maintaining compatibility with other microscopy
techniques. With fields of view spanning from a few millimetres to 60mm in length (246)
and full 3D-volume acquisition times ranging from minutes to an hour (254), OPT is a time-
and cost-effective technique with which large-scale structural and functional parameters
can be imaged. OPT has been leveraged for concatenated, functional multi-channel plant
imaging (246), functional cell proliferation imaging in zebrafish (255), multi-orientation digital
sectioning of whole mouse embryos (256) and mouse organs imaging of liver, pancreas (254)
and brain (257).

Recently, we developed a multi-spectral OPT modality to image the mouse gut (258) with
a 3D resolution of 28um allowing distinction of mucosal layers and villi in samples several
centimetres in length. To demonstrate the wide range of applications for this method, we
present a workflow that enables mesoscale observation of signal distribution throughout
millimetre-long gut sections with autofluorescent contextualization, as well as the identifi-
cation of regions of interest that can be characterized at higher-resolution following reverse
OPT (RevOPT) processing. We apply this workflow to visualise the gut immune compartment
and present the first observation of isolated lymphoid follicle (ILF) distribution in a single
acquisition spanning several millimetres of gut tissue. Furthermore, we confirm the lack of
large organised lymphoid structures in young and germ-free mice, likely reflecting the age- and
microbiome-dependence of the gut immune system development. Finally, by implementing
OPT reversal and confocal microscopy, we show the feasibility of tracking regions of interest
(ROIs) initially selected in 3D for subsequent higher resolution imaging using traditional
histology methods. This method is a powerful approach to characterize tissues at multiple
scales while providing high resolution data with ready-to-use processing pipelines optimized
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for the mouse gut.

4.2 Methods

4.2.1 Animal Handling

Specific pathogen free C57BL/6] mice were purchased and housed at the Ecole Polytech-
nique Fédérale de Lausanne (Switzerland) under specific pathogen free conditions with ad
libitum access to food and water, according to guidelines and regulations of the state of Vaud,
Switzerland (authorization VD3448). Germ-free C57BL/6] mice were obtained from the Clean
Mouse Facility, University of Bern (Switzerland). Germ-free status was routinely monitored by
culture-dependent and -independent methods and confirmed to be microbial-free. Experi-
ments were performed in accordance with regulations approved by the ethical and veterinary
committee of the Canton of Vaud, Switzerland. As was described previously (258), mice were
deeply anesthetised by intra-peritoneal injection of 50mg/kg sodium pentobarbital prior to a
transcardiac perfusion of 10ml heparinised PBS (5 I.U./ml Liquemin). Tissues were fixed by
perfusing with 10ml of freshly-prepared 4% paraformaldehyde (CAS 30525-89-4, Carl Roth AG
0964.1) and an overnight post-fixation step at 4°C.

4.2.2 Sample preparation

All the following steps took place in the dark. Samples were washed for 30 minutes in PBS after
the overnight fixation. A 45-minute step-wise dehydration in methanol precedes overnight
autofluorescence quenching in a 2:1:3 ratio solution of MetOH:DMSO:H202 overnight at room
temperature. The samples are washed twice in pure MetOH in preparation for three freeze-
thaw cycles between -80°C and room temperature (1 hour and 30 minute cycles respectively)
in order to permeabilize the tissue before antibody-mediated staining. A step-wise rehydration
to TBS-Tween prepares the samples for antibody-mediated staining of targets. This begins
with blocking for 24h, is followed by a primary antibody incubation for 48h and a 24h washing
step and ends with a 48h incubation in a secondary antibody and a final 24h washing step.
To stain immune cells, we used a rat anti-mouse CD45 monoclonal antibody conjugated to
APC (BioLegend 147708) and a goat anti-rat IgG (H+L) Alexa Fluor 647 (Invitrogen A21247).
The samples were mounted in custom cylindrical moulds in 1.5% agarose, dehydrated in pure
methanol (CAS 67-56-1, Sigma-Aldrich 322415) for 24 hours and rehydrated in a 1:2 benzyl
alcohol:benzyl benzoate mixture for a minimum of 48h before acquisition (BA: CAS 100-51-6,
Sigma-Aldrich 305197; BB: CAS 120-51-4, Sigma-Aldrich B6630).
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4.2.3 Microscopy
OPT
Reverse OPT

After OPT imaging, the samples were dehydrated in pure methanol and rehydrated in PBS
for 24h each. At this stage, it is possible to carefully track regions of interest identified in the
3D OPT images to be specifically observed using other imaging modalities downstream. The
samples were extracted from the agarose moulds and frozen in optimal cutting temperature
(OCT) medium on dry ice. Using a Leica CM3050S cryostat, 25 micrometre-thick sections
were collected and mounted on coated glass slides (Epredia JIS00AMNZ). The sections were
counterstained with DAPI (Thermofisher D1306) at a concentration of 5ug/ml for 10 minutes
with a 5 minute pre- and post-wash with 0.3% Triton-X100 in PBS.

Confocal Microscopy

Confocal microscopy was performed using a Leica SP8 inverted microscope, producing two-
channel images encompassing the CD45-positive and nuclei signals. Sequential acquisition
began with the AlexaFluor647 channel followed by the DAPI channel. Exposure times were
determined according to live observation of pixel intensities in order to avoid over-exposure
of the tissue. Tiled acquisitions of whole-gut sections were performed using the automated
tile function in the LAS-X software.

4.2.4 Image Processing
Virtual unfolding

The image processing pipeline for virtual unfolding was inspired by previous reports (104)
applied using Fiji and is available in the form of a macro algorithm. All steps outlined below
are applied to all of the sections within the filtered-back-projection stacks. First, the gut
tissue is segmented from the lumen and surrounding background and a mask is created.
For each section, the segmented tissue outline is added to the ROI manager. The centroid
coordinates within the tissue outline are calculated and used as an origin for the identification
of a sectioning origin at a 45° angle from the centre. From this point, we interpolate a polygon
shape to draw the line along which the unfolding takes place. A stack of the straightened
images is produced and re-sliced orthogonally to create the unfolded image whose field of
view include the entire surface of the sample, spanning the lumen in the innermost slice to the
outermost layers of the gut. From this image, the apex of each villus is identified by applying
a Laplacian filter and extracting local maxima ROIs, whose density can then be calculated
within a defined area.
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4.2.5 Isolated Lymphoid Follicle Segmentation

Quantifiable characteristics were extracted from FBP reconstructions showing the isolated
lymphoid follicles using the surface tool in Imaris. The smoothing of surface areas was set to
2um and thresholding based on absolute intensity, whose values were set visually by the user.
Larger structures were segmented by implementing the “number of voxels” filter. Volume and
distance statistics were exported in csv format for data plotting.

4.3 Results

4.3.1 Sample preparation pipeline and the power of tissue autofluorescence

To achieve the multi-scale observation of spatially-distributed biological signals of interest, we
developed a sample preparation pipeline that includes two imaging modalities: high-volume
optical projection tomography and high-resolution confocal microscopy after reverse OPT
(RevOPT, figure 4.1). The pipeline is divided into four phases, sample preparation (figure
4.1 (a-k)), imaging and image processing (figure 4.1 (I-m)), reverse OPT (figure 4.1 (n-1)) and
secondary imaging (figure 4.1 (s)), spanning a duration of approximately three weeks. First,
tissue preservation, autofluorescence quenching and tissue permeabilisation are performed
to prepare the samples for staining. This is followed by fluorescent antibody staining of select
markers. A clearing step precedes the acquisition of optical projections over a 360° sample
rotation. Next, a filtered back-projection algorithm is used to reconstruct the projections
into a 3D image as described previously (258). Using RevOPT we revert the sample to a state
compatible with freezing in Optimal Cutting Temperature (OCT) compound, allowing for
cryostat sectioning and counterstaining (figure 4.1 (p-1)). Finally, in amongst several methods
requiring thin sectioning including electron microscopy or single-molecule FISH, we selected
confocal microscopy to image regions of interest identified by OPT with improved resolution.

Tissue autofluorescence is an inherent signal produced by extracellular matrix components
and certain pigmented cell types. In OPT, autofluorescence quenching is required to reduce
noise and retain targeted fluorescent signals (258) (figure 4.1, steps a and c). However, low
levels of autofluorescence enable the discrimination of the outer and inner layers of the
gut when samples are illuminated at 415nm spectrally filtered between 400-440nm, whilst
emission is collected within the range of 455-520nm (258). A longitudinal portrayal of the gut
(figure 4.2 (a)) provides an overview of the structures present in the tissue. In reconstructions
made up of 1200 projections, well-resolved villi can be observed in a 3D visualisation software
(figure 4.2 (b)). When taking a cross-sectional view, the mucosal layers can be distinguished
from the villi in the OPT scan (figure 4.2 (c); mu = muscularis, sm = submucosa, m = mucosa
and L = lumen) whilst a greater resolution is achieved by confocal microscopy on the same
sample having undergone RevOPT (figure 4.2 (d)). During RevOPT, counterstaining is possible
and demonstrated here by the staining of DNA with DAPI (figure 4.2 (d). The improved
preservation of cross-sectional structure in OPT is evident when comparing the virtual section
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(figure 4.2 (c)) and its histological counterpart (figure 4.2 (d)), with loss of tissue and distortion
being apparent in the confocal image.

We implemented a virtual unfolding technique (104) (for more detail, see supplementary
figure 4.6) to observe the gut tissue from within the lumen, with sections spanning from
this point to the serosa (figure 4.2 (e), section closest to lumen). Villous density could be
calculated by segmenting the unfolded image and finding local maxima (figure 4.2 (f)). This
can be performed for the whole tissue region or applied to smaller regions of interest to
probe different areas of the tissue. In this healthy tissue, overall villous density is mostly
homogeneous (figure 4.2 (f)). This data can be transformed into a quantitative visualisation of
different sectors (figure 4.2 (g)). Virtual unfolding also yields a straightened image (figure 4.2
(h)) of the tissue cross section seen in figure 4.2 (c).

Virtual unfolding of 3D-reconstructed data can lead to detailed visualizations of structures
that are difficult to visualise in a 3D image such as figure 4.2 (a) or in a virtual cross-section as
in figure 4.2 (c). We found a suspected lymphoid follicle in the autofluorescence channel of
a different sample (top view figure 4.2 (i), side view figure 4.2 (j)), whose structural context
is made clear by virtual unfolding (figure 4.2 (k) and straightened figure 4.2 ()). The follicle
is made up of three lobes, with a concentration of fluorescent vessels in the centre. In the
areas surrounding the follicle, gaps in the villi suggests the potential presence of lymphatic
vasculature. Typically, large vascular networks are difficult to observe by visualization of cross-
sections. In figure 4.2 (m), an example of such a network is shown, highlighting the added value
that processing the autofluorescence channel can bring to gut structure characterization.
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Figure 4.1 — gutOPT Workflow Sample preparation and handling in four steps: sample
preparation (a-k), imaging and image processing (I-m), reverse OPT (n-r) and secondary
imaging (s). The experimental steps for sample preparation are: transcardiac perfusion of PBS
and 4% PFA (a); 4-hour PFA fixation (b); overnight autofluorescence quenching with methanol,
DMSO and hydrogen peroxide 1:3:2 mixture (c); permeabilisation by three freeze-thaw cycles
between -80°C (1h) and room temperature (30min) (d); 24-hour tissue blocking (e); 48-hour
primary antibody incubation (f); 24-hour wash (g); 48-hour secondary antibody incubation
(h); 24-hour wash (j); 36-hour dehydration in pure methanol with two solution changes
(j) and clearing in 1:2 ratio of benzyl alcohol and benzyl benzoate (k). Optical projections
are acquired over a 360° rotation of the sample (i) and a 3D image is reconstructed using
filtered back projection (m). OPT processing may be reversed in order to image sections of the
same sample using alternative imaging modalities. To do so, samples are dehydrated in pure
methanol for 36 hours (n), rehydrate in PBS (0), mounted in cryomatrix (p), cryo-sectioned
(q) and counterstained with DAPI (r). High-resolution imaging modalities such as confocal
microscopy (s) may be applied to samples whose large-scale volume has been observed.
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Figure 4.2 — Visualization and characterization of the autofluorescence signal (a) FBP recon-
struction from a single acquisition of gut in the autofluorescence channel. (b) Close-up of
the villi structures from within the lumen. (c) Cross-sectional view of the 3D reconstruction,
with visible layers labelled mu = muscularis, sm = submucosa, m = mucosa and L = lumen.
(d) High-resolution tiled acquisition of the same gut sample using confocal microscopy, with
concurrent layers labelled. (e) Innermost layer of the same reconstruction that was virtually
unfolded (104). (f) Use of unfolded image to perform whole gut segment quantification of
villus density by applying a Laplacian filter and the find maxima function. (g) Villi density
quantified within sub-regions of the unfolded scan. (h) Cross-sectional view of unfolded
image, with mucosal layers labelled as before. (i-m) Images of secondary lymphoid structures
from a cross-section view (i and j) or top to bottom (I) (encircled in yellow). (j) Side view of
the same structure as in i. (K) Unfolded image reveals tri-lobular structure and possible vascu-
larisation (arrow). (1) Straightened cross section of structure in i. (m) Widespread network of
large vessels in an unfolded image.

4.3.2 Cell-type specific signal distribution throughout the gut volume

OPT can also be used for visualisation of cell types according to stainings of selective markers.
To demonstrate this, we chose to stain the gut immune compartment, due to its structured

60



4.3. Results

organisation under healthy conditions and its common deregulation in intestinal diseases (e.g.
IBD (259)) and other systemic disorders (e.g. metabolic diseases (260; 261), autoimmunity
(262) and neurodegeneration (65; 263)). For this we stained CD45-positive cells using fluo-
rescently labelled antibodies. In healthy adult mice, immune cells are found interspersed at
regular intervals or compartmentalised in gut-associated lymphoid structures (GALTs) known
as isolated lymphoid follicles (ILFs, figure 4.3 (a) triangle). Overlaying the autofluorescence
channel reveals other adjacent structures such as blood vessels and luminal dietary fibers
(figure 4.3 (a), cross and square respectively). It is known that age- and microbiota-dependent
education of the immune system is responsible for the formation of structures such as GALTs
and Peyer’s patches (264; 107). We confirm that with OPT, we are able to identify differences
in the immune cell compartments in the contexts of young (14 days) SPF mice and old (30+
weeks) germ-free mice (figure 4.3 (b) and 4.3 (c) respectively), compared to the old SPF sample
shown in figure 4.3 (a). At young age under normal rearing conditions, no dense regions of
immune cells are observed (figure 4.3 (b)). Intestines of older, germ-free mice also exhibit
reduced CD45-positive cell clusters in the mucosal layers. A two-channel cross-sectional view
of these samples (figure 4.3 (d-f)) frames the immune signal with the structured layers of the
gut. An isolated lymphoid follicle is located within the sub-mucosal layers and is surrounded
by smaller, less dense CD45-positive clusters in figure 4.3 (d). Conversely, in both germ-free
and young animals, there is no specific fluorescence thus indicating a lack of well-defined
GALT structures in these mouse models (figure 4.3 (b), (c), (e), and (f)).

OPT reconstructions can thus be used for broader, organ-scale characterisation of the mouse
intestine. Furthermore, current 3D image processing tools allow for accurate quantification of
different parameters. We segmented the ILFs in the 625nm channel alone (figure 4.3 (g)) and
found their size ranges from approximately 1 to 5 million ym?3 (figure 4.3 (h)). Their spatial
distribution along the small intestine is uniform, averaging at 500um in between ILFs (figure
4.3 (1)).
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Figure 4.3 — Multi-channel OPT reconstructions and segmentation of gut immune component
(a-c) Longitudinal views of two-channel OPT renders with tissue autofluorescence in cyan
and CD45-positive cell clusters in magenta. Age- and microbiota-dependent development
of gut-associated lymphoid structures (GALTSs) is evident in a healthy old conventionally-
raised gut (a) versus young conventionally-raised (b) and adult germ-free (c) gut samples.
Structures of interest include the positive cell clusters (triangle), vascular network (cross) and
luminal dietary fibers (square). (d-f) Cross-sectional view of 3D reconstructions for samples
shown A-D. (g) 3D segmentation of isolated lymphoid follicles (ILFs) signal using Imaris. (h)
Measured volume occupied by individual CD45-positive regions in a healthy old C57BL6
mouse, measured in million um3. (i) Spatial distribution of ILFs throughout the tissue seen
in A as measured by minimum, mean and maximum distance in pym between each follicle.
C57BL/6] mice were used.
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4.3.3 gutOPT pipeline for multi-modal imaging and high resolution characteri-
sation of the gut

Because sample preparation for optical projection tomography is compatible with downstream
processing for additional imaging modalities, we wondered whether we could incorporate a
single pipeline for imaging at different scales. We performed reverse-OPT (figure 4.1 (n) and
(0)) on the samples shown in figure 4.3 and imaged them using confocal microscopy (figure
4.4). We wondered whether we could use OPT to pre-select regions of interest, and retrace
them and image them using high resolution techniques. To do this, we selected isolated
lymphoid follicles in the OPT reconstruction and calculated their distance from the edge of
the sample (figure 4.4 (a) i and ii). Once samples had undergone RevOPT and were mounted
in optimal cutting temperature (OCT) compound, the depth of each cryosection was used to
track the localization of the ROIs. We find that the fluorescence signal was maintained from
the OPT staining, and sections do not require further immuno-staining for confocal imaging.

Specifically, we find that preselected ILF regions observed by OPT are high-density cell clusters
rich in Cd45-positive cells (figure 4.4 (b) and (c)). In both ROIs containing ILFs, the calculated
distances were accurate, and we find the immune cell-dense region situated within the sub-
mucosa as expected from the OPT reconstructions and their known localisation (265; 106).
Areas lacking GALTs in 3D (figure 4.4 (a) iii) only contain sparse positive cells in the lamina
propria at higher resolution (figure 4.4 (d)). By measuring the immune cell density in the
whole-sectioned GALT regions we find that the signal density threshold for visibility in OPT is
approximately 400 fluorescent cells per mm2~ of DAPI signal (figure 4.4 (e)). We imaged
the adult germ-free mice that display no GALTs by OPT (figure 4.4 (f)). Here, we find no Cd45+
cells along the length of the villi nor in the submucosa, confirming that no ILFs are present,
and suggesting that the lack of a microbiome indeed alters the immune compartment in
the gut (figure 4.4 (f), triangle). The number of immune cells is also significantly reduced
compared to that observed in the gut of conventionally-raised mice (figure 4.4 (g)). Thus, OPT
can be used to identify specific structures and markers of interest using tissue-wide staining,
and given a sufficiently dense fluorescent signal ROIs can be traced by confocal microscopy
using RevOPT and cryosectioning.
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Figure 4.4 — Reverse OPT for tracking of ROIs in high-resolution imaging modalities (a) Close-
up and selection of two GALT ROIs in OPT reconstruction, with calculation of distance from
the end of the tissue. (a-d) Images come from a healthy conventionally-raised adult mouse gut.
Regions i-iii are regions shown in b-d, with sectors i and ii containing CD45 signal and iii being
empty. (b-d) Scale bars are 200um. (b) Two-channel confocal images of reverse-OPT sections
within the depth of (i) in (a), with distance from the end of the tissue calculated based on the
number of 25 um-thick sections collected. Nuclei were stained with DAPI and Cd45 signal
comes from pre-OPT staining. High Cd45+ cell density regions are the ILFs visible by OPT
and are surrounded by sparse Cd45+ cells. (c) Confocal depths in the second ROI (ii) selected
in (a). (d) Confocal depth in a region with no observed ILFs in (a) showing only sparse CD45
signal. (e) Comparison of CD45-positive cell density within GALT region and surrounding
tissue measured in sections from four gut samples. The signal density threshold above which
structures are visible in OPT reconstructions is estimated at 400 fluorescent cells/mm? of
DAPI signal. (f) Confocal acquisitions from an old germ-free mouse gut, with no ILF signal
observed in OPT and a visibly reduced presence of CD45-positive cells throughout the tissue.
Scale bars are 200um. (g) Comparison of whole-section area density of CD45-positive cells
in conventionally-raised and germ-free gut samples (example images b-d and f), showing
significant reduction in immune cell presence in the gut lining of germ-free animals.
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4.4 Discussion

The choice of microscopy technique for gut characterization relies on certain features of the
signal of interest, including the scale, the required resolution, the need for staining, the sample
preparation and its application in-vivo or ex-vivo. The heterogeneity of gut tissue structure and
the dynamic recruitment and trafficking of cells involved in gut health makes 3D microscopy
particularly adapted for this setting. Volumetric imaging modalities are continually being
developed in parallel with advanced image processing techniques (266; 267; 268), as the
weight of data grows rapidly with 3D imaging. Volumes are reconstructed from sections
imaged at multiple depths, the number of which is one of the determinants of resolution. As
such, common techniques include confocal microscopy, light sheet fluorescence microscopy
and two-photon microscopy whose applications range from studying villous vascularisation
(269), structural integrity (104; 270), local inflammatory status (112) and microbial community
dynamics (100).

The multi-scale and multi-modal gutOPT pipeline we describe uses a customizable staining
method to fluorescently label targets of interest, thereby permitting the imaging of tissues at
the millimetre-scale. Furthermore, RevOPT can be readily concatenated for higher-resolution
imaging of reference ROIs across different modalities. The data acquisition can extend beyond
a single 5 millimetre section of gut to several centimetres with overlapping regions, as was
demonstrated in previous work (258). The ability to assess multiple fluorescent signals within
deep tissue, with minimal distortion, enables the co-localised imaging of different cellular
structures in whole intestinal tissue segments. While the methodology can last up to three
weeks, the high data yield and wide field of view is attractive for studying the distribution and
localisation of distinct cellular structures.

Tissue autofluorescence serves multiple roles in the interpretation of microscopy images.
It can provide crucial contextualization for fluorescent labels within tissues and facilitate
the interpretation of functionality based on fluorescent signals. In addition, the intestinal
architecture observed by autofluorescence imaging provides a label-free method for the
characterization of diverse parameters (106) which may be used as comprehensive measures
of gut integrity and leakiness (102). The 3-dimensional nature of OPT data provides the
opportunity to observe the connectivity of structures from multiple perspectives, as we have
shown with the addition of virtual unfolding and the observation of large vascular networks in
the submucosa.

Such a technique could be applied to pathological contexts where structural deformation is
symptomatic of disease. For example, coeliac disease (CD) is characterized by a destruction
of the intestinal epithelium driven by gluten-activated inflammation, resulting in observed
villous atrophy and lymphocytic infiltration of the epithelium (271). With the capacity to
accurately reconstruct mesoscale volumes, the presented optical projection tomography
pipeline offers an approach that maintains structural integrity whilst multiplying the field of
view available for diagnostic observation.
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The gastrointestinal tract constitutes the richest site for crosstalk between external stimuli and
the host, with numerous signalling pathways mediating the symbiotic relationship made up of
neural, endocrine and immune responses as the main functional contributors (272). As is ex-
emplified in most gut-associated disorders, gut immunity is a major mediator of homeostasis
which if deregulated can lead to disease directly in the gut, e.g. inflammatory bowel disease
(IBD) (273), and to systemic disorders beyond the GI tract ranging from metabolic diseases
including diabetes (274) to neurodegenerative diseases (263). The gut is thus equipped with
well-developed sensory mechanisms that are organised into gut-associated lymphoid struc-
tures (GALT). Though functional studies of these systems at the cellular level are widespread
and constitute multiple fields of research, the spatial distribution of immune structures in
the gut is not well documented at the mesoscale. Here, we present a novel method for the
visualization of GALTs in 3D with subsequent high-resolution 2D ROI referencing in the mouse
gut. We demonstrate the ability of our multi-modal OPT pipeline to characterize specific
regions of interest at multiple scales and relate our findings to the histological and functional
landscape of research that concur with the distribution of GALTs we observe in the mouse gut.

In order to show the applicability of OPT to address the mesoscale organization of cell-types
within tissues, we explored the development of GALTs in models where age and the microbiota
are manipulated. We stained the CD45 antigen that is found on hematopoietic cells (275) from
which almost all immune cell types are derived (276). CD45-rich regions identified as isolated
lymphoid follicles (ILF) were found in the gut of a 30-week-old conventionally-raised C57BL6
mouse. ILFs are a sub-category of gut-associated lymphoid tissues (106) whose functions
are to limit contact between luminal microbiota and the epithelium via IgA secretion, and to
sense epithelial breaching by bacteria and signal the need for phagocytosis to surrounding
macrophages (277). For the first time, we are able to measure the variation in volume and
the spatial distribution of ILFs in 3D throughout an uninterrupted section of tissue at the
millimetre scale. Furthermore, with concatenated overlapping data acquisition, this could
easily be extended to the centimetre scale.

The age- and microbiome-dependence of the maturation and regulation of gut immune
responses has become evident in recent years (278). Initial exposure to the environment
during the neonatal period begins the process of microbiome colonization that in turn shapes
the immune system throughout development (279). In accordance with this knowledge, the
sparse immune signal observed in the gut of a young conventionally-raised mouse, specifically
with no developed GALTS, is expected. In addition, the study of germ-free and gnotobiotic
models has proven that the gut microbiota is necessary for the development of a mature and
complete immune system (280), with post-gnotobiotic colonization with commensal bacteria
resulting in the acute induction of lymphoid tissue genesis (252). Thus, the lack of isolated
lymphoid follicles in the small intestine of old germ-free mice observed in OPT is indicative of
the expected stunted immune germ-free phenotype.

We also demonstrate the traceability of ROIs between imaging modalities by selecting ILFs
in OPT reconstructions and performing RevOPT and confocal microscopy. The distances
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measured by image processing and by tracking the number of sectioning depths leads to an
accurate correlation of signal localization. With signal density quantification, we are able
to determine a limit of detection for regions of interest in OPT scans that may become a
benchmark for the selection of targets of interest for OPT imaging. RevOPT adds value to
our pipeline as it addresses the need for microscopic analysis of biological landscapes whilst
offering the opportunity to interpret signals at the mesoscale.

This multi-modal method presents several advantages that are adaptable to the study’s needs.
For example, cut-free sections reduce the presence of common artefacts that distort the
sample and impede large-scale histopathological interpretations. The virtual sections also
simplify the registration of multiple imaging depths for 3D or concatenated 2D segmentation
of regions of interest as we have demonstrated here. In studies where points of interest are
sparsely distributed throughout the tissue, as is the case with ILFs in the gut, OPT and RevOPT
enable the empirical selection of optimal regions for high-resolution downstream imaging that
is exemplified in our results. We believe ease of implementation and the resulting possibilities
of analysis in large volumes and at high resolution make the gutOPT pipeline an attractive
method for both preclinical characterization of gut tissues and in gastroenterological clinical
diagnostic settings. Thus, gutOPT addresses the need for a detailed yet holistic approach to
understanding the complex physiological interactions involved in gut health and disease.
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4.5 Supplementary Information

4.5.1 Supplementary Figure 4.5

Optical imaging of the small intestine by OPT Hes-S0//eeive

Figure 4.5 — gutOPT Movie Representative movie of three-dimensional image acquired by
optical projection tomography, of samples shown in figure 4.3 (a) and (d). Image consists
of two channels, the autofluorescent (cyan) and isolated lymphoid follicles stained with an
anti-Cd45 antibody (magenta). The movie may be viewed on the SRM EPFL website.
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4.5.2 Supplementary Figure 4.6
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Figure 4.6 — Segmentation and Unfolding of OPT filtered back projections of mouse intestine
Image processing is performed in Image]J, using a macro written by the authors. (a-h) Initial
segmentation of the gut sample and background throughout the depths of the imaged sample.
(i-n) Unfolding and reslicing of the intestinal lining, starting from the centroid. (m) top view
of unfolded sample. (n) orthogonal view from within the lumen, making villi cross sections
visible.

69






Conclusion and Outlook

In summary, in my thesis I have explored the host-gut environment and its importance in
neurodegenerative development using multiple approaches. I provide new insights into the
effects on health of the bi-directional gut-brain communication in the context of Alzheimer’s
disease and present a novel microscopy pipeline for host-gut interaction characterizations
in 3D. The capability for gut microbiota modulation to alter and to itself be altered by this
communication is shown, thus highlighting the need for studies to encompass the organism
as a whole.

In this chapter, I reflect on the implications of my work and provide perspectives on the future
of research in these fields.

5.1 Experimental Approach and Open Questions

The exploratory nature of the AD-gut and gutOPT projects meant a broad scientific approach
was necessary. The neurodegenerative disease and gut microbiome research fields have grown
significantly since the start of this thesis, meaning much less was known when I designed the
experimental approach that would forge the work presented in this thesis.

With the mindset of identifying key players in the bi-directional gut-brain communication in
Alzheimer’s disease, I outlined a number of experimental readouts to guide my research (figure
5.1). I hoped these would describe the effects of the gut-brain connection on brain health
and the gut microbiome, and perhaps point to physiological networks of interest for further
investigation. As was shown in the manuscript in chapter 2, I was able to paint a picture of
the brain and gut environments as well as test their changeability in response to microbiota
modulation.

The majority of the experimental readouts outlined in figure 5.1 were observed, and led to the
gut-brain characterization of the 5XxFAD model given in chapter 2. In addition to implementing
this experimental approach to the model being reared under specific pathogen free condition,
my collaborators and I also characterized the 5XxFAD model having undergone gut microbiota
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modulation (i.e. germ-free and gnotobiotic cocktails). Some of the readouts for which data
were either inconclusive or not collected include the microbial metabolome and mucosal
microbial populations, respectively. In the case of the microbial metabolome, we measured
levels of short-chain fatty acids and bile acids in the cecum of conventionally-raised 5xFAD
animals at multiple time points. Unfortunately, technical difficulties in the experimental
execution led to limited data collection and the observation of no significant differences across
the groups. The important signalling role played by SCFAs and BAs in the host-gut ecosystem,
as was discussed in chapter 1 of this thesis, means this area of the model characterization is
highly relevant and warrants further investigation.
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Figure 5.1 — Plan of readouts for the study of the gut and the brain ecosystems Mind map of
the experimental approach outlined at the start of the thesis. By observing changes at the
two major sites of focus, the brain and the gut, we hoped to deepen our knowledge of the
routes that connect them. Energy metabolism and gut transit were identified as potentially
deregulated in the conventionally-raised 5xFAD model, thus leaving open questions in this
areas.

Some findings encountered during the course of the ADgut project pointed to additional
physiological systems of interest. Indeed, evidence of deregulation in energy metabolism
(with a sex-dependent element) and in gut transit with potential impact on nutrient absorption
was uncovered in the 5XxFAD model raised under conventional conditions (figure 5.2).

The two major findings that pointed to the involvement of energy metabolism and nutrient
absorption were:

* Body weight was significantly reduced in old 5xFAD females, with a mean loss of 14% in
body weight at 42 weeks compared to wild-type littermates (figure 5.2 (A)).
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* Gut transit time was significantly reduced at old age in 5xFAD animals (males and
females), with a 3.6-fold average decrease at 42 weeks in transgenic mice compared to
wild-type littermates (figure 5.2 (B)).

Two recent studies have reported detailed characterizations of metabolic dysfunction in the
5xFAD model (281; 282), including a confirmation of the body weight loss I observed in aged
5xFAD females. In addition to changes in body weight associated with age and sex, these
studies show that food intake, home cage activity and frailty were all altered in the 5xFAD
genotype (281). Losses in energy expenditure accompanied the weight loss, as well as modified
markers of hypothalamic and peripheral energy balance (including insulin, leptin and GLP-1)
(282).
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Figure 5.2 — Effect of 5xFAD genotype on parameters of energy metabolism and nutrient ab-
sorption Open questions remain as to the involvement of energy metabolism and nutrient
absorption in the 5xFAD model, since the required follow-up experiments to those shown
here were not performed. A Body weight measurements for 5xFAD Tg+ and Tg- mice at 42
weeks. p-values for A are one-way ANOVA with Bonferroni multiple comparison. B Transit
time, measured as the time from ingestion of green food to excretion of the first green feces,
in 5xFAD Tg+ and Tg- mice at 32 weeks and 42 weeks. p-values are two-way ANOVA with
Bonferroni multiple comparison.

Gut motility is a known indicator of gastro-intestinal health (283; 284), is one of the major
effectors of gut microbiota signalling in the host and has been described as a marker of
intestinal dysfunction (285). Thus, the alterations in gut transit time observed in the aged
5xFAD model are indicative of a disturbance in gut function that is potentially associated
with gut microbiota dysbiosis and is likely to affect nutrient uptake, subsequently influencing
energy metabolism as a whole. A recent report of reduced gut transit time in the 5xFAD
concurs with the observations made here (286), however there is a generally limited discussion
of gut transit time in this model.
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The numerous approaches applied to study the 5xFAD model highlight the fact that neurode-
generative disease, even in ‘simplified’ pre-clinical models, involves physiology as a whole.
It appears that all physiological systems show alterations in the disease model, including
neurology, immunology, energy metabolism, endocrinology and microbiome symbiosis, to
name a few. Thus, it is now unequivocal that multi-disciplinary research is necessary for
a continued exploration of this disease’s development. The open questions discussed here
point to some research avenues that need to, and in some cases have been, included in stud-
ies of neurodegenerative disease in order to appropriately encompass systemic influences.
These may eventually grant us the understanding required to design multi-system treatment
strategies.

5.2 Perspectives On Microbiota Modulation in Alzheimer’s Disease

In this thesis, I have demonstrated that gut microbiota composition is altered in the 5xFAD
model of Alzheimer’s disease and that bidirectional gut-brain modulation can be experimen-
tally observed. Two methods of gut microbiota modulation were implemented that were able,
to varying extents, to influence amyloid plaque formation and cognitive deficits at old age. In
addition, the metabolite landscape of the 5XxFAD brain revealed that metabolites derived from
dietary products are significantly altered by AD genotype.

The greatest challenge we face in treating brain disorders is an as of yet incomplete under-
standing of brain health in amongst physiology as a whole. In short, the inherent complexity
of physiological networks make it difficult to paint a clear bigger picture. Traditional treat-
ment ventures have targeted specific pathways identified as being potentially involved in
the development in Alzheimer’s disease in the form of hypotheses. As such, several critical
hypotheses have proposed since the mid- to late-twentieth century have led the direction
of clinical research, examples of which include the Cholinergic hypothesis (287) and more
famously the Amyloid Cascade hypothesis (288). In the case of the Amyloid Cascade hypoth-
esis, treatment strategies have focused on inhibiting the production (289) and aggregation
(290) of amyloid- S, increasing Af clearing (291) and immunotherapy (292). Unfortunately,
the majority of anti-amyloid clinical trials have failed (191) for reasons ranging from a lack of
efficacy (Solanezumab) to toxicity and a resulting worsening of cognition (Atabecestat) (293).
The specificity of these targeted therapies may be incompatible with treating complex diseases
like Alzheimer’s. Thus, therapies with the ability to broadly impact physiology may lead to
more successful outcomes.

The implication of the host-gut ecosystem in the development of Alzheimer’s disease, evidence
of which was shown in this thesis, not only deepens our understanding of the disease’s etiology
but also offers new therapeutic avenues. Gut microbiota modulation approaches make it
possible to induce shifts in the entire system, including energy metabolism, immunity and
nervous system activity. The organ systems, signalling pathways, and even specific bacterial
genera associated with improvement or deterioration of AD symptoms across several model
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systems are in many cases conserved, as was discussed in chapter 2. Thus, with a better un-
derstanding of the composition of a health-promoting microbiome, including its downstream
effects on physiology, we may be able to design widely effective gut-associated therapies.

Implementing microbiota modulation in humans is faced with logistical limitations that can-
not be ignored. An important symbiotic function of the microbiota is to produce a stable
colonization of the host, whose role is to create an overwhelming competition for pathogenic
colonizers. In the hopes of replacing microbiota composition, one must diminish or re-
move the original gut microbiota. This is achievable with the use of antibiotics, though the
widespread and potentially deleterious effects of such a radical treatment are considerable,
especially in terms of immunity. Furthermore, the aforementioned uniqueness of one’s micro-
biome may lead to unpredictable patient responses to microbiota modulation in a clinical
setting. In the case of fecal microbiota transfer (FMT) therapy, its success is established with
90% cure rates in recurrent Clostridium difficile infections (294). However, attempts at imple-
menting FMT therapy in cases of ulcerative colitis (UC) and inflammatory bowel syndrome
(IBS) have yielded conflicting reports (294). The unavoidable variation in gut microbiome
composition and function within and between populations is likely an underlying contributor
to the difficulty encountered in the interpretation of microbiota modulation results (294).
Natural gut microbiota modulation occurs throughout one’s lifetime, as a result of a host of
modulators encompassed within lifestyle, for example. In studies of population-wide pa-
rameters influencing the healthy microbiome, lifestyle was identified as one of seven major
covariates with a significant effect size (295). Thus, ensuring long-lasting positive effects of a
modified microbiome is likely dependent on the adoption of long-term lifestyle changes that
may otherwise skew the microbiota population towards an unhealthy phenotype.

5.3 Value of the gutOPT Pipeline for Host-Gut Investigation

Today, a pre-clinical researcher’s toolbox inevitably holds one or multiple microscopy tech-
niques. The ability to see where signals of interest localize is a vital complement to high-
throughput molecular or cell-based quantitative approaches. In particular, microscopy often
enables the observation of the structural and/or physiological context surrounding signals of
interest, thus improving a researcher’s capacity to interpret changes in the observed system.

As a result of immensely varied observational parameter needs (ranging from field of view,
resolution, staining requirements, morphological modification and more), a vast number of
microscopy techniques have been and continue to be developed. Thus, no single microscopy
technique is universally applicable and the concatenation of multiple techniques can widen
the possibilities for optimal pipelines to be applied in a chosen setting.

In this thesis I present the gutOPT pipeline, which offers the opportunity to image host-gut
interactions at multiple scales by concatenating two imaging modalities: optical projection
tomography and confocal microscopy. This pipeline is particularly adapted to the gastro-
intestinal tract due to this tissue’s large-scale heterogeneity in structure, cellular composition
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and signalling exchanges involved in the host-gut ecosystem (see figure 1.3). As was demon-
strated, simple image processing techniques can be applied to reconstructed 3-dimensional
data and result in powerful qualitative and quantitative observations of a complex structure
such as the gut. Thus, the gutOPT pipeline provides a bigger picture of volumetric sections
of intestine that is adapted to gaining a better understanding of local host-gut ecosystem
interactions. Furthermore, by concatenating OPT and a high-resolution modality like confocal
microscopy, I fulfill a researcher’s need to scan large volumes of tissue to identify regions of
interest that can subsequently be imaged at high resolution.

I have demonstrated this pipeline’s capacity for multi-channel OPT acquisitions of tissue
autofluorescence and fluorescently-labelled signals of interest. By doing so, I have provided a
concrete example of gutOPT’s usefulness for physiological research in the gut environment.
As was discussed in chapters 1 and 4, the immune compartment is intricately linked with gut
microbiome homeostasis and a wide range of physiological mechanisms in the host. A recent
thorough characterization of the cellular composition of isolated lymphoid follicles (ILF)
has revealed their role as adaptive-immune inductive sites that contribute to region-specific
immune responses in the gut (253; 111). As was corroborated in our results, the development
of gut-associated lymphoid structures, including the ILFs we identified by OPT, is guided by
host-gut interactions, thus cementing their relevance for further investigation.

An interesting future avenue for the gutOPT pipeline lies in the observation of the spatial
organization of bacterial colonies within the gut lumen. Alterations in colony characteristics,
such as size and diversity, alongisde simultaneous observations of intestinal morphology, may
reveal structural changes involved in the dynamics of host-gut communication. Aptamers
present a novel opportunity for staining unconventional targets such as bacterial colonies.
Indeed, the selective production of aptamers to specifically bind to targets of interest has
been demonstrated in bacteria (296) and for the detection of Listeria monocytogenes by flow
cytometry (297). In such a scenario, the power of OPT to identify regions of interest in large
sectors of intestine is particularly interesting, as high-resolution observations of bacterial
colony localization along the length of the gut are relevant to the homeostasis of the host-gut
ecosystem and its impact on health and disease (298; 299).

The future of the gutOPT pipeline is open-ended. Throughout the development of what
I present in this thesis, design choices were made according to the direction in which we
wanted to take the project. Thus, the presently outlined setup and experimental procedure is
but one example of how such a pipeline can be put to use. Parameters such as the selected
sections of GI tract, the chosen staining targets, the number of overlapping sections imaged
and reconstructed, and more are all tunable according to the user’s experimental needs.
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