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Abstract

The gut brain axis (GBA) is a bi-directional communication system between the
gastrointestinal tract (GI) and the brain. Correct functioning of the GBA is
essential to human health and its dysfunction has been widely implicated in a
variety of diseases including, irritable bowel syndrome (IBS), Parkinson’s
disease (PD), anxiety, depression, and more recently Alzheimer’s disease (AD).
Pathological changes associated with GBA dysfunction include: increased
permeability of the epithelial gut barrier, localised and systemic inflammation,
increased permeability of the blood brain barrier (BBB), insulin resistance and

alterations in the production of microbial metabolites.

In our laboratory, we utilised the APP/PS1 transgenic mouse as a model for
cerebral amyloidosis in the brain. These mice overproduce 3-amyloid (A),
allowing the study of mechanisms of neuropathology. In this project we used
seven and fifteen-month mice as a representation of early and late A3 plaque
deposition. Histological examination of tissue architecture in addition to goblet
cell and enteroendocrine cell (EEC) counts were performed. Mucosal and luminal
bacterial community profiling was assessed through quantitative real-time PCR

(qRT-PCR) and denaturing gel gradient electrophoresis (DGGE).

There was a significant decrease in the phylum Firmicutes and number of EEC’s
in the colon of seven-month APP/PS1 mice compared to WT littermates. By
fifteen-months the dysbiosis had recovered, however there was a decrease in
goblet cells in the villi and crypts of the ileum. A three-month age group was
introduced which was found to have a significant difference in the mucosal-
associated microbiota in the caecum of APP/PS1 mice. The dysbiosis was
accompanied by a significant decrease in crypt depth and an increase in EEC

numbers in the colon.

The results suggest that dysbiosis in the large intestine occurs in early
neuropathology and is normalised by late AD pathology. We propose that

dysbiosis induces changes in the tissue architecture and cell population numbers



during the progression of pathology, which exacerbates GBA dysfunction. The
potential for this research lies with the possibility of identifying an AD
microbiota profile, which could make it possible to identify high-risk individuals
by comparing profiles. Altering the microbiota through the use of probiotics or
changing certain lifestyle factors such as adopting a Mediterranean diet, may
reduce the likelihood of a high-risk person developing or slow down the

progression of AD.



Acknowledgements

[ would like to firstly express my gratitude to Dr. Rachael Rigby who designed a
thoroughly enjoyable project and supported me throughout the year. A huge
thank you must be given to Dr. Jayde Whittingham-Dowd for her guidance and
for showing me the techniques required. Thanks must also be given to Professor.
Christian Holscher and Dr. Simon Gengler who provided the mice. My gratitude
extends to Dr. John Worthington for his advice and suggestions and to Alex

Hardgrave and Beth Gallagher for their assistance.
[ would also like to thank my incredible family and partner, Theo Dourambeis for

their continuous love and support, which without, this project would not have

been possible.

Declaration

[ declare that this thesis is my own work submitted for the degree of Masters (by
research) in Biomedical Science at Lancaster University. This work has not been
previously submitted to another University or Institute of Learning for the award

of a higher degree.



Contents

72 X 1] o o o
ACKNOWIEdZEMENLS .......oiiiiseriiisns s s s n s s sns sas e sn e s sas s s e srn e sas san ans sanas
D XL ed B 1 = U0 )

0 03 0 L) 4 O

© 1 x BN

LISt Of FigUIES....ciiii it i cieir i s e e ns s s e s e ss sns s s e s e s sas s s e s sns s san s s
0 T 0 0 1 1) T L 1

LiSt Of ADDreVIatIONS... .. ciiier i iriesrrsss sersnssessnsssssssssssssssssesssssesssssesmnsssssnsssssnnsssns LD

1. Literature review
1.1 Organisation of the Gastrointestinal (GI) Tract.......cccccceioeererieener e 18
1.2 The GUt MiICrODIota. .. ..o ioiiieiiiiisee s e s 20
1.3 Balancing the Microbiota through Life .........cccooiiiiniiiiiie 23
1.4 Alzheimer’s diSease (AD) ...oooeerueeiieerer e e e e se e e en e e 26
1.5 Dysbiosis and AD......cccoir it e e e e e e e e s 32
1.6 Possible Origins of Dysbiosis in AD.......cccccooiiiiiii e e 35
1.7 The Gut-Brain Axis is Dysfunctional in AD..........coooeiiniiinin e 38
1.8 Components of the GBA in Ageing and AD
1.8.1 Gut epithelial barrier ... s 41
1.8.2 Blood brain barrier (BBB) .....ccooceriiriieiiie e 42
1.8.3 Lipopolysaccharides (LPS).....ccccririimriie e e 43
1.8.4 Short Chain Fatty Acids (SCFAS)....ccccuriieeiieiseereee e e 44
1.8.5 Enteroendocrine Cell’s (EEC’s) and Peptides .......cccccreennnnee. 46
1.8.6 Glucagon-like peptide (GLP-1)....cccooiiiiiiiieireee e e 47
1.8.7 Peptide YY (PYY) oot e e 48
1.8.8 Cholecystokinin (CCK)....ccuiiriimriir e e e e 49
1.8.9 Serotonin......ccocv i 49
1.8.10 Neuroinflammation........cccererir i 50

1.9 Targeting the GBA for Treatment..........cccoccciiiieiieciien e e 51

0 o o0 T s ¥ 0 . 1



3. Materials

T80 B 2T T =) o RSOOSR 54

3.2 Buffers and SOIUTIONS .......cociiiier i e e e e 55

3.3 ANEIDOAIES ... e ettt e e e e e 56

3.4 PCR PIiIMETIS . .cci ettt et e e e e e sn e e e nn e e s e e e e e 57
4. Methods

4.1 ANIMALS et e e e e e e 58

4.2 TiSSUE PrOCESSING....cciieiiiie ittt ettt e e e 59

4.3 Histological Staining

4.3.1 Periodic Acidic-Schiff (PAS) Alcian Blue (AB) Stain............... 60
4.3.2 Light MiCTOSCOPE ... eeiieuiiieeirtiee e ee e e ee e ee e e e sn e 60
4.3.4 Fluorescent Immunohistochemistry (IHC).......cccoccerieenenne. 61
4.4 Bacterial 16S rDNA EXTraction.......ccccoveioiinriniinie e e 62

PCR) ettt e e s 62
4.6 Denaturing Gel Gradient Electrophoresis (DGGE)
4.6.1 PCR and Purification for DGGE...........ccccioviviniininiiiiis 63
4.6.2 Reagent Preparation.......cccueier e 64
4.6.3 Pouring the Gradient Gel.........c.cccco i 64
4.6.4 Gel Visualisation........cccevoviviiinin e 65
4.7 StatiStiCal ANALYSIS...coereereereereeseessesees s seessssse s ses s 66

5. ReSUlts. ... s s e 07
5.1 Seven-month APP/PS1 mice

5.1.1 Assessment of crypt depth and villus height revealed no overt
morphological differences, however EEC numbers are decreased in
seven-month APP/PST MiCe......ccerriiiriie e e s 68
5.1.2 A decrease in the phylum Firmicutes was observed in seven-
mMonth APP/PST MICE.....ccouiiieiie it e 79
5.13 No difference in bacterial community was seen in seven-

mMoNth APP/PST MICE....cccoiiiiii it e 81



5.2 Fifteen-month APP/PS1 mice
5.2.1 A decrease in goblet cell numbers was observed in the ileum
of fifteen-month APP/PS1 mice.......cccoueiiiiiiieiee e 100
5.2.2 No difference in bacterial community was observed in

fifteen-month APP/PST1 MicCe......ccceiiiiiiiiieiee e 109

5.3 Three-month APP/PS1 mice
5.3.1 Crypt depth is deceased in the colon of the APP/PS1 three-
MONth MICE.....oiiiiii 129
5.3.2 Microbial diversity is altered in the caecum of three-month

APP /PST MICE ittt et e e e e e e e 138

6. Summary of Results

6.1 Villus height and crypt depth........cccooeriiiiiiiiiii 137
6.2 Goblet cell COUNT.......covviiir i 137
6.3 EEC COUNE....oiiiiiiiiiii it s s e 148
6.4 Microbial community diversity - QRT-PCR........cccoooeiriiiiiir e 148
6.5 Microbial community diversity - DGGE.........cccccoooiiiiiiiier e 149
6.6 Average total number of DGGE bands..........ccccooiiiieiiiinien e 150

7. Discussion

7.1 Dysbiosis in the large intestine occurs in early AD pathology........... 151
7.2 Firmicutes is decreased in colon of fifteen-month mice..................... 155
7.3 Dysbiosis is normalised by fifteen-months..........cccoccoiiiiiiicinine. 157
7.4 Sex specific differences........ccoo oo 159
7.5 Early life microbiota is crucial in the development of disease........... 160
7.6 Utilising the microbiota in the diagnosis and treatment of AD.......... 161
7.7 Altering lifestyle behaviours may prevent AD.........cccooeiiiiiieinien 162
7.8 FULUIE WOTK....oiiiiiii i s 163



£S T 000 ) 4 Lol L0 o) o 1 I o1 4

O, R I CIICES . cueuieeruissrrssssrrnnnsersnssasassssssssssssnsssssenssnsennnssessnsssssnnssssnnssssenssnsnnssnsenss LOS



List of Figures

Figure 1. The cellular organisation of the small and large intestine...................... 18

Figure 2. The abundance and predominant microbiota in regions of the GI

Figure 3. Proportions of the main bacterial phyla in the gut throughout life.......24

Figure 4: The processing of the amyloid precursor protein (APP) via the

amyloidogenic and non-amyloidogenic pathway........cccoceriiiiiiiiiiiiin e, 27
Figure 5: The amyloid cascade hypothesis.........ccoooeeiieriieiniir e 30
Figure 6: Overview of the gut-brain axiS.......cccccreiriiiriie e e 39

Figure 9: Representative PAS/AB stained sections in WT and APP/PS1 seven-
MONEH IMICE ... e s 73

Figure 10: Normal rabbit IgG isotype controls for CgA ........ccovoeiriiiiiiniincieeren 74

Figure 11: Average number EEC’s in WT and APP/PS1 seven-month mice

Figure 12: Representative flurorescent IHC images of the number of EEC’s in
seven-month WT and APP/PS1 MiCe..... coooeiriiiiiiiie e e e 77

Figure 13: Average number of EEC’s in male and female WT and APP/PS1 seven-
MONth MICE ..o e s 78

Figure 14: Relative percentage change of predominant mucosal-associated phyla
N SeVeNn-MONth MICE .....ueiieiiiie i s 80



Figure 15: Mucosal bacterial community profiling from the ileum of WT and
APP/PS1 seven-month MiCe.......cccoi i et e e e 83

Figure 16: Average total number of bands from a 16S rDNA DGGE of the mucosal
bacterial community from the ileum of seven-month WT and APP/PS1

Figure 17: Luminal bacterial community profiling from the ileum of WT and
APP/PS1 seven-month MiCe ..o iiiin i e s e s een e s e e e e 86

Figure 18: Average total number of bands from 16S rDNA DGGE of the luminal
bacterial community from the ileum of seven-month WT and APP/PS1 mice.
.87

Figure 19: Mucosal bacterial community profiling from the caecum of WT and
APP/PS1 seven-month MiCe ..o ire e et e e e s e sren e s 89

Figure 20: Average total number of bands from 16S rDNA DGGE of mucosal
bacterial community from the caecum of seven-month WT and APP/PS1 mice....

Figure 21: Luminal bacterial community profiling from the caecum of WT and
APP/PS1 seven-month MiCe.......ccocoeiiiiiieiiie et 92

Figure 22: Average total number of bands from 16S rDNA DGGE of the luminal
bacterial community from the caecum of seven-month WT and APP/PS1 mice

Figure 23: Mucosal bacterial community profiling from the distal colon of WT
and APP/PS1 seven-month micCe........c.ooooeiiieiiiinien e e e 95

Figure 24: Average total number of bands from 16S rDNA DGGE profile of
mucosal bacterial community from the distal colon of seven-month WT and
APP /PST IMNICE ..ttt ettt et et e ee e e es e e e e e e e e e s e eenanennaneas 96

Figure 25: Luminal bacterial community profiling from the distal colon of WT
and APP/PS1 seven-month micCe..........coooeiiieriiiiiin e e e 98

10



Figure 26: Average total number of bands from 16S rDNA DGGE profile of
luminal- bacterial community from the distal colon of seven-month WT and

APP /PST IMNICE. it ettt et et st et e e e e e e e e e s e eennennnaneas 99
Figure 27: Histological analysis of the gut in fifteen-month mice.......................101
Figure 28: Average number of goblet cells in fifteen-month mice...................... 103

Figure 29: Representative PAS/AB stained sections in fifteen-month mice.......105

Figure 30: Average number of goblet cells in the ileum of male and female
fifteen-month MicCe. .......cooiiiiii 106

Figure 31: Average number of EEC’s in fifteen-monthmice...........cccceevirrnne. 108

Figure 32: Relative percentage change of predominant mucosal-associated phyla
in fifteen-month MiCe........cccooviiiiiiiii e e 110

Figure 33: Mucosal bacterial community profiling from the ileum of WT and
APP/PS1 fifteen-month mice. 112

Figure 34: Average total number of bands from 16S rDNA DGGE profile of
mucosal- bacterial community from the ileum of fifteen-month WT and APP/PS1

Figure 35: Luminal bacterial community profiling from the ileum of WT and
APP/PS1 fifteen-month miCe.......coooeiir i e 115

Figure 36: Average total number of bands from 16S rDNA DGGE profile of
luminal- bacterial community from the ileum of fifteen-month WT and APP/PS1

Figure 37: Mucosal bacterial community profiling from the caecum of WT and
APP/PS1 fifteen-month micCe........ccuoo i e e 118

Figure 38: Average total number of bands from 16S rDNA DGGE profile of the
mucosal bacterial community from the caecum of fifteen-month WT and
APP /PST IMNICE ..ottt e et e e e n e e e en e e e e e 119

11



Figure 39: Luminal bacterial community profiling from the caecum of WT and
APP/PS1 fifteen-month micCe........coouiiieirie e e e 121

Figure 40: Average total number of bands from 16S rDNA DGGE profile of
luminal- bacterial community from the caecum of fifteen-month WT and
APP /PST IMNICE ..ottt s s s bbb 122

Figure 41: Mucosal bacterial community profiling from the distal colon of WT
and APP/PS1 fifteen-month mice........cccoiiuiiiiiiiis e 124

Figure 42: Average total number of bands from 16S rDNA DGGE profile of
mucosal- bacterial community from the distal colon of fifteen-month WT and
APP /PST IMNICE ettt et e e e e e e e e s 125

Figure 43: Luminal bacterial community profiling from the distal colon of WT
and APP/PS1 fifteen-month mice........coooeror i e 127

Figure 44: Average total number of bands from 16S rDNA DGGE profile of
luminal- bacterial community from the distal colon of fifteen-month WT and
APP /PST IMICE. ettt e e en e e e e e e e e e 128

Figure 45: Histological analysis of the gut in WT and APP/PS1 three-month mice.

Figure 46: Representative images of WT and APP/PS1 three-month mice.......131

Figure 47: Average colonic crypt depth in male and female WT and APP/PS1
three-month MICe .......coci i 132

Figure 48: Average number of goblet cells in WT and APP/PS1 three-month mice

Figure 50: Represenative fluorescent IHC images of the number of EEC’s in three-
month WT and APP/PST MiCe. ..coueoieiiie et e e e e 136

Figure 51: Average number of EEC’s in male and female WT and APP/PS1 three-
MONEh MICE .. s 137

12



Figure 52: Relative percentage change of predominant mucosal-associated phyla

SR 0 NS o 0 010 018 010 0 01 Lol < TR 138

Figure 53: Mucosal bacterial community profiling from the caecum of WT and
APP/PS1 three-month mMice........ccoovuei i e e 141

Figure 54: Average total number of bands of 16S rDNA DGGE associated with the
mucosal bacterial community from the caecum of three-month WT and APP/PS1

Figure 55: Luminal bacterial community profiling from the caecum of WT and
APP/PS1 three-month mMicCe........coooeerir i e e e 145

Figure 56: Average total number of bands of 16S rDNA DGGE associated with the
luminal bacterial community from the caecum of three-month WT and APP/PS1

13



List of Tables

Table 1: Overview of studies investigating dysbiosis at the phylum level in
patients and animal models 0f AD.......c..oo i e 32

Table 2: Summary of the types of EEC’s in the GI tract, their primary location and

the peptide(s) they SECTELE ... .o it e 46
Table 3: Reagents and manufacturer details........ccocccoeoieiii i e 54
Table 4: Solutions and their compPoSItioNS........cccueiieiiien e 55
Table 5: Antibodies with supplier details and concentrations used..................... 56
Table 6: 16S PCR Primer SEQUENCES.......cocieruuerieerereeeeseeere e sreess e sreeesnessreeenee e 57

Table 7: Universal and phylum specific qPCR forward and reverse primers

sequences for the 16S GENe...... oo e e e e e 57
Table 8: Summary of statistical analysis of crypt depth and villus height.......... 147
Table 9: Summary of statistical analysis of goblet cell numbers........................ 147

Table 10: Summary of statistical analysis of enteroendocrine cell numbers...148

Table 11: Summary of statistical analysis of qRT-PCR data............ccceeuerrieennnene 148

Table 12: Summary of statistical analysis of DGGE profile data............ccccureunuee. 149

Table 13: Summary of statistical analysis of the number of bands from DGGE
O 0) 1 L= SRR PP 150

14



List of Abbreviations

5-HT = serotonin

AB = amyloid-f3 peptide

AB = alcian blue

ACID = amyloid intracellular domain

AD = Alzheimer’s disease

ApoE = apolipoprotein

APP = amyloid precursor protein

ANS = autonomic nervous system

BBB = blood brain barrier

BSA = bovine serum albumin

CCK = cholecystokinin

CgA = chromogranin A

CNS = central nervous system

CSF = cerebrospinal fluid

CTF = carboxy-terminal fragment

DGGE = denaturing gel gradient electrophoresis
dH:0 = distilled H20

EEC = enteroendocrine cell

ENS = enteric nervous system

ERK = extracellular signal-regulated kinase
GBA = gut brain axis

GF = germ free

GI = gastrointestinal

GIP = gastric inhibitory polypeptide

GLP-1 = glucagon-like peptide 1

GLP-1R = glucagon-like peptide 1 receptor
GLP-2 = glucagon-like peptide 2

GPR = G-protein coupled receptor

HFD = high fat diet

IBD = inflammatory bowel disease

IBS = irritable bowel disease

15



IFN = interferon

[HC = immunohistochemistry

IR = insulin receptor

IRS = insulin receptor substrate

JAM-A = junction adhesion molecule A

LPS = lipopolysaccharide

LRP-1 =low density lipoprotein receptor-related protein 1
MAMP = microbiota-associated molecular pattern
MAPK = mitogen-activated protein kinase

MAPT = microtubule associated protein tau

MCI = mild cognitive impairment

Min = minute

NFkB = nuclear factor kB

NMDS = non-metric multi-dimensional scaling
NSAIDs = non-steroidal anti-inflammatory drugs
PAS = periodic acid-Schiff

PAS/AB = Periodic acid-Schiff / Alcian blue

PBS = phosphate buffered saline

PCR = polymerase chain reaction

PSEN = presenilin

PYY = peptide YY

gqRT-PCR = quantitative real time polymerase chain reaction
rRNA = ribosomal RNA

rDNA = ribosomal DNA

RT = room temperature

SAPP = secreted APP

SCFA = short chain fatty acid

SEM = standard error of mean

SPF = specific pathogen free

TEMED = tetramethylethylenediamine

TLR = toll-like receptor

TNF = tumour necrosis factor

TPH = tryptophan hydroxylase



UPGMA = unweighted pair group method with arithmetic mean
WD = western diet
WT = wild type

7Z0-1 = zonula occludens-1

17



1. Literature review

1.1 Organisation of the Gastrointestinal (GI) Tract

The gastrointestinal (GI) tract is an organ system that extends from the mouth to
the anus of an organism, including the oesophagus, stomach, small and large
intestine (Nguyen et al,, 2015). Each region of the GI tract is adapted to optimally
perform its function. The small intestine is divided into three regions, namely:
the duodenum, jejunum and ileum, which functions to absorb nutrients, water
and salt from digested food. Finger like structures known as villi project into the
lumen, and the epithelial cells which line the villi also contain tiny protrusions
known as microvilli. Together, these structures dramatically increase the surface
area allowing for maximum absorption. The small intestine also possesses
glandular invaginations in to the underlying lamina propria, known as the crypts
of Lieberkiihn, as shown in figure 1 (Hosoyamada & Sakai, 2005; Humphries &
Wright, 2008).

(83 Enterocyte absorptive cell g2

&8 Etnteroendocrine cell h

Progenitor cell

+4 cell

@B cscc

Paneth cell
@) Goblet cell

ﬁ Myofibroblast

Colon crypt Small intestine crypt-villus

Figure 1: The cellular organisation of the small and large intestine. The small
intestine (left) contains villi and crypts whereas the colon (right) contains only crypts.
The small and large intestine share several types of cells including: enterocytes, goblet
cells, enteroendocrine cells, however Paneth cells are only located in the crypts of the
small intestine. Figure taken from Medema and Vermeulen, 2011.
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The large intestine, commonly referred to as the colon, only possesses crypts.
The colon functions to ferment undigested dietary carbohydrates, reabsorb
water from the lumen and store faeces. The caecum, a sac like structure at the
proximal end of the large intestine, is also vital in some mammals for
fermentation; however in humans its function is near redundant (Gill et al.,

2018).

The various cell types of the GI tract are also highly specialised. Enterocytes are
present throughout the small and large intestine, and are responsible for the
uptake of water and nutrients from the lumen. Goblet cells are mucus-secreting
cells which form the mucus layer(s) of the GI tract. They are located in the small
and large intestine, however are more abundant towards the colon (Birchenough
et al,, 2015). Enteroendocrine cells (EEC’s) are rare, accounting for 1% of the
total epithelial cell count. There are several types of EEC’s including:
enterochromaffin (EC) cells, L cells D cells and M cells, with their abundance
being less diverse in the colon than the small intestine. Examples of hormones
secreted by EEC’s include: serotonin (5-HT), peptide YY (PYY) and glucagon-like
peptide 1 (GLP-1), each of which has specialised functions (Gunawardene, Corfe
& Staton, 2011). In contrast, Paneth cells are located in the crypts of the small
intestine, although few may be found in the caecum/ appendix, and are involved

in secreting anti-microbial peptides (Muniz, Knosp & Yeretssian, 2012).

Located within the wall of the GI tract is the enteric nervous system (ENS), often
described as the ‘second brain’ due to several similarities, such as structure and
function, shared with the brain (Abot, Cani & Knaug, 2018). The ENS is organised
in to two major ganglionated plexuses composed neurons and enteric glia, the
former of which allows the ENS to operate independently of the CNS and in
conjunction with the vagus nerve. The submucosal plexus is located between the
muscle layers and the mucosa, and functions to control glandular secretion and
gut motility. The second ganglionated plexus, the myenteric plexus, is located
between the muscle layers and also regulates gut motility (Breit et al., 2018;

Furness, 2012). The ENS also has an important role in immune and endocrine
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function by modulating intestinal immune homeostasis and responding to

peptide hormones secreted by EEC’s (Abot, Cani & Knaug, 2018).

1.2 The Gut Microbiota

Within the GI tract resides a community of organisms including bacteria,
archaea, viruses and unicellular eukaryotes, collectively known as the gut
microbiota (D’Argenio & Salvatore, 2015). Characterising the gut microbiota has
become increasingly accessible over the years due to the introduction of
molecular techniques, enabling sequencing of the 16S ribosomal RNA (rRNA)
gene (Mayer, Savidge & Schulman, 2014; Odamaki et al., 2016).

Estimates suggest the gut contains in the region of one to one hundred trillion
microbes, consisting of up to 1000 different bacteria species (Amon &
Sanderson, 2017). The most abundant bacteria phyla are Firmicutes and
Bacteroidetes, with Proteobacteria, Actinobacteria, Fusobacteria and
Verrucomicrobia present in a lower abundance (Eckurg et al., 2005). However, it
is also important to note that abundance is also dependent on the location within

the GI tract, as shown in figure 2.

The gut microbiota can either reside within the lumen or be associated with the
mucosal layer in the small or large intestine. An oxygen gradient is present
between the lumen and the mucosal layer resulting in anaerobic microbes
tending to reside in the lumen and anaerobes in the mucosal layer, with
microbes exhibiting a spectrum of aerotolerance between the two regions (Tang

etal,, 2015).
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The mucosal layer in the small intestine comprised of MUCZ, is discontinuous
and not attached to epithelial cells. The mucosa of the colon is also composed of
MUC2 however in contrast, the mucosa consists of two layers; the inner most is
continuously secreted by the goblet cells, resulting in a dense layer that is
attached to the epithelial cells and is mostly devoid of microbiota. The outer
layer, which harbours the vast majority of the mucosal microbiota, is flexible and
unattached to the epithelium (Johansson, Sjovall & Hansson, 2013). The mucosal-
associated microbiota have an important role in the functioning of the immune
system. This transpires through direct contact with the epithelial cells or
indirectly through the use of microbiota-associated molecular patterns (MAMPs)
on the surface of bacteria or metabolites produced by the microbiota (Van den

Abbeele et al,, 2011).

In contrast, the microbiota residing in the lumen primarily function in the
fermentation of undigested dietary compounds to produce energy substrates
utilised by the host, in addition to synthesising vitamin K and B12 and amino
acid metabolism (LeBlanc et al., 2013; Lin et al., 2017; Morrison & Preston,
2016). It has been suggested that the mucosal-associated microbiota is
maintained by the microbes residing within the lumen, the immune system and

the correct functioning of the epithelial barrier (Tang et al., 2015).

21



Increasing

numbers and Stomach

diversity ' - 10t cells/g
Streptococcus

Stomach : Lactobacillus
. Helicobacter

~ Duodenum . Small intestine
: 103-107 cells/g
— Jejunum
. Streptococcus
' Neum . Lactobacillus
. Enterobacteriaceae

Caecum . Large intestine
: 1012 cell/g
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Figure 2: The abundance and predominant microbiota in regions of the GI tract.
The stomach contains the fewest number of microbes which are mostly aerobes. In
contrast, the colon has the greatest number of microbes, which are characterised by
anaerobes. Adapted from Sekirov et al. (2010), Simrén et al. (2012) and Tsabouri et al.
(2014).

22



1.3 Balancing the Microbiota through Life

The importance of the gut microbiota, although not a novel concept, is one that
has been previously overlooked in the study of health and disease. However, a
major breakthrough in microbiome research came with the initiation of the
Human Microbiome Project in 2008. The aim was to sequence the 16S rRNA gene
from three hundred healthy individuals across fifteen body sites to gain a greater
understanding of the role the microbiota plays in health and disease (Cho &

Blaser, 2012; WWW, NIH Human Microbiome Project).

The gut microbiota does not remain constant through life, as shown in figure 3.
Experiments previously utilising culture-based techniques led to the conclusion
that the amniotic fluid and placenta are sterile. However, molecular techniques
have revealed that both areas may harbour a microbiota; therefore development
of the microbiota could actually start in utero (Collado et al., 2016; Perez-Mufioz
et al,, 2017). Correlations between the microbiota from the amniotic fluid,
placenta and infant meconium have been identified and are characterised by low
diversity, low richness and the dominance of the phylum Proteobacteria

(Ardissone et al., 2014; Collado et al., 2016).

There is a high degree of variability in the microbiota of neonates, which is
largely dependent on environmental factors. Neonates delivered via caesarean
have a microbiota across several body sites, including the gut, that resembles the
maternal skin, whereas the microbiota of vaginally delivered neonates resembles
that of the maternal vagina (Dominguez-Bello et al., 2010). Furthermore, the gut
microbiota of breast-fed infants is dominated by the genera Bifidobacterium and
Bacteroides, as their growth is stimulated by the presence of undigested human
milk oligosaccharides in the colon (Marcobal & Sonnenburg, 2012; Wang et al,,
2015). In contrast, formula-fed infants have more Streptococcus and
Enterococcus than breast-fed infants (Timmerman et al., 2017). In addition,
several studies have also highlighted that infant microbiota is influenced by

antibiotic use and feeding patterns (Yang et al., 2016).
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At three years of age, the gut microbiota stabilises and remains relatively
constant through adulthood with Firmicutes and Bacteroidetes being the
dominant phyla and Proteobacteria, Actinobacteria, Fusobacteria and

Verrucomicrobia present in lower abundance (Eckurg et al., 2005).

A decrease in the Firmicutes to Bacteroidetes ratio is often associated with an
elderly gut microbiota. Claesson et al. (2011) observed Bacteroidetes accounted
for 57% and Firmicutes 40% of the total gut microbiota, however large inter-
individual variations were also reported with Bacteroidetes ranging between 3-

92% and Firmicutes 7-94%.

& Bacteroidetes
. Firmicutes

D Actinobacteria
D Proteobacteria
[ variable/other

Figure 3: The proportions of the main bacterial phyla in the gut throughout life.
The infant microbiota is characterised by high variability which is a result of its
environment. At three years of age the gut microbiota stabilises and remains constant

until old age where an increase in Bacteroidetes and decrease in Firmicutes is observed
(Claesson et al, 2011). Adapted from Kostic, Howitt & Garrett (2013).

Interestingly, centenarians have a gut microbiota profile that is distinct from
normal elderly populations, characterised by decreased diversity (Biagi et al.,
2010). This may suggest that the secret to longevity may be in the gut
microbiota. However, discrepancies in microbiota profiles often exist in studies
of centenarians due to small sample size, isolated geographical locations and a
lack of longitudinal studies, making it difficult to draw consistent and meaningful

conclusions.
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In addition to age, the gut microbiota is also shaped by genetic and

environmental factors. For example, infants possess a gut microbiota with low

diversity that could be due to the lack of variety in the diet and the high level of

fermentation of undigested oligosaccharides from milk. In contrast, children and

adults who eat solid food have a more varied diet which is reflected by the
greater diversity in their microbiota (Tamburini et al., 2016). Regardless of the
individuals age and requirements, imbalances in the normal gut microbiota
communities, termed dysbiosis, is usually associated with a negative impact on
health and is associated with several diseases including Parkinson’s disease
(PD), inflammatory bowel disease (IBD), type 2 diabetes, allergies and more

recently Alzheimer’s disease (AD) (Nguyen et al., 2015).
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1.4 Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive, neurodegenerative disorder, first
identified in 1907 by the Bavarian psychiatrist, Alois Alzheimer (Tanzi &
Bertram, 2005). AD is the most common form of dementia, accounting for
around 50-70% of cases, and is becoming an increasing problem due to the
greatest risk factor being age and the presence of an expanding ageing
population. In 2015, 46.8 million people worldwide were estimated to be living
with dementia which is expected to reach 131.5 million by 2050. This places not
only a strain on society, but also a financial burden on governments and health
care systems with the worldwide cost of AD estimated as $818 billion in 2016,
which was predicted to increase to a trillion dollars in 2018 (Winblad et al.,

2016; WWW World Alzheimer report, 2016).

The pathology of AD is characterised by the formation of extracellular senile
plaques and intracellular neurofibrillary tangles (NFT) in the brain (Cai, Hussain
& Yan, 2014). This results in symptoms including: progressive memory loss,
issues with orientation and balance, alterations in behaviour, decline in motor

functions, loss of speech and eventually death (McKhann et al., 2011).

Senile plaques are composed of $-amyloid (Af), which is formed through a two-
step cleavage of the amyloid precursor protein (APP) located on chromosome 21
(Wiseman et al,, 2015). Despite APP being highly expressed in neurons, the
normal physiological function of APP is not fully understood but is thought to
have roles in modulating the growth of axons and dendritic processes,
maintaining synapses and detecting and transducing information involving
damage to neurons (van der Kant & Goldstein, 2015). APP can be processed by
either the non-amyloidogenic pathway or the amyloidogenic pathway, the latter
of which is dominant in AD. The mechanisms of both pathways are described in

figure 4.

The resulting A monomers undergo a nucleation phase where they misfold and

aggregate to form soluble oligomers. The oligomers then enter the elongation
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stage where the addition of further monomers produces protofibrils and
eventually an A3 fibril, leading to subsequent deposition of senile plaques in the

brain (Kumar & Walter, 2011).
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Figure 4: The processing of the amyloid precursor protein (APP) via the
amyloidogenic and non-amyloidogenic pathway. APP in the non-amyloidogenic
pathway is cleaved firstly by a-secretase to produce CTF83 and sAPPa. CTF83 is then
cleaved by y-secretase to produce an AICD50 and a non-pathological extracellular p3
fragment. In the amyloidogenic pathway APP is cleaved by [3-secretase to produce
SsAPP[ and CTF99, the latter of which is then cleaved by y-secretase to produce AICD50
and pathological Af. y-secretase does not cleave at a precise amino acid, therefore it is
able to generate a variety of A species varying in length. Approximately 80-90% of the
AP generated is 40 amino acids long (AB-40), followed by Af-42 which makes up 5-10%
of the population. However, the addition of two hydrophobic amino acids, isoleucine and
alanine, at the C-terminal end makes AB-42 more prone to aggregate and therefore more
pathological (Bonfilli et al., 2017; Murphy & LeVine 2010; Saito et al.,, 2011) AICD50 =
amyloid intracellular domain 50; APP = amyloid precursor protein; ; CTF83 =
carboxyterminal fragment 83; CTF99 = carboxyterminal fragment 99; sSAPPa = secreted
APPa; sAPPf = secreted sAPP[. Diagram adapted from Chow et al., (2010).
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The second major pathology associated with AD is the intracellular NFT,
composed of the microtubule associated protein, tau. In humans, six isoforms
exist, each one generated through alternative splicing of the mRNA from the
microtubule associated protein tau (MAPT) gene. As the name suggests, tau is a
microtubule associated protein and interacts with tubulin in neurons to promote
their assembly in to microtubules. Therefore, tau has a crucial role in axonal
transport in neurons, a function controlled by its degree of phosphorylation. In
AD, altered kinase and phosphatase activity results in tau becoming
hyperphosphorylated and unable to bind to tubulin, causing it to polymerise into
paired helical filaments mixed with straight filaments forming NFT. A loss of
microtubule associated transport in neurons results in cell death (Bonfilli et al.,

2017; Medina, Hernandez & Avila, 2016).

The amyloid cascade hypothesis, shown in figure 5, has been at the forefront of
our understanding of AD for the last 25 years, and has been the primary focus of
drug targets (Hardy & Higgins, 1992). The central point of the hypothesis is that
the presence of Af is responsible for the downstream effects of AD that
eventually results in cognitive decline. More recently, accumulating evidence
such as the presence of Af3 in the brain of healthy non-cognitively impaired
individuals, and that A3 load does not always correlate with disease severity, has
suggested that an update or reconsideration of the amyloid cascade hypothesis
may be required (Chételat et al., 2013). In addition, attention has turned to the
theory that oligomers could be the most toxic species. Rats injected with
oligomers into the left lateral ventricle show a greater degree of
neurodegeneration and memory impairment than those injected with fibrils (He
et al.,, 2012). Furthermore, reducing A oligomers in aged mice using the D-
enantiomeric peptide, RD2 has shown to improve cognition, learning and reduce

anxiety behaviour (Schemmert et al., 2018).

Despite the discussions surrounding the amyloid cascade, much of the core ideas
still remain relevant (Hardy & Higgins, 1992). The first assumption of the
hypothesis is that the origin of AD is either familial or sporadic. Familial AD is

responsible for approximately 5% of cases and typically occurs before the age of
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65. Mutations in the amyloid precursor protein (APP), presenilin 1 (PSEN1) or
presenilin 2 (PSENZ2) genes are inherited in an autosomal dominant fashion
(Heneka, Golenbock & Latz, 2015; Hill et al., 2014). Early recognition of the
genetics of familial AD was demonstrated by individuals with Down syndrome
having a propensity to develop AD at a young age due to Trisomy 21, the same
chromosome APP is located on (Olson and Shaw, 1969). In contrast, sporadic AD
accounts for roughly 95% of cases and typically occurs after the age of 65 (Hill et
al., 2014). Sporadic AD can be considered more complex due to a combination of
environmental risk factors such as: age, stress, infection and inflammation,
diabetes, education level, pesticides and herbicides, in addition to presence of
the apolipoprotein E (ApoE) €4 allele (Cai, Hussain & Yan, 2014; Corder et al,,
1993; Heneka, Golenbock & Latz, 2015, Westfall et al,, 2017).
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Figure 5: The amyloid cascade hypothesis. The amyloid cascade hypothesis assumes
that the accumulation of Af is central to the downstream pathways which ultimately
leads to AD. AB accumulation can be initated by mutations in the APP, PSEN1 or PSEN2
genes in familial AD leading to an increase in A3 over an individual’s life. Alternatively,
accumulation could arise from sporadic AD where environmental factors or presence of
ApoE4 result in an imbalance between the production and clearance mechanisms
resulting in A3 accumulation. The build-up of Ap aggregates in to toxic oligomers,
protofibrils and fibrils are deposited as extracellular A plaques. This leads to microglial
and astrocyte activation inducing an inflammatory response and oxidative stress, which
ultimately results in synaptic failure and neuronal death. In addition altered kinase and
phosphatase activity results in the hyperphosphorylation of tau and deposition of
neurofibrillary tangles, which results in neuronal failure and death. The build-up of
neuronal death results in progressive cognitive dysfunction and ultimately AD. (Hardy &
Higgins, 1992). Ap = B-amyloid; AD = Alzheimer’s disease, APP = amyloid precursor
protein; PSEN1 = presenilin 1; PSEN2 = presenilin 2. Figure adapted from Blennow et al,,
(2010).
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Although sporadic AD has been primarily thought of as a genetic disease with
some external environmental factors contributing to pathogenesis, observations
of gut dysbiosis have led to the investigation of the internal environment as a
potential risk factor. This has led to research groups looking at the possibility

that the gut-brain axis may be responsible for or contribute to AD.
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1.5 Dysbiosis and AD

As previously discussed, the gut microbiota naturally changes through life,

however dysbiosis can also occur and is often associated with disease (Nguyen et

al,, 2015). As shown in table 1 a limited number of studies have characterised

dysbiotic changes in both human and animal models of AD.

Organism Age Phylum level Author
and model
AD patients | Elderly ! Firmicutes, Actinobacteria Vogt et al,,
T Bacteroidetes 2017
AD patients | Elderly | Bacteroidetes Provasi et
T Firmicutes al,, 2017
Mice 1 month No significant differences Harach et al,,
(APP/PS1) 2017
3 month No significant differences
8 month ! Firmicutes, Verrucomicrobiota,
Actinobacteria, Proteobacteria
T Bacteroidetes, Tenericutes
Mice 6 week No significant differences. Brandscheid
(5xFAD) etal, 2017
9 week | Bacteroidetes
T Firmicutes
18 week No significant differences

Table 1. Overview of studies investigating dysbiosis at the phylum level in
patients and animal models of AD.
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Vogt et al. (2017) studied microbial associated changes in faecal samples of
elderly AD patients and found a decrease in microbial richness and diversity
when compared to age-matched controls. In particular, a decrease in Firmicutes
was due to reductions of several families including Ruminococcaceae and
Peptostreptococcaceae, however some families were also increased. In contrast,
the decrease observed in Actinobacteria was solely due to a decrease in the
family Bifidobacteriaceae. Furthermore, the increase in Bacteroidetes was due to

the families: Bacteroidaceae and Rikenellaceae.

In contrast, Provasi et al,, (2017) reported an increase in the phylum Firmicutes
and a decrease in Bacteroidetes in elderly AD patients. However, an issue with
human AD studies is the potential for environmental factors such as medication
and diet to impact dysbiosis, which may account for the differences observed in

the studies.

A handful of studies in the literature have investigated dysbiosis in an AD mouse
model, particularly the APP/PS1 mouse model. Harach et al. (2017) studied
dysbiosis in faecal samples in one, three and a half and eight month APP/PS1
mice. The abundance of Firmicutes was lower in one and three and a half month
APP/PS1 mice, however it didn’t reach statistical significance until eight months,
due to a large decrease observed in the genus Allobaculum. Reductions in
Verrucomicrobia (with a significant decrease in the genus Akkermansia),
Proteobacteria and Actinobacteria and an increase in Bacteroidetes (largely in
the families Rikenellaceae and S24-7) and Tenericutes were also observed at

eight months.

Zhang et al. (2017) investigated dysbiosis in one, three, five to six and eight to
twelve month APP/PS1 mice. They found the greatest richness was at five to six
months and the greatest decrease in diversity at eight to twelve months. The
microbiota profiles of the one and three month APP/PS1 mice was more closely

related to the WT counterparts than the aged APP/PS1 to their WT counterparts.
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Shen, Liu & Ji (2017) utilised three, six and eight month APP/PS1 and found that
diversity was greatest at three month APP/PS1 mice and decreased in an age
dependent manner which was not observed in the WT mice. Dysbiosis at the
phylum level was not investigated, however significant increases in the families
Helicobacteraceae and Desulfovibrionaceae which are both members of the

Proteobacteria phylum, was observed in the APP/PS1 mice.

The 5xFAD mouse model of AD, which displays an earlier and more aggressive
AD phenotype than the APP/PS1 model has also be studied (Oakley et al. 2006).
Brandscheid et al., (2017) examined the gut microbiota at six, nine and eighteen
weeks of age and reported no dysbiosis at six or eighteen weeks, however an
increase in the phylum Firmicutes and a decrease in Bacteroidetes were

observed at nine weeks

These studies highlight that there may be an association between dysbiosis and
AD, however there are conflicting results at the phylum level. This could be due
different experimental techniques such as DNA extraction, or environmental
factors not normalised in the sample collection. Furthermore, reproducibility
across different facilities could be an issue, as factors such as the cage, type of
bedding and chow have been shown to have a significant effect on the microbiota

within the same facility (Ericsson et al., 2018).
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1.6 Possible Origins of Dysbiosis in AD

Several lifestyle and environmental factors are thought to cause dysbiosis
including: diet, antibiotic use, non-antibiotic medication and travel (Bastard et
al, 2017; David et al., 2014; Frohlich et al., 2016; He et al,, 2018). It is also
apparent that dysbiosis often coincides with diseases such as AD, PD, autism,
type 2 diabetes, irritable bowel syndrome (IBS) and autoimmune diseases
(Carding et al,, 2015). Whilst several of these diseases have a genetic component,
it is now becoming clear that the genetics only predisposes an individual to the
disease, and that it is environmental and lifestyle factors that drive changes in

the microbiota which is involved in the initiation of disease.

The western diet (WD), characterised by high caloric intake and high amounts of
saturated fats and sugars is thought to be associated with an increased risk of
developing AD. Consumption of a WD has been reported to decrease levels of the
beneficial bacteria of the genera Bifidobacterium, Akkermansia and Lactobacillus
(He etal., 2018; Zhang et al., 2010). In addition, the low nutrient value is thought
to promote the growth of the phylum Bacteroidetes in the colon due to a

decrease in production of SCFA (Cremer, Arnoldini & Hwa, 2017).

Diet induced obesity through consumption of a WD in the E4FAD mouse model,
which is genetically predisposed to developing AD due to the presence of the
transgenes 5xFAD and human ApoE4, was shown to increase AD pathology such
as AP plaque deposition and glial activation compared to E3FAD mice which
possess the lower risk ApoE3 allele (Moser & Pike, 2017). The impact of
dysbiosis induced by a WD can also be seen in human population-based
longitudinal studies. For example, the prevalence of AD in Japan has increased
from 1% in 1985 to 7% in 2008, which is thought to be due to a switch to WD

over time (Grant, 2014).
Antibiotic use has been associated with a decrease in microbiota diversity

(Rogers & Aronoff, 2016). Dethlefsen & Relman (2011) studied the gut

microbiota during and after two antibiotic courses of ciprofloxacin. During each
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course a decrease in diversity and change in composition of the microbiota was
reported by day three to four, although the microbiota began to return to its
normal state one week after the course ended. However crucially, the microbiota
did not fully return back to its initial state, therefore with each antibiotic course
the microbiota deviates slightly further away from its normal state leading to, in
some cases, dysbiosis. Furthermore, antibiotic induced dysbiosis has also been
shown to have a long-term effect. Jakobsson et al. (2010) followed faecal
microbiota profiles in individuals for four years post treatment with
clarithromycin and metronidazole. A significant decrease in diversity was seen

within one week of treatment, which had not fully recovered four years later.

Whilst there is currently no literature on the use of antibiotics and risk of AD,
antibiotic use in childhood has been shown to increase the risk of developing IBD
and asthma, which are often associated with dysbiosis (Hviid, Svanstrom &
Frisch, 2011; Risnes et al,, 2011). Furthermore, antibiotic use in adults is
associated with increased risk of depression, which is also associated with
dysbiosis (Jiang et al., 2015; Lurie et al,, 2015). The variety of diseases associated
with dysbiosis and whose risk is increased by the use of antibiotics may suggest
that the risk of AD would also be increased with antibiotic use. However, further

studies would be required to confirm this.

In addition to antibiotics, non-antibiotic drugs have also been shown to induce
dysbiosis. A large in vitro screening of one-thousand non-antibiotic drugs against
forty bacterial strains revealed that 24% of drugs whose targets were human
cells also impacted the growth of at least one bacterial strain (Maier et al., 2018).
There are several examples in the literature of a variety of drugs causing
dysbiosis, for example, metformin used to treat type 2 diabetes is associated
altered short chain fatty acid (SCFA) production and an increase in Escherichia
coli. Furthermore, long term use is also thought to increase the risk of developing
AD in individuals with type 2 diabetes (Kuan et al,, 2017; Zhernakova et al,,
2016). In addition, antidepressants have been shown to increase the abundance
of the family Enterobacteriaceae (Rogers & Aronoff, 2016). Whilst

antidepressants are believed to increase the risk of developing AD, the proposed
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mechanism suggested thus far is the drugs anticholinergic properties. However,
future studies are required to assess the extent that dysbiosis contributes to the

risk of developing AD (Richardson et al., 2018).

Hospital stay, particularly those in an intensive care unit can also cause
dysbiosis. Faecal microbiota samples on patients upon their admission and
departure of an intensive care unit showed a lower abundance of the phyla
Firmicutes and Bacteroidetes, but an increase in Proteobacteria when leaving,
showing that the dysbiosis was acquired in hospital. Overall diversity was
reduced, with particular reductions in anti-inflammatory bacteria such as the
genus Faecalibacterium (Lankelma et al., 2017). A decrease in microbiota
diversity observed in a murine model of AD, in addition to long term cognitive
impairment reported after stays in intensive care units, could suggest that
dysbiosis acquired within hospitals may increase the risk of some individuals
developing AD, although further studies would be required to confirm this

(Pandharipande et al., 2013; Shen, Liu & Ji, 2017; Zhang et al., 2017).
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1.7 The Gut-Brain Axis is Dysfunctional in AD

The gut brain axis (GBA) is a bi-directional communication system between the
gut and the brain. It is mediated by neuronal factors, endocrine pathways and
immunological signalling as shown in figure 6, which are crucial to regulating its
functions. The neural branch of the GBA consists of the parasympathetic and
sympathetic branches of the autonomic nervous system (ANS) in addition to the
ENS. The vagus nerve is a cranial nerve that is part of the parasympathetic arm
of the ANS, and is the main afferent pathway from the GI tract to the brain (Rabot
et al.,, 2016; Sherwin et al., 2016). The celiac branch of the vagus nerve
innervates the muscular and mucosal layers in the lamina propria and
muscularis externa in the gut and controls gut motility, glandular secretions and
satiety (Breit et al., 2018). The endocrine pathway includes microbial
metabolites and endocrine hormones and the immunological signalling includes
cytokines and chemokines (Holzer & Farzi, 2014; Westfall et al.,, 2017). However,
the precise mechanisms of many of the components have not been fully

elucidated.

The GBA has numerous functions including: influencing behaviour and mood,
regulating neurotransmission, neurogenesis and neuroinflammation in the brain,
modulating glucose homeostasis, permeability of the gut barrier and influencing
intestinal transit (Sherwin et al,, 2016). Dysfunction of the GBA has been
associated with several diseases such as: IBS, anxiety and depression, type 2
diabetes, PD and more recently AD (Clapp etal.,, 2017; Grasset etal., 2017;
Kennedy et al.,, 2014; Perez-Pardo et al., 2017; Pistollato et al., 2016).
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Figure 6: Overview of the gut-brain axis dysfunction in AD. The GBA is a
bidirectional communication system linking the gut and its microbiota with the brain.
Dysbiosis is observed in the gut in AD, which influences the production of microbial
metabolites such as SCFAs. LPS present on the cell surface of Gram-negative bacteria
bind to TLR4 on epithelial cells resulting in the release of pro-inflammatory cytokines.
Increased permeability of the epithelial gut barrier permits the translocation of SCFA,
cytokines and microbiota across the lumen and in to the systemic circulation. They are
then able to enter the brain due to an increase in permeability of the BBB, causing
neuroinflammation, impaired neuronal function, A plaque deposition and
hyperphosphorylation of tau. The peptide hormone, GLP-1 secreted by EEC’s is unable
to stimulate the vagus nerve resulting in loss of glucose homeostasis, GLP-1 resistance
and insulin resistance which exacerbates AD pathology. High levels of GLP-1 and PYY in
AD also result in decreased intestinal transit which promotes dysbiosis. Increased levels
of CCK increase appetite, and low levels of 5-HT disrupt the immune system and
promote cognitive decline in the brain (Goodall et al., 2018; Grasset et al., 2017; Nazem
etal., 2018). 5-HT = serotonin; AP = 3-amyloid; AD = Alzheimer’s disease; BBB; blood
brain barrier; CCK = cholecystokinin; GBA = gut-brain axis; GLP-1 = glucagon like
peptide 1; LPS = lipopolysachharide; PYY = peptide YY; SCFA = short chain fatty acid;
TLR4 = toll like receptor 4.

Owing to difficulties in studying the GBA in living humans such as the lack of
control over factors such as diet, weight and geography means the majority of
studies are carried out using animal models. However, the conserved nature of
the system between species means animal models still provide a useful tool for
GBA studies (Mayer, Savidge & Shulman, 2014). However, differences between
the human and murine gut microbiota do exist, for example; the genera
Prevotella, Faecalibacterium and Ruminococcus are found to be in greater
abundance in humans, whereas Lactobacillus, Alistipes and Turicibacter are more
abundant in mice (Nguyen et al., 2015). This creates barriers to the translational

relevance of these studies and care must be taken when making conclusions.

Many studies on GBA function utilise animal models with a manipulated
microbiota, for example germ free (GF), specific pathogen free (SPF) and
gnotobiotic animals (Cryan & Dinan, 2012). Whilst GF animals are useful in
colonisation studies, they possess underdeveloped GI tracts and differences in
intestinal and central nervous system (CNS) physiology, which can influence the
results (Bauer, Hamr & Duca, 2016). Therefore, altering the microbiota through

the use of pre/probiotics and antibiotics is also a valuable tool in GBA studies.
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Other techniques commonly used as methods to alter the gut microbiota include
infection with a known bacteria and colonising animals with the faecal

microbiota from another animal (Cryan & Dinan, 2012).

1.8 Components of the GBA in Ageing and AD

1.8.1 Gut epithelial barrier

Ageing in non-human primates has been associated with alterations in the
expression of tight junction proteins: zonula occludens-1 (Z0-1), occludin and
junction adhesion molecule A (JAM-A) resulting in an increase in epithelial
barrier permeability (Tran & Greenwood-Van Meerveld, 2013). Man et al,,
(2015) also found an increase in epithelial permeability in the human ageing gut,
however they report that a localised increase in of the pro-inflammatory
cytokine, interleukin (IL) 6 increased the expression of claudin-2, with no
changes in Z0-1 or occludin. Interestingly, Tran & Greenwood-Van Meerveld
(2013) also found an increase in pro-inflammatory cytokine IL-6, however these
discrepancies may be accounted for by differences in the organism investigated

and the study of the large versus the small intestine.

Increased gut barrier permeability is commonly reported in AD, and can be
demonstrated by bacteria and metabolites that are mostly confined to the GI
tract being detected in the systemic circulation. Lipopolysaccharide (LPS), an
endotoxin normally preventing from entering the systemic circulation by the gut
epithelial barrier, has been reported to be three times higher in the plasma of AD
patients compared to controls (Zhang et al., 2009). The increase in epithelial
barrier permeability allows for the translocation of bacteria and their

metabolites from the lumen of the gut in to the systemic circulation.
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1.8.2 Blood Brain Barrier (BBB)

The blood brain barrier (BBB) separates the blood in the microvessels from the
CNS parenchyma and prevents large molecules and microbes from entering the
brain (Kelly et al., 2015). The BBB consists of endothelial cells, sealed by tight
junctions, which line the microvessels. Astrocytes, pericytes, neurons and an
extracellular matrix reinforce the barrier and together make up the

neurovascular unit (Michel & Prat, 2016).

The permeability of the BBB is influenced by the gut microbiota as Braniste et al.
(2014) demonstrated increased permeability in GF mice compared to SPF mice.
This was caused by a decrease in the expression of the tight junction proteins
occludin and claudin-5, which could be restored by transferring the SPF

microbiota to the GF mice.

Similar to the gut epithelial barrier, changes in the BBB permeability has been
demonstrated as a natural feature of ageing in humans and mice. A decrease in
expression of the tight junction protein Z0-1 was observed in mice, but has not
been confirmed in humans. However, the accumulation of serum proteins within
the aged human brain suggests BBB disruption, although age associated changes

in the BBB of humans still remains poorly characterised (Goodall et al., 2018).

Despite natural changes in BBB permeability associated with ageing, a further
increased permeability has been demonstrated in patients with mild cognitive
impairment (MCI) compared to healthy age matched controls. Increased serum
proteins were found in the cerebrospinal fluid (CSF), in addition to high levels of
soluble platelet-derived growth factor 3, a biomarker for pericyte injury
(Montagne et al,, 2015). Furthermore, a transgenic mouse model expressing
human APP, which overproduce A3 demonstrated a decreased expression of
claudin-1 and claudin-5, and an increase expression of matrix metalloproteinase
(MMP) 2 and MMP-9 leading to increased BBB permeability. The expression of
Z0-1 and occludin was not affected (Hartz et al, 2011).
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1.8.3 Lipopolysaccharides (LPS)

LPS, a component of the outer cell wall present in most Gram-negative bacteria,
has important functions in maintaining structural integrity of the outer

membrane and forming a protective barrier (Steimle, Autenrieth & Frick, 2016).

LPS is able to initiate inflammation both locally and systemically in the body.
Localised inflammation in the GI tract is induced by LPS binding to toll like
receptor (TLR) 4 on epithelial cells and neurons of the ENS, stimulating the
release of pro-inflammatory cytokines including: IL-1, IL-6, IL-18 and tumour
necrosis factor (TNF) a (Nazem et al, 2015). The pro-inflammatory cytokines in
the gut are able to communicate with the brain through stimulation of the vagus

nerve (Hakansson & Molin, 2011; Nazem et al., 2015).

Systemic inflammation is initiated by the microbiota and LPS translocating
across the leaky gut barrier and entering the systemic circulation where LPS can
further induce the release of pro-inflammatory cytokines through TLR4. LPS is
also able to induce increased permeability of the gut barrier by increasing TLR4
expression and the expression and localisation of CD14 to enterocytes,
enhancing its translocation across the epithelial barrier (Guo et al., 2013).
Furthermore, cytokines produced locally in the gut are also able to enter the
systemic circulation via the same mechanism (Hakansson & Molin, 2011; Nazem

etal, 2015).

LPS is also able to enter the brain due to increased BBB permeability, and bind to
TLR4 on microglial cells and astrocytes activating them and inducing the release
of pro-inflammatory cytokines. In addition, LPS also associates with the neuronal
nuclei in the parenchyma, the neocortex and temporal lobe, particularly the
hippocampus in AD patients (Zhao et al.,, 2017; Zhao, Cong & Lukiw, 2017).
Furthermore, inflammation initiated by peripheral administration of LPS has
been shown to impair Af efflux out of the brain which may contribute to A3
accumulation. This may be due to LPS reducing expression of low density

lipoprotein receptor-related protein 1 (LRP-1), a receptor involved in Af efflux,
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which was demonstrated in vitro, however the same results were not

reproduced in an in vivo mouse model (Erickson et al,, 2012).

A crucial factor in inflammation observed in AD may be the microbial
communities involved in the dysbiosis, as different types of LPS can induce
varying degrees of inflammation. For example: the LPS associated with the
commensal species Bacteroides fragilis is able to cause a potent microglial
activation (Lukiw, 2016). This suggests that the extent of the localised and

systemic inflammation could depend on the nature of the dysbiosis.

1.8.4 Short Chain Fatty Acids (SCFA)

The gut microbiota are able to ferment undigested complex carbohydrates,
where host endogenous enzymes are absent, resulting in the production of SCFA
which the host can utilise as an energy source (Morrison & Preston, 2016). SCFA
have several beneficial effects to the host. Butyrate is metabolised and used as
the primary energy source of colonic enterocytes, whereas propionate and
acetate travel to the liver via the systemic circulation and are involved in

gluconeogenesis and lipid biosynthesis (den Besten et al., 2013).

A prominent feature of AD is inflammation, both localised in the gut and in the
brain. SCFA have anti-inflammatory effects by regulating cytokine production by
immune cells. In vitro stimulation of Caco-2 and T84 cells with TNFa and
incubation with SCFA reduced the TNFa signalling pathways including nuclear
factor kB (NFkB), mitogen-activated protein kinase (MAPK) and extracellular
signal-regulated kinase (ERK)1/2 resulting in suppression of production of
inflammatory cytokines including IL-8 and IL-6 (Hung & Suzuki, 2018). However,
dysbiosis in the APP/PS1 mouse model is associated with a decrease in SCFA

production with low amounts being detected in both the faeces and brain,
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compared to wild type (WT) controls, which could promote pro-inflammatory

effects in the gut and brain in AD (Zhang etal., 2017).

There is also evidence to suggest SCFA may also have a role on epithelial gut and
BBB integrity. The SCFA butyrate is associated with maintaining barrier function
in the colon by influencing the expression of tight junction proteins (Yan &
Ajuwon, 2017). Furthermore, SCFA is also able to increase BBB integrity. Mono-
colonising GF mice with the butyrate producer Clostridium tyrobutyricum or with
the acetate and propionate producers Bacteroidetes thetaiotaomicron decreased

BBB permeability (Braniste et al., 2014).

A reduced SCFA may also have a direct impact on A pathology, as homeostatic
levels of SCFA have neuroprotective roles. Ho et al. (2018) demonstrated in vitro
that valeric acid, butyric acid and propionic acid reduced AB40 peptide
aggregation, with valeric acid also inhibiting AB42. Furthermore, valeric acid and
butyric acid have the additional benefit of inhibiting AB40 and AB42 fibril

formation.
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1.8.5 Enteroendocrine Cell’s (EEC’s) and Peptides

EEC’s are rare cells, accounting for <1% of the total epithelial population. There

are several different types of EECs, each characterised by their location and the

peptides they secrete, as shown in table (Gunawardene, Corfe & Staton, 2011).

EEC Primary Location Secretory product

EC Throughout GI tract 5-HT

A (x-like) cells (rat), Stomach Ghrelin

PD/1 (humans)

ECL cells Histamine

P cells Leptin

G cells Gastrin

D cells Stomach and small Somatostatin
intestine, rare in colon

I cells Proximal small intestine | CCK, 5-HT

K cells GIP, 5-HT

S cells Secretin

M cells Small intestine Motilin

L cells Distal small intestine and | GLP-1, GLP-2, PYY,
large intestine glicentin, ocyntomodulin,

5-HT
N cells Small and large intestine | Neurotensin

Table 2: Summary of the types of EEC in the GI tract, their primary location and
the peptide(s) they secrete. (Furness et al., 2013; Gunawardene, Corfe & Staton, 2011;
Latorre et al,, 2016). 5-HT = serotonin; CCK = cholecystokinin; EC = enterochromaffin;
ECL = enterochromaffin-like cells; GIP = gastric inhibitory polypeptide; GLP-1 =
glucagon-like peptide 1; GLP-2 = glucagon-like peptide 2; PYY = peptide YY.
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1.8.6 Glucagon-like peptide 1 (GLP-1)

GLP-1 is a hormone secreted from the basolateral side of L cells in response to
food and nutrient intake. GLP-1 has different functions depending where it is
secreted. When secreted in the small intestine, GLP-1 modulates glucose
homeostasis, whereas in the colon, a large part of its function involves

controlling intestinal transit (Greiner & Backhed, 2016; Wichmann et al,, 2013).

GLP-1 secretion is stimulated by SCFA binding to G-protein coupled receptor
(GPR) 41 or GPR43 on L-cells, although a recent study proposed that SCFA
stimulation of GLP-1 secretion in the colon occurred independently of GRP43
and GPR41 receptors, and suggested it was the metabolism of the SCFA by
colonocytes that induced GLP-1 secretion (Christiansen et al., 2018; Psichas et
al,, 2015). Secreted GLP-1 binds to its receptor, GLP-1R on ENS neurons and the
vagus nerve, which stimulates the secretion of insulin from (-cells and inhibits
glucagon secretion by a-cells in the islets of Langerhans and induces glucose

uptake in to muscle and adipose tissues (Nadkarni, Chepurny & Holz, 2014).

Grasset et al., (2017) found dysbiosis in the ileum induced by a high fat diet
(HFD) resulted in GLP-1 resistance. Dysbiosis was associated with a reduction in
the expression of GLP-1R and neuronal nitric oxide synthase causing a reduction
the synthesis of nitric oxide. This prevented activation of the paracrine ENS
signalling pathway and the vagus nerve, resulting in reduced insulin secretion.
Interestingly, the type of dysbiosis is thought to influence GLP-1 resistance as
mice fed a HFD and no carbohydrates exhibited greater insulin resistance than

mice fed a HFD and high carbohydrates.

Furthermore, insulin resistance is commonly associated with AD, and is thought
to arise from AP oligomers removing insulin receptors (IR) from the cell
membrane of neurons and also inducing an increase of TNF-a. Subsequent
activation of the stress kinase JNK results in the phosphorylation of insulin

receptor substrate (IRS), preventing activation of IR (Bedse et al,, 2015).
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Insulin signalling is crucial in synaptic plasticity, learning and memory; therefore
its dysfunction contributes to the decline of neuronal function and cognitive
dysfunction in AD (Kleinridders et al., 2014). In addition, dysfunctional signalling
is also shown to linked to hyperphosphorylation of tau, however one study
suggested it has no impact on the aggregation of tau, although this could be due
to the absence of a tau mutation in the hTau model used, as previous studies
have demonstrated increased aggregation in P301L transgenic pR5 model which

overexpresses tau (Gratuze et al., 2017; Ke et al., 2009).

1.8.7 Peptide YY

Peptide YY (PYY) is a hormone secreted by L cells from the basolateral side in
response to food and nutrient intake. PYY has roles in modulating gastric
emptying, gastrointestinal mobility, secretion of gastric acid and regulating food

intake via interaction with its receptors on the vagus nerve (Cooper, 2014).

A limited number of studies have identified alterations in PYY in the AD. One
study identified lower levels of PYY in the brain in AD, which was positively
correlated with the severity of AD (Lee et al., 2014). By contrast, no alteration in

CSF concentration has been identified (Wikkelso et al.,, 1991).

Similarly to GLP-1, SCFA are known to influence the secretion of PYY. Incubation
of an in vitro intestinal cell line with SCFA showed butyrate and propionate
were able to increase the expression and secretion of PYY in the caecum and

proximal small intestine (Larraufie et al., 2018).
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1.8.8 Cholecystokinin (CCK)

Cholecystokinin (CCK) is secreted from the basolateral side of I cells in the small
intestine in response to food and nutrient intake. It is the major satiety hormone
and is responsible for release of digestive enzymes from the pancreas, increasing
intestinal motility and inhibiting gastric emptying, and has also been shown to
have neuroprotective roles during neurogenesis (Steinert et al., 2016; Reisi et al,,

2015).

Plasma CCK levels are higher in healthy elderly adults compared to younger
adults, however post-mortem analysis shows that CCK levels are reduced in AD
(MacIntosh et al., 1999; Mazurek & Beal, 1991). In addition, AD patients and
murine models have an increase in appetite, which is not altered by exogenous
administration of CCK in 3xTgAD mice, suggesting impaired signalling of CCK in
AD (Adebakin et al., 2017; Kai et al., 2015).

1.8.9 Serotonin (5-HT)

Around 90% of the total 5-HT in the body is synthesised from its precursor, the
dietary amino acid tryptophan, in the GI tract. EC cells secrete 5-HT apically and
basolaterally using the rate limiting enzyme tryptophan hydroxylase 1 (TPH1).
Other EEC populations such as: I, Kand L cells and also neurons of the ENS make
minor contributions, the latter of which utilises the TPH2 isoform (Furness et al.,
2013). Additionally, tryptophan can enter the systemic circulation and be
converted to 5-HT by serotonergic neurons of the CNS using TPH2 (Jenkins et al.,

2016).

5-HT is a neurotransmitter that has several functions in humans including:
regulating mood, controlling the circadian rhythm, cognitive function and
memory, in addition to recruitment of immune cells, intestinal mobility and

secretion in the GI tract (O’'Mahony et al,, 2015).
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The gut microbiota are able to influence levels of 5-HT in the colon, as GF mice
display lower levels of 5-HT than SPF mice and GF mice colonised with the faecal
microbiota of SPF mice (Hata et al,, 2017; Yano et al., 2015). SCFA produced by
the microbiota are able to raise 5-HT production by causing increased
expression of TPH1 in EC cells, which drives an increase in 5-HT biosynthesis
(Yano etal., 2015). SCFA’s have been shown in vitro to influence 5-HT synthesis
by increasing the expression of TPH1 (Reigstad et al., 2015). Therefore, a
dysbiosis-associated decrease in SCFA observed in AD is likely decrease 5-HT
synthesis (Zhang et al., 2017). In addition, EC cells of the small intestine are
enriched in GLP-1R, therefore when GLP-1 is bound 5-HT secretion is stimulated

(Lund et al,, 2018).

1.8.10 Neuroinflammation

Microglia are the most abundant immune cell in the brain and are activated by
pathogens, dying host cells and A. Known as the macrophages of the brain,
microglia remove foreign material and potential threats via phagocytosis and
degradation. They also secrete pro-inflammatory cytokines such as IL-1, IL-6,
interferon (IFN) y and TNF-a, which stimulates an immune response in the brain

further contributing to A removal (Tse, 2017).

In the brain, Af activates microglia via TLRs resulting in the secretion of the pro-
inflammatory cytokines, chemokines, reactive oxygen species and complement
proteins. In addition, microbiota that have entered the brain via the leaky gut
barrier and BBB activate microglia by the SCFA propionate (Erny et al., 2015).
The chronic activation of microglia, caused by increasing levels of Af3 leads to the
chronic release of pro-inflammatory cytokines resulting in a positive feedback
loop which maintains microglia in an activated state. Chronically activated
microglia lose the ability to clear Af3 plaques, which in turn enhances A3
accumulation and furthers AD progression (Cai, Hussain & Yan, 2014; Sherwin et

al, 2016; Tse, 2017).
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1.9 Targeting the GBA to prevent disease

Although a vast amount of time and money has been dedicated to researching
new drugs and therapeutic targets in AD, there is currently no cure. The drugs
currently available on the market include cholinesterase inhibitors such as
donepezil, rivastigmine and galatamine. In addition, the N-methyl-D-aspartate
antagonist, memantine, is commonly used to treat severe AD, and can also be
used in combination with cholinesterase inhibitors (Geldenhuys & Darvesh,
2015). However, these drugs only provide symptomatic release, which
eventually cease to work as neuronal loss increases as the disease progresses
(Heppner, Ransohoff & Becher, 2015; Zheng, Zhou & Wang, 2016). The lack of a
cure and limited therapeutic options to an AD patient highlights the need to

focus on the prevention of AD.

The potential for probiotic therapeutics in AD could be vast, as altering the gut
microbiota is able 