
I 

 

Elucidation of Therapeutic Effects of Probiotics in Mouse Model 

of Alzheimer’s Disease 

 

 

Master of Science 

By 

Maryam Hamid 

(00000327935) 

 

 

 

 

 

Atta ur Rahman School of Applied Biosciences 

National University of Sciences and Technology, Islamabad- 

Pakistan 

2022 

 



II 

 

Elucidation of Therapeutic Effects of Probiotics in Mouse Model 

of Alzheimer’s Disease  

 

 

A thesis submitted in partial fulfillment of the requirement for the degree of 

Masters of Science 

 

 

By 

Maryam Hamid 

(00000327935) 

Supervisor: Prof. Dr. Saadia Zahid 

 

 

 

 

Atta ur Rahman School of Applied Biosciences 

National University of Sciences and Technology, Islamabad- 

Pakistan 



 

IV 

 

 

  



 

V 

 

 

  



 

VI 

 

 

  



 

VII 

 

 

  



 

VIII 

 

COPYRIGHT STATEMENT 

 

• Copyright in the text of this thesis rests with the student Maryam Hamid. Copies (by 

any process) either in full, or of extracts may be made only in accordance with 

instructions given by the author and lodged in the library of Atta-ur-Rahman School 

of Applied Biosciences (ASAB). Details may be obtained by the librarian. This page 

must find part of any such copies made further copies (by any process) may not be 

made without the permission (in writing) of the author. 

 

• The ownership of any intellectual property rights which may be described in this 

thesis is vested in Atta-ur-Rahman School of Applied Biosciences (ASAB) National 

University of Science and Technology (NUST), subject to any prior agreement to the 

contrary, and may not be made available for use by third parties without the written 

permission of the ASAB, which will describe the terms and condition of any such 

agreement. 

 

• Further information on the conditions under which disclosures and exploitation may 

take place is available from the library of Atta-ur-Rahman School of Applied 

Biosciences (ASAB), Islamabad. 

  



 

IX 

 

 

 

 

 

 

 

 

 

 

This thesis is dedicated to my parents for their endless 

love and support  

  



 

X 

 

ACKNOWLEDGEMENTS 

In the name of Almighty Allah, the Most kind, the Most merciful. 

I would like to extend my highest gratitude to my supervisor Dr. Saadia Zahid for the 

opportunity to work in her lab and under her guidance, for her advocacy and for inspiring 

me to be the best researcher through her proficiency and knowledge. This project could 

not have been completed without her guidance.  

I am thankful to Dr. Hussnain A. Janjua, Principal ASAB and Dr. Sobia Manzoor, HoD 

Healthcare Biotechnology for their academic support. I am also grateful to my GEC 

members Dr. Abdur Rehman (ASAB, NUST), Dr. Saira Justin (ASAB, NUST) and Dr. 

Saima Zafar (SMME, NUST) for their guidance throughout my research journey. 

A special thank you to my lab assistant Ms. Shumaila, my lab mates particularly Sumaiya 

Mansoor, and my seniors Aymen Tahir, Nishat Malik, Humna Asghar, Sara Ishaq and Dr. 

Sanila Amber. Thank you to my wonderful friends Amna Hafeez, Khired Sajid, Murtaz 

Ahmad and Tauheed Ahmad for their endless moral support and encouragement.  

I am extremely grateful to my parents without whom this achievement would not have 

been possible. Their endless love, support and prayers have always pushed me forward. I 

would not be the person I am today, without their strength and guidance. I am also 

grateful to my siblings, Muzammil and Maleeha for always cheering me on. I would like 

to express my heartfelt gratitude to my husband Jiyad-ur-Rehman for having faith in me 

and my abilities.  

 

Maryam Hamid 

MS Healthcare Biotechnology 

ASAB, NUST 

  



 

XI 

 

TABLE OF CONTENTS 
LIST OF FIGURES ....................................................................................................... XIII 

LIST OF TABLES ........................................................................................................... XV 

LIST OF ABBREVIATIONS ........................................................................................ XVI 

ABSTRACT ................................................................................................................... XIX 

INTRODUCTION .............................................................................................................. 1 

1.1 Aim and objectives .................................................................................................. 4 

LITERATURE REVIEW ................................................................................................... 5 

2.1 Alzheimer’s Disease ..................................................................................................... 5 

2.2 Pathophysiology of AD................................................................................................. 7 

2.3 Gut Brain Axis .............................................................................................................. 9 

2.4 GBA bi-directional communication routes ................................................................. 12 

2.4.1 Hypothalamic-pituitary-adrenal axis ................................................................... 12 

2.4.2 Vagus nerve ......................................................................................................... 14 

2.4.3 Neuromodulators.................................................................................................. 14 

2.5 AD and Gut Microbiota-Brain axis............................................................................. 16 

2.6 Probiotics .................................................................................................................... 18 

2.6.1 Lactobacillus rhamnosusGG ............................................................................... 19 

2.6.2 BifidobacteriumBB-12® ....................................................................................... 19 

MATERIALS AND METHODS ...................................................................................... 23 

3.1 Chemical and reagents ................................................................................................ 23 

3.2 Animals ....................................................................................................................... 23 

3.3 Ethical statement ......................................................................................................... 23 

3.4 Development of AD mouse model ............................................................................. 24 

3.5 Experimental design.................................................................................................... 24 

3.6 Behavioral studies ....................................................................................................... 26 

3.6.1 Elevated plus maze test ........................................................................................ 26 

3.6.2 Y-maze test .......................................................................................................... 27 

3.6.3 Novel Object Recognition test ............................................................................. 27 

3.6.4 Morris water maze test ......................................................................................... 28 

3.6.5 Statistical analysis ................................................................................................ 30 



 

XII 

 

3.7 Brain Dissections ........................................................................................................ 30 

3.8 Histological examination ............................................................................................ 31 

3.8.1 Tissue perfusion and slide preparation ................................................................ 31 

3.8.2 Congo red staining ............................................................................................... 31 

3.9 Gene expression analysis………..…………………………………………………...32 

    3.9.1 RNA extraction .................................................................................................... 32 

3.9.2 Quality of RNA .................................................................................................... 32 

3.9.3 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) for cDNA 

synthesis ........................................................................................................................ 33 

3.9.4 Gene expression analysis by Quantitative Real Time Polymerase Chain Reaction 

(qPCR) .......................................................................................................................... 33 

RESULTS ......................................................................................................................... 35 

4.1 Behavioral analysis ..................................................................................................... 35 

4.1.1. Effect of donepezil and LGG®& BB-12® on anxiety ......................................... 35 

    4.1.2 Effect of donepezil and LGG®& BB-12®on spatial memory .............................. 37 

    4.1.3 Effect of donepezil and LGG®& BB-12®on recognition memory ...................... 38 

    4.1.4 Effect of donepezil and LGG®& BB-12® on spatial learning and memory ........ 39 

4.2 Histological assessment .............................................................................................. 43 

4.3 Genomic analysis through RT-PCR............................................................................ 45 

4.3.1 Effect of donepezil and LGG®& BB-12® on TNF-α expression ......................... 45 

4.3.2 Effect of donepezil and LGG®& BB-12® on IL-1β expression ........................... 46 

DISCUSSION ................................................................................................................... 48 

CONCLUSION AND FUTURE PROSPECTS ............................................................... 54 

REFERENCES ................................................................................................................. 55 

 

 

 

 



 

XIII 

 

LIST OF FIGURES 

Figure no. Title Page no. 

Figure 2.1 Pathophysiology of Alzheimer’s disease 10 

Figure 2.2 Bi-directional pathway of Gut Microbiota-Brain Axis 16 

Figure 2.3 SEM image of (A) Lactobacillus rhamnosus and (B) 

Bifidobacterium BB12 

22 

Figure 3.1 Experimental design 25 

Figure 3.2 Study design 25 

Figure 3.3  Thermocycling profile for cDNA synthesis 33 

Figure 4.1 The effect of donepezil and LGG®& BB-12®on (A) 

Number of entries in open arm (B) Time spent in open arm 

of EPM  

36 

Figure 4.2  The effect of donepezil and LGG®& BB-12®on spatial 

learning and memory in Y-maze 

38 

Figure 4.3  The effect of donepezil and LGG®& BB-12®on 

recognition memory in NOR 

39 

Figure 4.4 The effect of donepezil and LGG®& BB-12®on escape 

latency in MWM 

40 

Figure 4.5 The effect of donepezil and LGG®& BB-12®on spatial 

memory in MWM 

41 

Figure 4.6  The effect of donepezil and LGG®& BB-12®on (A) 

Number of entries into target quadrant (B) Time spent in 

target quadrant in MWM 

43 



 

XIV 

 

Figure 4.7  The effect of donepezil and LGG®& BB-12®on cell count 

in dentate gyrus, hippocampus 

44 

Figure 4.8 Congo red stained coronal sections of hippocampus 4X 

magnification  

44 

Figure 4.9  Congo red stained coronal sections of hippocampus 10X 

magnification 

45 

Figure 4.10 Congo red stained coronal sections of hippocampus 40X 

magnification 

45 

Figure 4.11 Effect of donepezil and LGG®& BB-12®on TNF-α 

expression  

46 

Figure 4.12 Effect of donepezil and LGG®& BB-12®on IL-1β 

expression 

47 

 

 

 

 

 

 

 

 



 

XV 

 

LIST OF TABLES 

Table no. Title Page no. 

Table 3.1 Experimental groups for AlCl3 toxicity model 24 

Table 3.2 Trial direction for MWM 29 

Table 3.3 RT-PCR primer sequence 34 

   

 

 

 

 

 

 

 

 

 

 

 



 

XVI 

 

LIST OF ABBREVIATIONS 

µ Micro 

Aβ Amyloid beta 

ACE Acetylcholinesterase  

AD Alzheimer’s disease 

AlCl3 Aluminium Chloride 

AP Anteroposterior 

APOE Apolipoprotein E 

APP Amyloid Precursor Protein  

BBB Blood Brain Barrier  

BDNF Brain-Derived Neurotrophic Factor 

cDNA Complementary DNA 

CSF Cerebrospinal Fluid 

DSM- -IV The Diagnostic and Statistical Manual of Mental Disorders, 

Fourth Edition 

DV Dorsoventral 

EPM Elevated Plus Maze 

GABA  Gamma amino-butyric acid 

GBA Gut Brain Axis  

GF Germ Free 

GIT Gastrointestinal Tract  

GSK-3 Glycogen synthase kinase 3  

HPA Hypothalamic-Pituitary-Adrenal  



 

XVII 

 

IL-1β Interleukin-1β 

IL-8 Interleukin-8 

IMH  Italian Ministry of Health  

IRB Internal Review Board 

LPS Lipopolysaccharide 

MCI Mild Cognitive Impairment  

ML Mediolateral  

MRI Magnetic Resonance Imaging  

MWM Morris Water Maze 

NFT  Neurofibrillary Tangle 

NINCDS-ADRDA National Institute of Neurological and Communicative 

Disorders and Stroke and the Alzheimer's Disease and 

Related Disorders Association  

NOR Novel Object Recognition 

PBS  Phosphate Buffer Saline 

PET Positron Emission Tomography  

PFA  Paraformaldehyde  

PP-2A Protein Phosphatase-2A 

PS-1 Presenilin-1 

PS-2 Presenilin-2 

RT-PCR Real Time-Polymerase Chain Reaction 

RNA  Ribonucleic acid 

ROS Reactive Oxygen Species 



 

XVIII 

 

SCFA 

SPF 

Short Chain Fatty Acid 

Specific Pathogen-Free 

TNF-α Tumor Necrosis Factor-α 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

XIX 

 

ABSTRACT 

Alzheimer’s disease (AD) is a neurodegenerative disorder associated with age-related 

cognitive decline. It characterized by a host of neurological and psychiatric symptoms 

particularly learning and memory deficits. Currently, AD has no treatment that halts the 

progression of the disease. The gut microbiota modulates gut brain axis by facilitating 

development of hypothalamic-pituitary-adrenal axis and synthesis of neuromodulators 

such as GABA, SCFAs, serotonin and BDNF. This study investigated the effect of oral 

consumption of probiotics; Lactobacillus rhamnosus GG (LGG®) and Bifidobacterium 

BB 12 (BB-12®) (1x109 CFU) on AlCl3 -induced AD mouse models in comparison with 

Donepezil. Mice were randomly allocated to six different study groups (n=8). Behavioral 

tests were conducted to assess effect of AlCl3 (300mg/kg) and probiotics treatment on 

anxiety and memory through Elevated Plus Maze (EPM), Y-maze, Morris Water Maze 

(MWM) and Novel Object Recognition (NOR) test. The results indicated that probiotic 

treatment significantly (p<0.0001) reduced anxiety post AlCl3 exposure. The AlCl3 + 

LGG®& BB-12® treated group showed significantly (p<0.0001) improved spatial 

memory in comparison to AlCl3-treated group. Also, significant improvement (p<0.0001) 

was observed in recognition memory in AlCl3 + LGG®& BB-12®-treated group in 

comparison to AlCl3-treatedgroup, only. The AlCl3 + LGG®& BB-12®-treated group also 

exhibited significant improvement (p<0.0001) in spatial memory as compared to AlCl3-

treatedgroup, only. Histopathological assessment performed through Congo red staining 

showed remarkable decrease in amyloid plaque burden within the mice hippocampus 

observed in the group treated with LGG®& BB-12® post AlCl3 exposure. Effects of 

selected probiotics on the expression of inflammatory cytokines i.e., TNF-α and IL-1β 



 

XX 

 

was also evaluated through real time PCR. Differential expression of TNF-α and IL-1β 

was observed in controls and AlCl3-treated group. Whereas the LGG®& BB-12® 

treatment post AlCl3 exposuresignificantly decreased (p<0.0001) the expression of the 

inflammatory cytokines as compared to AlCl3-treatedgroup, only. The present findings 

indicate that probiotics like LGG®& BB-12® have strong potential to be used as 

combination therapy for AD by modulating the gut microbiota-brain axis. 
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INTRODUCTION 

Introduction 

Alzheimer’s disease (AD) is a senescence-related neurodegenerative disorder that is 

irreversible (Marino et al.,2019). The major hallmark of this disease is memory loss along 

with a plethora of different cognitive challenges such as impairment in decision making 

and judgment, language difficulties and inability to recognize common objects 

(Breijyeh&Karaman, 2020). In conjunction with these symptoms, AD patients also 

exhibit neuropsychiatric symptoms such as psychosis, anxiety, aggression and apathy (Li 

et al., 2014).  

AD is a daunting public health concern contributing heavily to disease burden. An 

estimated 50 million people suffer from AD globally (Zhang et al., 2021). A major chunk 

of diagnosed dementia cases, roughly 60-80% are due to AD (Alzheimer’s disease facts 

and figures, 2020). It is a cause of financial distress costing up to $1 trillion dollars 

annually for patient care (World Alzheimer’s Report, 2016).  

The disease is complex in nature with a complicated multifactorial pathophysiology. The 

four major hypotheses of AD pathology are amyloid β (Aβ) deposition cascade, 

tauopathy, oxidative stress and inflammation. β- secretases and γ-secretases cleave the 

amyloid precursor protein leading to formation of oligomers that form deposits within the 

brain (Stanciu et al., 2020). Hyperphosphorylation of tau protein by impaired activity of 

protein kinases and phosphatases leads to tau protein with lower binding affinity for 

microtubules. This hyperphosphorylated tau leads to formation of neurofibrillary tangles 

(Liu et al., 2020). An increase in oxidative stress by unquenched reactive oxygen species 

leads to cell damage. These include superoxide, hydrogen peroxide, hydroxyl ion and 
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peroxynitriteanions. ROS are produced under normal physiological conditions and are 

involved in metabolism and cell signaling. However, excessive production of ROS leads 

to cell damage and neuronal death (Stefanatos&Stanz, 2018). The progression of AD is 

also mediated by inflammation. Activated glial cells such as microglia and astrocytes 

within the brain express chemokine and cytokines that lead to inflammation (Wand 

&Xie, 2022).  

The enteric nervous system and CNS maintain a communication pathway between them 

called gut brain axis (GBA). The GBA links the brains functions of cognition and 

emotion to the peripheral functions of intestine. The gut microbiota is an important 

variable of GBA (Dinan&Cryan, 2017).  The gut microbiota is a complex microbial 

community with bacteria contributing majorly to the population with other minor 

contributors such as fungi, viruses, protozoa etc. Bacteria of phyla Bacteroidetes, 

Firmicutes and Proteobacteria mainly contribute to the microbial composition of gut and 

are present in the highest relative abundance (Grenham et al., 2012). 

Host and Gut microbiota are symbiotic in nature. They promote regeneration of intestinal 

epithelial cells, promote intestinal mucosal integrity, stimulation and maturation of 

immune system, metabolism of nutrients and synthesis of hormones and vitamins (Nell 

&Josenhans, 2010; Jandhyala et al., 2015). The hypothalamic-pituitary-adrenal axis, 

vagus nerve and neurotransmitters or neuromodulators like short chain fatty acids, 

hormones such as ghrelin, leptin and gases such as CO2, CO, H2S, and NH3act as 

pathways of communication between gut microbiome and brain (Hill et al., 2014).  

Gut microbiota of AD patients exhibits dysbiosis with a decrease in Firmicutes and 

increase in Bacteroidetes and Proteobacteria (Liu et al., 2019). This evidence along with 
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evidence of microbiota in gut health and modulation of brain function, indicates that 

modulating diversity of gut microbiota may serve as a potential route for therapy.  

Current treatments available for AD are acetylcholinesterases such as donepezil, 

rivastigmine etc. They provide symptomatic treatment and do not halt the disease 

progression. Furthermore, they are associated with side effects ranging from moderate 

severity such as vomiting and weight loss to high severity such as bradycardia and 

insomnia (Joe &Ringman, 2019). 

In lieu of this evidence, a novel approach is required for the treatment of AD. Living 

microorganisms that colonize the gut of host and confer health benefits are called 

probiotics. Benefits conferred are dependent on specific probiotic species. They are well-

tolerated, highly accessible and require low production costs, making them good potential 

candidates for treatment of AD.  
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1.1 Aim and objectives 

The present study was conducted to determine the therapeutic effects of oral 

administration of lyophilized probiotic formulation of Lactobacillus rhamnosus LGG and 

Bifidobacterium lactis BB-12®on the cognitive deficits and inflammatory markers 

observed in AD mouse model as compared to standard drug donepezil.  

Objectives include:  

• To analyze the effects of probiotic consumption on cognitive deficits of learning and 

memory displayed by AD mouse model via behavioral tests.  

• To explicate the effect of probiotics on proinflammatory cytokines by quantifying the 

mRNA expression of TNF-α and IL-1β. 

• To compare the effect of donepezil and probiotic treatment on neurodegeneration in 

AD mouse model.  
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LITERATUREREVIEW 

 

2.1 Alzheimer’s Disease 

AD is an age-related, irreversible neurodegenerative disease, marked by wide spread 

neuronal loss and atrophy of gray and white matter resulting in brain volume loss 

(Bartzokis, 2011; Marino et al., 2019). Brain regions most affected by cerebral atrophy 

include the hippocampus, cingulate gyrus, prefrontal cortex, parietal and temporal lobes 

(Traini et al., 2020). 

AD is a considerably significant public health concern and affected over 50 million 

people worldwide in 2020 (Zhang et al., 2021). The number is anticipated to exceed 131 

million individuals by 2050. AD accounts for roughly 60-80% of diagnosed dementia 

cases (Alzheimer's disease facts and figures, 2020). Not only is the disease debilitating 

for patients but it is also financially crippling. Roughly $1trillioncost was incurred for 

healthcare and long-term care for AD patients in 2018 (World Alzheimer’s Report, 

2016). It is also detrimental to the emotional and physical health of primary caregivers of 

AD patients. A study reported that 37% of nursing staff attending to patients suffering 

from AD self-reported as experiencing high emotional burden and 32% reported high 

physical burden (Albers et al., 2014).  

Although AD is primarily associated with age-related cognitive decline but several risk 

factors exist that influence incidence of disease. Risk factors can be split into three 

categories; genetic risks, co-morbidities and lifestyle risks (Edwards III et al., 2019). 

Genetic risk factors for familial AD include amyloid precursor protein (APP), presenilin 

1 (PS-1), or PS-2 (Ryman et al., 2014). These genes lead to increase in expression of Aβ 
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in neuronal cells. Apolipoprotein E (APOE) gene particularly the epsilon4 allele also 

serves as major risk factor (Lane et al., 2018).  

Co-morbidities that serve as risk factors include cerebrovascular diseases such as 

hypertension or cardiac arrest, type 2 diabetes mellitus, depression, obesity, epilepsy or 

traumatic brain injury (Li et al.,.2015; Cretin et al.,.2016). Modifiable lifestyle risk 

factors are frequency and intensity of exercise, sleep disturbances, alcohol consumption, 

smoking and low education (Winter et al., 2007; Bonanni et al., 2005; Heymann et al., 

2016). AD also exhibits gender and sex differences with females experiencing two-fold 

higher risk of incidence than males (Podcasy & Epperson., 2016).   

Diagnosis of AD is based on Diagnostic and Statistical Manual of Mental Diseases 

(DSM- IV) criteria for Alzheimer specific dementia andNational Institute of Neurological 

and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related 

Disorders Association (NINCDS-ADRDA) criteria for probable AD (Bature et al., 2017). 

The diagnosis is further confirmed by biomarkers such as increased phosphorylated tau 

proteins in cerebrospinal fluid (CSF), loss of volume in hippocampus and shrinkage of 

brain size on structural magnetic resonance imaging (MRI) or presence of amyloid 

fibroids in positron emission tomography (PET)(Neugroschl & Wang., 2011; Morbelli & 

Bauchkneht, 2018).  

As AD is a multifactorial disease with no definitive pathway for disease onset and 

progression, the treatment aims to curtail symptoms severity. Decrease in density of 

cholinergic neurons is a preliminary hallmark of AD, therefore inhibition of 

acetylcholinesterase(ACE) which recycles synaptic acetylcholine in gray matter, is the 
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most favored strategy. Inhibition of acetylcholinesterase results in prolonged 

acetylcholine activity (Weller &Budson, 2018).  

Commonly used ACE inhibitors are donepezil, galantamine and rivastigmine. These 

drugs are administered orally and have a wide range of adverse effects including nausea, 

vomiting, loss of appetite followed by weight loss, heart block, bradycardia, insomnia, 

dizziness, allergic dermatitis and muscle cramps etc (Joe & Ringman, 2019). This list of 

adverse effects is by no means exhaustive. Thus, new interventions must be explored that 

mitigate disease progression and have fewer adverse effects.    

 

2.2 Pathophysiology of AD 

Several different biological processes contribute to the pathophysiology of AD, which 

makes it as complex and multi-factorial disorder. The different pathways include Aβ-

cascade, tauopathy, inflammation and reactive oxygen species (ROS). These pathways 

are involved in disease onset and progression. These pathways are not isolated instead 

they interact and exacerbate one another. An overview of AD pathophysiology is 

provided in the section below (Jagust, 2020).  

Aβ-cascade is the most widely accepted hypothesis for AD pathology. The APP 

undergoes proteolytic cleavage to give rise to Aβ that constitutes amyloid deposits in 

brain (Puig & Combs, 2013; Macleod et al., 2015). APP undergoes cleavage via three 

enzymes; β- secretase, γ-secretase and α-secretase at the N-terminal, C-terminal and 

within Aβ domain respectively. Oligomers produced by β- secretase and γ-secretase may 

aggregate and form senile plaques (Stanciuet al.,.2020). The onset of the disease is 

thought to be triggered by Aβ accumulation (Dunys et al.,.2020).  
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Tau protein is a microtubule-associated phosphoprotein that constitutes neurofibrillary 

tangles (NFTs) found in hippocampus of AD brains. Itis involved in maintaining cell 

stability and supporting axonal transport (Alonso et al.,.2018). The expression of tau 

protein is reportedly 7x higher in neocortex of AD patients. The hyperphosphorylation of 

tau protein leads to its reduced binding ability to microtubules. This results in a 

disturbance in axonal transport and cell stability. These abnormally hyperphosphorylated 

tau proteins form inert polymers called neurofibrillary tangles (Liu et al., 2020).  

Glycogen synthase kinase-3 (GSK-3) which is a protein kinase and phosphatases like 

phosphatase 2A (PP-2A) are involved in abnormal phosphorylation of tau. GSK-3 

induces a highly immunoreactive in neurons of AD patients. It modulates synaptic 

plasticity and cytoskeletal processes (Kirouac et al., 2017). PP-2A is reported to have 

lower activity in brains of AD patients (Wei etal., 2020).  

Mitochondria generates a high amount of energy in the brain for functions such as 

neuronal membrane potential, neurotransmitter synthesis and release and axonal transport 

which contributes to production of reactive oxygen species (ROS) (Hyderietial., 2013). 

ROS contributes to maintenance of normal physiology by activating pro-inflammatory 

mechanisms, cell survival and response to stress (Sies & Jones, 2020). However, 

unquenched ROS leads to cell damage (Rangaraju et al., 2014). Aβ and tau protein 

accumulation further enhances oxidative stress. Increased accumulation of ROS causes 

damage to neuronal membranes, nucleus and mitochondrial DNA and loss of synaptic 

plasticity (Stefanatos& Sanz, 2018)). Perrotte et al., 2019 reported a marked decline in 

total antioxidant capacity in plasma of AD patients which positively correlated with 

scores of MoCA and MMSE (Perrotte et al., 2019) Aβ deposition and cell damage caused 
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by ROS and NFTs lead to activation of inflammatory response in brain. Inflammatory 

response involves astrocytes, microglia and lymphocytes that release cytokines, 

proinflammatory cytokines and ROS (Wang &Xie, 2022). Microglia are primary form of 

immune defense within the CNS. They have neuroprotective functions but may also be 

neurotoxic. Microglia secretes IL-1β, TNF-α, IL-6, and IL-8. They increase the 

permeability of BBB to peripheral monocytes (Wang et al., 2015). Chronic microglia 

activation leads to neuroinflammation and neurotoxicity. Astrocytes are glial cells that 

provide nutrients and heal injuries to brain and spine. They release chemokines that 

attract microglia leading to a proinflammatory response (Gonzalez-Reyesmetoal.,.2017).  

 

2.3 Gut Brain Axis 

A pathway of communication exists between enteric nervous system and CNS called the 

gut brain axis. This pathway is bi-directional in nature. It links the peripheral intestinal 

functions such as secretion of digestive enzymes and mucous, absorption of water, 

electrolytes and nutrients etc. to the brain’s emotional and cognitive centers. The 

microbiome of gut is an important player of the GBA and therefore has also been termed 

as gut microbiota-brain axis. Since the microbiota interacts with the brain through various 

pathways, the microbiota is considered an independent variable in GBA (Rhee et al., 

2009; Dinan & Cryan, 2017).  

Gut microbiota is a complex functional microbial community that inhabits the 

gastrointestinal tract (GIT) of humans and has a symbiotic relationship with its hosts. 

There are an estimated of 1×1013 to 1×1014microbes in the GIT. The abundance of 

microbes is 10× that of average number of cells in host body (Senderietial., 2016). The 
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microbial community in GIT predominantly consists of anaerobic bacteria; other 

microbes such as fungi, viruses, archaea and protozoa contribute a smaller percentage to 

the overall diversity (Wampach et al., 2017). 

 

 

 

Figure 2.1 Pathophysiology of Alzheimer’s disease. An increase in oxidative stress, 

inflammation, amyloid plaque deposition and formation of neurofibrillary tangles leads to 

neurodegeneration and symptoms characteristic of AD.  
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The mature microbiota of an adult consists of over a 1000 bacterial species and 7000 

different strains (Toole, 2012). Two bacterial phylo-types that is Firmicutes and 

Bacteroidetes contribute majorly to the adult gut microbiome while Actinobacteria, 

Fusobacteria, Proteobacteriaand Verrucomicrobiaphyla are present in lower abundance. 

Microbiome composition varies significantly between individuals and is thought to be 

determined by genetics of host (Grenham et al., 2012). 

Previously, gut colonization was considered a postnatal event and the intestines of fetus 

were thought to be sterile in utero. New evidence has emerged that suggests some 

bacteria and bacterial by-products may be transmitted from mother to fetus through blood 

in umbilical cord and the amniotic fluid (Rautava et.al., 2016).  True gut colonization 

occurs during birth when a newborn baby is exposed to environmental flora. Colonization 

is affected by mode of delivery that is caesarean section or a natural birth and the health 

status of mother (Forsgren et al., 2017; Houghteling & Walker, 2015) ). Other factors 

affect colonization during infancy such as early exposure to antibiotics, infections, 

premature birth, hospitalization, breastfeeding and diet. The microbiota matures till 

childhood and then becomes relatively stable in composition (Fassarella et al., 2012; 

Walker et.al., 2017).  

Gut microbiota partakes in several functions in host body. It promotes gut health by 

maintaining intestinal barrier, producing mucous and regeneration of intestinal epithelial 

cells (Nell & Josenhans, 2010). It develops and matures immune system by stimulating 

the innate immunity and acquired immunity by invoking local and systemic responses 

leading to maturity of intestinal linked lymphoid tissue (Jandhyala et al., 2015). It also 

supports synthesis of vitamin K, hormones such as gastrin and metabolism and uptake of 
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certain nutrients (Ellis et al., 2021; Liew &Mohd-Redzwan, 2018). Finally, it also plays a 

role in detoxification of toxins and poisons (Guerre, 2020; Wang & Wang, 2016).  

 

2.4 GBA bi-directional communication routes 

The GBA is considered to be bi-directional since the gut microbiota influences the 

function of CNS (bottoms-up approach) and the CNS influences the composition of gut 

microbiota (top-down approach). The GBA has several routes of communication which 

include the neuroendocrine hypothalamic-pituitary-adrenal (HPA) axis, the BBB and 

intestinal mucosal barrier, the vagus nerve and synthesis of neuromodulators (Tillish, 

2014).   

 

2.4.1 Hypothalamic-pituitary-adrenal axis 

The gut microbiota supports the hypothalamic-pituitary-adrenal (HPA) axis’ 

development. In several studies, germ free (GF) mice have been observed to respond to 

mild restraint stress with an elevated stress response. A significantly increased production 

of stress hormones is observed in GF mice in response to mild restraint stress. This 

abnormal response can be ameliorated by fecal microbial transplantation of 

Bifidobacterium infantis into host gut indicating its importance for normal postnatal 

development of stress response (Sudometnal., 2004). GF male Balb/c mice in comparison 

to specific pathogen-free (SPF) mice exhibited higher plasma corticosterone response to 

acute restraint test. GF mice exhibited higher expression of Crhr1 which is initiates stress 

response (Vagnerová et al., 2019). Microbiota modulates HPA axis and emotional 
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response in social conflicts using GF mice and SPF mice, as shown by another study 

(Vodička et al., 2018). 

Early life stress may change gut microbiota composition through the release of cortisol 

by HPA axis and alternations in levels of circulating proinflammatory cytokines. 

Maternal separation in rhesus monkey aged 6 to 9 months resulted in a significant 

decrease in fecal lactobacilli, on the third day after the separation was initiated (Bailey & 

Coe, 1999).C3H/HeN mice exhibited sex-specific gut dysbiosis in response to early life 

adversity. Female mice exhibited a dysbiosis in Lactobacillus and Mucispirillum genera 

whereas male mice had dysbiosis in phyla Firmicutes and lactobacillus, Bacteroides and 

Alloprevotellagenera (Rincel et al., 2019). 

Chronic stress affects the integrity of intestinal mucosal barrier leading to a leaky barrier 

and translocation of bacterial cell wall components such as lipopolysaccharides (LPS). 

LPS affects blood brain barrier integrity leading to a pro-inflammatory cytokine response 

(Köhler et al., 2016). Translocation of bacterial components has been indicated in stress 

linked neuropsychiatric diseases such as depression. Barrier leakiness due to stress linked 

HPA response can be modulated by Lactobacillus farciminis, a potential probiotic (Ait-

Belgnaoui et al., 2006).  A microbiota cocktail of human origin containing 5 different 

strains of Enterococcus and Lactobacillus respectively prevented leaky gut, gut dysbiosis 

and decline in cognitive functioning of aging mice being fed diets that werehigh in fat 

(Ahmadi et al., 2020)  
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2.4.2 Vagus nerve 

The vagus nerve is the 10th cranial nerve and originates from the brain and extends to the 

mucosal and muscular gut layers. It plays several roles including regulation of peristalsis 

in gut, satiety and GI secretion (Breit at al., 2018). 80% of the vagus nerve is composed 

of afferent sensory pathways that relay information from the gut to brain regarding 

nutrition, immunity and composition of microbiome (Borre et al., 2014). The efferent 

sensory pathway, on the other hand, stimulates the CNS to induce a systemic anti-

inflammatory. The CNS responds by diminishing release of pro-inflammatory cytokines 

which prevents pyosepticemia caused by microbes in the gut (Forsythe et al.,.2014). 

Therefore, the vagus nerve serves as an important interface for bi-directional 

communication between gut and brain interactions.  

 

2.4.3 Neuromodulators 

Neuromodulators are chemical substances that affect the excitatory or inhibitory 

responses of receptors in conjunction with neurotransmitters. Important neuromodulators 

synthesized by gut microbiota are γ-Aminobutyric acid (GABA), short chain fatty acids 

(SCFAs), Brain Derived Neurotrophic Factor (BDNF) and serotonin (Bauer et al., 2016).  

Gut microbiota synthesize essential SCFAs like acetate, butyrate and propionate by 

metabolizing dietary fibers. SCFAs serve as energy sources. They also play functional 

roles in host bodies. They function as histone deacetylases inhibitors and regulate mRNA 

expression of BDNF (Venegas et al., 2019)). SCFAs also regulate GI motility, oxygen 

consumption, heart rate and glucose metabolism (Kimura et al., 2011). Carbon 

radioisotope was used to label dietary fiber in a study that demonstrated that SCFAs 
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produced by the microbiome can penetrate the BBB. Acetate produced from radioisotope 

labeled dietary fiber accumulated in the hypothalamus after crossing the BBB and led to 

suppression of appetite by modulation of regulatory neuropeptides (Frost et.al., .2014).  

GABA is an inhibitory neurotransmitter of the CNS. It is primarily synthesized within the 

brain by glutamine-glutamate-GABA cycle. It is also synthesized within the GI tract and 

enteric nervous system (Spiering, 2018).It is demonstrated that GF mice have lower 

levels of GABA within gut, exhibiting potential GABA production by gut microbiome 

(Matsumoto et al., 2012). Strains of Bifidobacterium and lactobacillus isolated from gut 

synthesized GABA when grown media containing glutamate (Barret et al., 2012).  

BDNF is a neurotrophin present abundantly in human cortex. It is responsible for 

coordinating synaptic plasticity, synaptic formation and function as well as enhancing 

neuroimmune responses. It regulates neuronal proliferation, differentiation and neuronal 

survival, ultimately modulating the ability to memorize and learn (Wu.et al., 2013; Lu et 

.al., 2013; Bauer et.al., 2016). Animal studies illustrate the microbiomes role in BDNF 

production. Chronic exposure to alcohol consumption in mice led to dysbiosis of gut 

microbiota in Turicibacterspp, Allobaculum spp and Adlerdruetzia spp resulting in 

altered HPA axis activity resulting in anxiety-like and depressive behaviors and a 

decrease BDNF expression (Xu et al., 2019). 

Serotonin is a monoamine neurotransmitter which regulates behavior, cardiovascular 

functions, peristalsis and secretion in GIT and respiration. 95% of serotonin found in the 

body is situated within the gut. Gut biosynthesis of serotonin is independent of the 

biosynthesis in brain (Spohn & Mawe, 2017). The biosynthesis of serotonin is dependent 

on microbiota-host interactions as microbiota increases expression of tryptophan 
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hydroxylase in enterochromaffin cells where 90% of gut serotonin is localized. This 

enzyme catalyzes serotonin biosynthesis’s rate limiting step (Yano et al., 2015). Changes 

in serotonin expression are implicated in many neuropsychiatric diseases, particularly 

depression.  

 

 

Figure 2.2 Bi-directional pathway of Gut Microbiota-Brain axis. The gut microbiota 

and brain interact through the HPA axis, neuromodulators and vagus nerve.  

 

2.5 AD and Gut Microbiota-Brain axis 

Although gut microbiota role in its host health has been previously established, data 

about changes in gut microbiota composition as consequence of AD remains scarce. 

Changes in gut microbiome composition are known as dysbiosis.  
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A Chinese cohort identified the differences in gut microbial colonies of AD patients 

using 16s ribosomal RNA miseq sequencing technique. The study revealed that the 

proportions of three key phylas were altered significantly in gut microbiota of AD 

patients. The relative abundance of firmicutes was significantly lower (p = 0.008) 

whereas that of proteobacteria was significantly increased (p = 0.024). Bacteroidetes 

were also observed to be lower in AD patients. Firmicutes are important SCFA producing 

bacteria. SCFAs play an essential role in protecting BBB and maintaining mucosal 

barrier permeability. A reduction in circulating SCFAs leads to BBB damage and leaky 

gut. Proteobacteria are proinflammatory bacteria that contribute to LPS accumulation and 

secrete cytokines. Clostridiaceae and ruminococcaceae were present in lower abundance 

in AD patients. Their lower abundance has been linked to insulin resistance. Insulin 

resistance is an important risk factor for AD (Liu et al., 2019).  

Furthermore Cattaneo et al., 2017 reported a differential expression of anti-inflammatory 

and pro-inflammatory cytokines. Proinflammatory cytokine (CXCL2, IL6 and IL-1β) 

expression was increased and anti-inflammatory cytokine (IL-10) expression was reduced 

in peripheral blood of AD patients. Abundance of Eschericha and Shigella in gut were 

positively correlated to the amount of proinflammatory cytokines (Cattaneo et.al., 2017). 

Another study also reported dysbiosis in AD patients including a relative decrease in 

abundance of firmicutes and Bifidobacterium and increase in bateroidetes (Vogt et al., 

2017). This evidence dictates that influencing diversity and composition of microbiome 

through various means may serve as a potential treatment route to delay the onset and 

progression of disease.  
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2.6 Probiotics 

Probiotics are living microbes which benefit host health by colonization of the gut when 

they are ingested in sufficient quantities (Hill et.al., 2014). Ingestion of probiotics leads 

to beneficial effects such as improvement in gut health and modulation of gut mucosa 

permeability leading to prevention of bowel diseases. They also display antihypertensive, 

antidiabetic and antihypercholesterolemic effects and improve development and 

functioning of immunesystem (Alok et.al., 2017).  

The health benefits conferred to host are dependent on species of probiotics ingested. The 

most beneficial strains of probiotics are thought to be Lactobacillus and Bifidobacterium. 

L. acidophilus,L. rhamnosus, L. plantarum, B. longum, B. lactis and B. bifidum are the 

most thoroughly investigated representative species (Liu et al., 2015).  

The Italian Ministry of Health (IMH) proposes consumption of a minimum of 1x109 

CFUs per day of viable probiotic cells for conferring of health benefits (Ohr, 2010). 

Probiotics are a relatively low cost, well tolerated and widely available intervention (Den 

et al., 2020).  

Since scientific evidence dictates dysbiosis in gut of AD patients and probiotics have the 

ability to modulate gut microbiome composition they may serve as a novel approach for 

treatment of AD.  
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2.6.1 Lactobacillus rhamnosus GG 

Lactobacillus rhamnosus GG is a gram-positive rod-shaped facultative anaerobe found 

ubiquitously in genitourinary tract of females and GIT. They are often referred to as 

LGG® by commercial manufacturers. The GG refers to the specific strain of bacteria. 

LGG® belongs to rhamnosus species, Lactobacillus genus and the phyla Firmicutes 

(Albarillo et al., 2020).  

Over 250 clinical trials have been conducted using LGG® with subjects ranging from 

premature newborns to adults and for the treatment of a host of different diseases 

(Dronkers et.al., 2020). Several studies indicate that LGG® reaches the gut alive and has 

the ability to colonize the gut (Petschow et al., 2005). Moreover, it is very well tolerated 

and rarely has any significant side effects (Capurso, 2019).   

Dysbiosis of gut may lead to lower bioavailability of GABA leaving the CNS vulnerable 

to excitotoxicity. Lactobacillus species convert monosodium glutamate into GABA. A 

study reported that Lactobacillus rhamnosus modulates emotional behavior by regulating 

GABA receptor expression (Bravo et al., 2011). Another study reported anti-

inflammatory effect by prevention of induction of TNF-α and IL-8 in human colon 

epithelial cells (Lee et al., 2012). Therefore, LGG® is a good candidate for treatment of 

AD.  

 

2.6.2 BifidobacteriumBB-12® 

BifidobacteriumBB-12® is a non-motile and non-spore anaerobic forming microbe 

(Reuter, 2001). It is a gram-positive, rod-shaped bacteria that produces lactic acid. 
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BifidobacteriumBB-12®was first classified as Bifidobacterium lactis. It was later 

reclassified as Bifidobacterium animalis subspecies lactis. It belongs to the pyla 

Actinobacteria. It is a microbe that commonly inhabits the GIT (Jungersen et al., 2014).  

Over 130 clinical trials have been conducted using BB-12®as a therapeutic agent. It is 

excellent at colonizing the GIT, this quality can be attributed largely to its tolerance for 

gut acid and bile. BB-12®has high survival rates and tolerance for low pH ranging from 

pH 2-5. It also performs well in mucus adhesion studies (Harata et al., 2021). A study 

reported that BB-12®adhered to poly-carbonate well plates with or without mucin 

(Laparra & Sanz, 2009). Acid and bile tolerance along with mucus adhesion are the most 

important considerations for selection of probiotics.  

BB-12®inhibits colonization of gut by pathogens through various mechanisms such as 

activation of host immune system, competition for adherence sites on intestinal epithelial 

cells, toxin removal and production of inhibitory substances like bacteriocins, H2O2 and 

organic acids (Jungersen et al., 2014).BB-12®inhibits pathogenic bacteria including 

Escherichacoli, Shigella flexneri, Enterococcus faecalisin vitro. Eshcericha and Shigella 

dysbiosis in gut has been implicated in AD. Therefore, BB-12®is a good potential 

treatment for AD (Martin et al., 2009). 
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Figure 2.3 SEM image of (A) Lactobacillus rhamnosus and (B) Bifidobacterium 

BB12(adopted from Garcia-Hernandez et al., 2015 and Bozkurt et al., 2019, 

respectively). 

 

 

 

A 

B 
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MATERIALS AND METHODS 

 

3.1 Chemical and reagents 

Aluminum Chloride hexahydrate (AlCl3.6H2O) was purchased from Scharlau (Product 

catalogue no. AL0770). Lyophilized pre-packaged probiotic formulation of Lactobacillus 

rhamanosus GG and Bifidobacterium lactis BB-12 manufactured by Chr. Hansen, sold 

under brand name Imutec; and donepezil (Donecept®) manufactured by ATCO were 

brought from local pharmacies in Islamabad, Pakistan. Chemicals required for 

electrophoresis and gene expression analysis were obtained from Sigma Aldrich.  

 

3.2 Animals 

Balb/c mice of age 6-8 weeks and male gender, weighing 20-30g were bred and housed 

in LAH of ASAB, NUST. Mice were housed at room temperature (25±2C) in a 12-hour 

dark and light cycle in standard cages. A standard diet and ad libitum access to distilled 

water was provided.  

 

3.3 Ethical statement 

The experiments were performed in consonance with the resolutions of World Medical 

Association, declaration of Helsinki which states that all those who produce and use 

animals for research purposes are responsible for their wellbeing. Institutional Review 

Board (IRB) of ASAB, NUST under ethical code IRB-09-2022-ASAB-01/01 approved 

the present study.  
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3.4 Development of AD mouse model  

For screening of probiotic potential to ameliorate the progression and severity of AD an 

AlCl3 neurotoxicity model though oral administration was developed. To induce AD, 

AlCl3 mediated neurotoxicity model was used. Animals were randomly distributed into 6 

groups such that each group comprised of 8 subjects (n=8). Total number of mice is 

nt=48. Groups 1, 2 and 3 served as controls and were provided with distilled water and 

groups 4, 5 and 6 were orally administered AlCl3 (300mg/kg) for 15 days according to 

pre-established protocols (Amber et al., 2018).  

Table 3.1Experimental groups for AlCl3 toxicity model 

Sr. 

No. 

Experimental 

groups 

 Treatment 

(n) 15 days 28 days (oral 

administration) 

1 Control 8 Distilled H2O Distilled H2O 

2 Donepezil 8 Distilled H2O Donepezil 15mg/kg  

3 Probiotics 8 Distilled H2O Probiotic 1*109 CFUs 

4 AlCl3 8 300mg/kg AlCl3 Distilled H2O 

5 AlCl3 + Donepezil 8 300mg/kg AlCl3 Donepezil 15mg/kg 

6 AlCl3 + Probiotics 8 300mg/kg AlCl3 Probiotic 1*109 CFUs 

 

3.5 Experimental design 

A 15-day long protocol was designed to generate AD mouse model (n=48) by oral 

administration of AlCl3 (300mg/kg). This was followed by 28 days of oral administration 

of Donepezil (15mg/kg) (Ahmednet al., 2017; Kwon et al., 2014) and probiotics (1x109 

CFU). Behavior tests for anxiety, spatial learning and memory, reference memory and 

recognition memory were carried out for the next 14 days followed by histological 
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analysis. Genomic analysis was performed through real time quantitative PCR (Figure 

3.1 and 3.2). 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Experimental design 

 

 

 

 

 

 

 

 

 

Figure 3.2 Study Design. Induction of AD via AlCl3-inducedtoxicity for 15 days 

followed by treatment with donepezil and probiotics for 28 days, behavioral analysis and 

sacrifice of animals for genomic and histological analysis. 
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3.6 Behavioral studies 

Four behavioral tests were conducted to analyze effect of probiotic treatment on 

behaviors; Elevated Plus Maze (EPM) test, spontaneous Y-maze test, Novel Object 

Recognition (NOR) test and Morris Water Maze (MWM) test. Behavioral tests were 

performed according to behavioral battery in which each subsequent test has increasing 

invasiveness with a one-day recovery period between each subsequent test to reduce 

carryover effects from handling and testing procedures (Puścian et al., 2014; Wolf et al., 

2016). Male gender mice were selected to minimize estrous cycle’s effects on anxiety and 

cognitive behaviors displayed by females (ter Horst et al., 2012).    

 

3.6.1 Elevated plus maze test 

EPM test is a measure of anxiolytic behavior in rodents. Rodents are averse to open 

spaces and heights and this test measures the tendency to explore the open spaces despite 

aversion. It was conducted in accordance with pre-established protocol by (Arendash et 

al., 2004). The apparatus comprised of 4 arms of which 2 were enclosed alleys and 2 

were open alleys. The apparatus was made up of opaque iron alloy, was elevated 75.5cm 

from the ground and had 30 x 5cm arm each. Each mouse underwent a single 5-minute 

trial by being placed at the intersection of the maze facing away from experimenter and 

towards any one of the two enclosed arms. A video was recorded for behavior analysis 

focusing on (a) the total number of entrances into the open arms of EPM and (b) 

cumulative time spent in both of the open arms. 70% ethanol spray was used to clean 

apparatus between subsequent trials to prevent altering of behavior due to olfactory cues.  
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3.6.2 Y-maze test 

Y-maze task was conducted to assess spatial learning and memory. The protocol was 

adapted from Conrad et al., 1996. The Y-maze is composed of three arms each at a 120 

angle from the adjacent one. The arms were categorized as start arm, other arm and novel 

arm. The start arm served as the location where mouse was initially placed and allowed to 

explore along with the other arm during the habituation phase. The novel arm was kept 

blocked using a thick wooden plank during the first trial and unblocked during the second 

one. The maze was kept in an undisturbed quite room at 25 ± 2 °C temperature. Different 

visual cues were hung in all three arms such that they were in line of sight of the test 

subject.  

The first trial lasted 10 minutes while the test subject explored the Y-maze. After an 

inter-trial interval of 10 minutes, the subject was placed back into the maze to explore for 

another 5 minutes with novel arm unblocked. The data was analyzed as percentage (%) 

spontaneous alternations.  

% 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑜𝑛𝑡𝑎𝑒𝑛𝑒𝑜𝑢𝑠 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠 − 2
 × 100 

 

3.6.3 Novel Object Recognition test 

Recognition memory is tested using novel object recognition (Farhat et al., 2017). It 

consists of two test trials of 10-minutes each with an inter-trial interval of 20 minutes. 

The subjects were allowed to acclimatize to a square wooden box of (42 cm × 42 cm × 42 

cm) for 5-minutes 24 hours prior to familiarization and test session.  



Chapter 3 i Methods and Materials 

28 

 

In the familiarization session two similar objects were placed into the box being used to 

carry out NOR test and mouse was allowed to interact freely with the objects. After 

termination of familiarization session one of the two familiar objects was removed. In 

place of the removed object a new object was placed. This new object was termed as the 

novel object. After completion of inter-trial interval mouse was allowed to explore and 

interact with both objects. Sniffing or physically touching the object was considered as 

exploration. The following formula was used to calculate discrimination index: 

Discrimination index =  
𝑡𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑤𝑖𝑡ℎ 𝑛𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡

𝑡𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑤𝑖𝑡ℎ 𝑛𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡 + 𝑡𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑤𝑖𝑡ℎ 𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟 𝑜𝑏𝑗𝑒𝑐𝑡
 

 

3.6.4 Morris water maze test 

MWM is an important test for AD model that tests hippocampal-dependent learning and 

long-term spatial memory. It consists of a five-day acquisition phase and then a single 

day probe trial. The MWM consists of a circular metal pool. The pool was divided into 

four quadrants (east, west, north, south) with visual cues placed in each quadrant. The 

MWM contains a transparent platform and is filled with water (22°C ±2 ºC). The 

transparent platform was placed in the North-West quadrant.  

The acquisition phase consisted of five days. On each day five trials were conducted with 

inter-trial interval of 10 minutes per mouse. The mice were placed gently into the pool 

from different directions. The directions in which they were released were according to 

the arrangement in Table 3. The cut off time was 90 seconds. If the mouse failed to reach 

the platform within 90 seconds it was guided to it and held in place for 20 seconds. In the 
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case that mouse was able to find the platform before cut-off time; the mouse was allowed 

to sit on the platform for an additional 5 seconds before being removed.  

To perform probe trial on the 6thday the platform was removed from the maze. The mice 

were given 90 seconds to explore the maze and a video was recorded. Four parameters 

were calculated (Bromley-Brits et al., 2011):  

● Escape latency over 5 days during acquisition phase 

● Number of crossings over platform during probe trial 

● Number of entries into target quadrant during probe trial 

● Time spent in target quadrant during probe trial 

 

Table 3.2 Trial directions for MWM test 

 

No. of Days Release Directions  

 Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 

01 South West East North South 

02 West  South North West  East 

03 East West South North East 

04 South North East West South 

05 North  South West  East North  

06 West: the direction of release. 
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3.6.5 Statistical analysis 

The software was analyzed using Graphpad prism version 8.0.1 to apply tests of One-way 

analysis of variance (ANOVA) or two-way ANOVA to dataset to determine whether 

statistical significance exists. Bonferroni’s multiple comparison test was also applied to 

determine group to group differences. Mean ± SEM was used to present error bars.  

 

3.7 Brain Dissections 

Chloroform was used to anesthetize mice prior to euthanasia by cervical dissection. 

Using forceps, the head was gently stretched forward and surgical scissors were used to 

make a cut posterior to the ears. A small incision was made from the base of the skull at 

the parietal bone. Both sides of the parietal bone were tilted and broken off to reveal the 

brain. Frontal bone was also cut to gently remove the brain. The brain was washed in 

PBS to clear off excess blood and placed on a cold metal tray to section.  

The first step was to remove cerebellum and olfactory bulb using a sharp scalpel. The 

brain was placed with ventral side facing up and curved forceps were used to lightly pull 

apart the two halves off the cerebrum. After making an opening along the midline the 

forceps were moved anticlockwise first to open left hippocampus and then clockwise to 

reveal right hippocampus at an angle of 30-40. The hippocampus and the cerebrum were 

removed and stored separately in microcentrifuge tubes. The samples were frozen at -

80C until further use.  
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3.8 Histological examination 

3.8.1 Tissue perfusion and slide preparation 

For histological analysis heart perfusion was performed according to Gage et al., 2012. 

Briefly, the whole brain was removed from skull and washed with PBS before being 

transferred to 4% paraformaldehyde (PFA) solution for 24 hours and was swirled 

occasionally. The brain tissue was then dehydrated with 70%, 95% and 100% 

isopropanol consecutively for 1 hour each. Before tissue permeation the tissue was 

incubated in xylene for 4 hours. Molten paraffin was poured over tissue sample for 

paraffin embedding. The temperature was maintained at 60C. The embedded sample 

was left to solidify at 4C prior to cutting.  

 

3.8.2 Congo red staining 

Tissue sections were de-paraffinized and rehydrated before staining with Congo red stain 

for 20 minutes using a solution of 0.5 mL 1% NaOH and 49.5 mL Congo Red. The 

sections were then washed twice using double distilled water (ddH2O) and dipped in an 

alkaline alcohol solution for 2 minutes. Hematoxylin was used to counsterstain the 

sample for 30 seconds and washed for 6 minutes with 70% isopropryl alcohol. The final 

step involved the washing of the samples with ddH2O. After air drying the slides for 

1hour, the cover slips were placed. The images were visualized at 4X, 10X and 40X 

magnification using inverted light microscope. Images were acquired and analyzed using 

OPTIKA Lite Software Version 2.11. Congo red stains Aβ aggregates as red-pink. 
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3.9 Gene expression analysis 

3.9.1 RNA extraction 

Tri-reagent protocol was followed for RNA extraction. Tissue samples were 

homogenized in 1ml Trizol using Ultrasonic Processor UP400S (Hielscher Ultrasound 

Technology) and incubated for 15 minutes at 4C. Each sample was shaken for 15 

seconds after adding Chloroform (200µl), Samples were incubated for 10 minutes at 4C. 

Refrigerated centrifuge was set to 12,000 rpm at 4C for and sample was centrifuged for 

15 minutes. Colorless upper aqueous phase obtained after centrifugation was removed 

gently without disrupting or mixing the layers and added to new autoclaved tubes.  

Isopropyl alcohol (500µl) was added to the samples. They were incubated for 10 minutes.  

Centrifugation was performed at 12,000 rpm for another 10 minutes to precipitate RNA. 

The RNA forms a pellet on side or bottom of microcentrifuge tube. After centrifugation, 

the supernatant was collected and discarded. Chilled absolute ethanol (1000µl) was used 

to wash pellet. A final centrifugation step was conducted at 7500 rpm for 5 minutes at 

4C. The ethanol was removed gently after washing to avoid dislodging of pellet.30µl 

DEPC water was added to pellet after air drying it. Until further use, it was stored at -

80C. 

 

3.9.2 Quality of RNA 

To determine the quality extracted RNA, electrophoresis was conducted 1% agarose gel. 

RNA bands were visualized on ChemiDoc (ChemiDoc™ MP System #1708280, BioRad, 

USA). RNA concentration in each sample was determined by nanodrop method and the 
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ratio of A 260/280 indicated extracted RNA quality. The A 260/280 ratio ranged between 

1.8-2.0.  Ratio less than 1.8 indicates presence of contaminants.  

3.9.3 Reverse Transcription for cDNA synthesis 

RNA was quantified by use of Biophotometer plus (Eppendorf, Germany). 3µgRNA was 

utilized in each reaction mixture to transcribe RNA into cDNA. The reaction mixture 

consists of 2µl of 10mM dNTP’s, 4µl of 5X RT buffer, 1µl of 10mM oligodT (heated at 

55C for 5 minutes) and 1µl of Revert AID enzyme.  Total reaction volume was brought 

up to 25µl by adding PCR water to reaction mixture. Thermocycling conditions for 

cDNA synthesis indicated in figure 3.  

 

3.9.4 Gene expression analysis  

qPCR was performed using SYBR Green fluorescent dye reaction mixture. It contains 

1µl of forward and reverse primers, 4µl of SYBR Green dye, 1µl of cDNA template. The 

volume was brought up to 20µl by adding Nuclease free water. Each sample was tested in 

duplicates and normalized against β-actin. Agarose gel, disassociation curves and 

amplification plots were used to verify the quality of RNA.  

Figure 3.3Thermocycling profile for cDNA synthesis 
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Thermocycling conditions for gene expression analysis were an initial pre-incubation step 

at 50C for 2 minutes and 95C for 10 minutes. Extension required 40 cycles of 95C for 

30 seconds, 60C for 1 minute and 72C for 1 minute and ended with a final 

disassociation step. The sequences of RT-PCR primers IL-1β, TNF-α, and β-actin are 

indicated below. 

Table 3.3 Primer sequences for RT-PCR 

Gene Primer Sequences 

InterLeukin-1β .Forward. 5’TTCAGGCAGGCAGTATCACTC-3’ 

5’-GAAGGTCCACGGGAAAGACAC-3’ .Reverse. 

Tumor Necrosis 

Factor-α  

.Forward. 5’-ATGAGCACAGAAAGCATGA-3’ 

 

5’-ACCACGCTCTTCTGTCTACT-3’ .Reverse. 

β-actin .Forward. 5’-ACCTTCAACACCCCAGCCATGTACG-3’ 

5’-CTGATCCACATCTGCTGGAAGGTGG-3’ .Reverse. 



Chapter 4 i Results 

35 

 

RESULTS 

4.1 Behavioral analysis 

4.1.1. Effect of donepezil and LGG®& BB-12®on anxiety 

Performance on EPM was used as a measure of anxiety to assess anxiolytic effects of 

LGG®& BB-12® in comparison to donepezil. Animals experiencing severe anxiety have 

a tendency to remain in closed arms, whereas animals experiencing lower levels of 

anxiety tend to explore the open arm more. Entries in open arm in AlCl3-group 

(4.12±0.63) were lower (p<0.01) when compared to the number of entries made by 

control group (8.37±0.49). AlCl3 + LGG®& BB-12-treated group (7.62±0.62) displayed 

significantly higher (p<0.001) entries into open arms in comparison to AlCl3 + donepezil-

treated group (1.87±0.61).  

Donepezil-treated group (7.62±0.99) spent significantly less (p<0.05) amount of time in 

open arms in comparison to control group (16.75±1.70). LGG®& BB-12®-treated group 

(20.38±1.61) spent significantly more (p<0.01) time than donepezil-treated group 

(7.62±0.99). The AlCl3 + LGG®& BB-12®-treated group (27.75±4.15) has significantly 

higher (p<0.0001) performance in comparison to AlCl3group. The AlCl3 + LGG®& BB-

12®-treated group (27.75±4.15) also had significantly higher performance (p<0.0001) in 

comparison to AlCl3 + donepezil-treated group (3.37±0.70). In conclusion the probiotic 

LGG®& BB-12® treatment displayed strong anxiolytic effect in both LGG®& BB-12® 

and AlCl3 + LGG®& BB-12®-treated group. This indicates that this combination of 

probiotics has strong anxiolytic properties.  
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Figure 4.1 The effect of donepezil and LGG®& BB-12®on (A) Number of entries in 

Open arm (B) Time spent in open arm of EPM. Mean ± SEM was used to represent error 

bars. Statistical analysis was conducted using Graphpad Prism Version 8.0.1. “n.s=p>0.05”, 

“*=p<0.05”, “**=p<0.01”,  “***=p<0.001” and “****=p<0.0001” 
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4.1.2 Effect of donepezil and LGG®& BB-12®on spatial memory 

Y-maze is a measure of spatial memory and the parameter used is percentage 

spontaneous alternation. Spontaneous alternations are characterized by the entry of mice 

into all 3 arms of the Y-maze consecutively due to their innate exploratory behavior.  

The control group (77.23±1.51) had significantly better (p<0.0001) performance than 

AlCl3 group (56.31±1.67). The LGG®& BB-12®-treated group (83.55±3.65) had 

significantly better performance (p<0.01) than donepezil-treated group (68.53±2.06). 

This indicates that LGG®& BB-12® have an effect on memory and learning. This is 

further corroborated by the evidence that AlCl3 + LGG®& BB-12®-treated group 

(82.73±2.45) had significantly improved performance (p<0.0001) as compared to AlCl3 

group (56.31±1.67). AlCl3 + donepezil-treated group (79.65±4.41) had significantly 

improved performance (p<0.0001) as compared to AlCl3 group (56.31±1.67). The 

evidence suggests that the effect of oral consumption of LGG®& BB-12®in improving 

spatial memory in AD mouse models was comparative to the effect of the standard drug 

donepezil.  
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Figure 4.2 The effect of donepezil and LGG®& BB-12®on spatial learning and 

memory in Y-maze. Mean ± SEM was used to represent error bars. Statistical analysis 

was conducted using Graphpad Prism Version 8.0.1. “n.s=p>0.05”, “*=p<0.05”, 

“**=p<0.01”,  “***=p<0.001” and “****=p<0.0001” 

 

4.1.3 Effect of donepezil and LGG®& BB-12®on recognition memory 

Recognition memory is assessed by employing the NOR test. Rodents have a tendency to 

explore novel environments and objects rather than familiar ones. The recognition 

memory is measured in terms of DI.  

In NOR test the control group (58.25±1.65) had a significantly better (p<0.0001) 

performance than AlCl3 group (34.50±0.95). The AlCl3 + donepezil-treated group 

(48.0±2.85) displayed significantly improved (p<0.05) performance as compared to AlCl3 

group (34.50±0.95). The most significant improvement (p<0.0001) was observed in 

AlCl3 + LGG®& BB-12®-treated group (58.25±2.32) as compared to AlCl3 group 

(34.50±0.95). The evidence shows that LGG®& BB-12®treatment was effective in 

restoring recognition memory of AD mice models.  
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Figure 4.3 The effect of donepezil and LGG®& BB-12®on recognition memory in 

NOR. Mean ± SEM was used to represent error bars. Statistical analysis was conducted 

using Graphpad Prism Version 8.0.1. “n.s=p>0.05”, “*=p<0.05”, “**=p<0.01”,  

“***=p<0.001” and “****=p<0.0001” 

 

4.1.4 Effect of donepezil and LGG®& BB-12®on spatial learning and memory 

The MWM is 6 days long and divided into training phase and probe trial. The training 

phase consisted of five consecutive days of trial and learning of spatial cues is measured 

as escape latency. The probe trial was conducted on the last day for reference memory 

and three parameters were measured the number of crossings over platform, amount of 

time spent and entries into target quadrant of maze.  

On the training phases 5th day all groups displayed improvement in escape latency other 

than AlCl3 group. AlCl3 group (55.56±1.26) displayed significantly poor (p<0.0001) 

improvement in escape latency on the 5th day as compared to control group (5.85±0.63). 

The AlCl3 + donepezil-treated group (10.53±0.63) displayed significantly improved 



Chapter 4 i Results 

40 

 

(p<0.0001) escape latency as compared to AlCl3 group (55.56±1.26). The AlCl3 + 

LGG®& BB-12®-treated group (10.44±1.19) showed significant improvement (p<0.0001) 

as compared to AlCl3 group (55.56±1.26). The final escape latency was 5.85s, 12.16s, 

5.26s, 55.56s, 10.53s, 10.44s, 16.63s on the 5th day for control, control + donepezil group, 

control + LGG®& BB-12®, AlCl3 group, AlCl3 + donepezil-treated group and AlCl3 + 

LGG®& BB-12®-treated group respectively.  

 

 

Figure 4.4 The effect of donepezil and LGG®& BB-12®on escape latency in MWM. 

Mean ± SEM was used to represent error bars. Statistical analysis was conducted using 

Graphpad Prism Version 8.0.1.Test two-way ANOVA was applied. “n.s=p>0.05”, 

“*=p<0.05”, “**=p<0.01”, “***=p<0.001” and “****=p<0.0001”. The symbols * , ^, # 

represent significance between control and AlCl3group, AlCl3 group and AlCl3 + 

donepezil-treated group and AlCl3 + LGG®& BB-12®-treated group respectively.  

 

The control group (5.62±0.63) made significantly more crossings (p<0.01) as compared 

to AlCl3group (1.75±0.55). The AlCl3 + donepezil-treated group (4.75±0.45) had 

significantly higher performance (p<0.05) than AlCl3group (1.75±0.55). The LGG®& 
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BB-12®-treated group (7.75±0.59) had a highly significant (p<0.0001) improvement as 

compared to AlCl3group (1.75±0.55). A difference was also observed between both AlCl3 

treated groups, where the TheAlCl3 + LGG®& BB-12®-treated group (7.75±0.59) showed 

a significant improvement (p<0.05) in performance when compared to AlCl3 + donepezil-

treated group (4.75±0.45).  

 

Figure 4.5 The effect of donepezil and LGG®& BB-12®on spatial memory in MWM. 

Mean ± SEM was used to represent error bars. Statistical analysis was conducted using 

Graphpad Prism Version 8.0.1 “n.s=p>0.05”, “*=p<0.05”, “**=p<0.01”,  “***=p<0.001” 

and “****=p<0.0001” 

 

The number of target quadrant entries was also evaluated. The control group (10.5±0.56) 

showed significantly more (p<0.0001) entries into target quadrant as compared to AlCl3 

group (2.87±0.81). In the donepezil-treated group (13.5±0.82) and LGG®& BB-12®-

treated group (9.87±0.61), the donepezil-treated group showed a more significant 

improvement (p<0.05). The AlCl3 + donepezil-treated group (10.13±0.95) showed 

significant improvement (P<0.0001) as compared to AlCl3 group (2.87±0.81). 

Furthermore, the AlCl3 + LGG®& BB-12®-treated group (12.13±0.97) showed significant 
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improvement (P<0.0001) as compared to AlCl3 group (2.87±0.81). This implies that the 

effects of LGG®& BB-12®treatment were comparable to that of donepezil. The parameter 

of time spent in target quadrant did not display any discernible differences.  

 

 

 

Figure 4.6 The effect of donepezil and LGG®& BB-12® on (A) Number of entries (B) 

Time spent. Mean ± SEM was used to represent error bars. Statistical analysis was 

conducted using Graphpad Prism Version 8.0.1.“n.s=p>0.05”, “*=p<0.05”, “**=p<0.01”,  

“***=p<0.001” and “****=p<0.0001” 

A 

B 
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4.2 Histological assessment 

Histopathological analysis of all study groups was performed by Congo red staining to 

assess morphological changes in the hippocampus. The Congo red staining revealed an 

increase in amyloid plaques in AlCl3 group compared to controls and this increase was 

offset by treatment with donepezil and LGG®& BB-12®. A marked difference was 

observed in cell bodies in AlCl3 group (31.50±1.32) as compared to control group 

(66.75±1.75), this decrease was statistically significant (p<0.0001).  Number of observed 

cell bodies was significantly more (p<0.0001) in AlCl3 + donepezil-treated group 

(52.5±1.55) and AlCl3 + LGG®& BB-12®-treated group (60.0±2.67) as compared to 

AlCl3 group (31.50±1.32). Cell counting was conducted at 10X in the dentate gyrus 

region of hippocampus.  

 

Figure 4.7 The effect of donepezil and LGG®& BB-12®on cell count in dentate 

gyrus, hippocampus. Mean ± SEM was used to represent error bars. Statistical analysis 

was conducted using Graphpad Prism Version 8.0.1. “n.s=p>0.05”, “*=p<0.05”, 

“**=p<0.01”,  “***=p<0.001” and “****=p<0.0001” 
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Figure 4.8 Congo red stained coronal sections of hippocampus 4X magnification. (A) 

Control (B) Control + donepezil (C) Control + LGG®& BB-12® (D) AlCl3 induced AD 

model (E) AlCl3 + donepezil (F) AlCl3 + LGG®& BB-12® 

 

Figure 4.9 Congo red stained coronal sections of hippocampus 10X magnification. 

(A) Control (B) Control + donepezil (C) Control + LGG®& BB-12® (D) AlCl3 induced 

AD model (E) AlCl3 + donepezil (F) AlCl3 + LGG®& BB-12® 
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Figure 4.10 Congo red stained coronal sections of hippocampus 40X magnification. 

(A) Control (B) Control + donepezil (C) Control + LGG®& BB-12® (D) AlCl3 induced 

AD model (E) AlCl3 + donepezil (F) AlCl3 + LGG®& BB-12® 

 

4.3 Genomic analysis through RT-PCR 

4.3.1 Effect of donepezil and LGG®& BB-12®on TNF-α expression 

Effect of treatment on expression of TNF-α was determined by performing RT-PCR. 

Expression of TNF-α was significantly higher (p<0.0001) in AlCl3 group (1.98±0.12) as 

compared to control group (1.00±0.0). Expression of TNF-α in donepezil-treated group 

(0.65±0.03) and LGG®& BB-12®-treated group(0.65±0.03) was comparatively lower 

(p<0.01) than that of control (1.00±0.0). Similarly, expression of TNF-α in AlCl3 + 

donepezil-treated group (0.43±0.04) and AlCl3 +LGG®& BB-12®-treated group 

(0.31±0.01) was significantly less (p<0.0001) as compared toAlCl3 group (1.98±0.12). 

The effect of treatment with donepezil and LGG®& BB-12®on both AlCl3 group and 

control group was comparable.  
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Figure 4.11 Effect of donepezil and LGG®& BB-12® on TNF-α expression.Mean ± 

SEM was used to represent error bars. Statistical analysis was conducted using Graphpad 

Prism Version 8.0.1 “n.s=p>0.05”, “*=p<0.05”, “**=p<0.01”,  “***=p<0.001” and 

“****=p<0.0001” 

 

4.3.2 Effect of donepezil and LGG®& BB-12®on IL-1β expression 

Expression of IL-1β was significantly higher (p<0.0001) in AlCl3 group (1.22±0.02) as 

compared to control group (1.00±0.0). Expression of IL-1β was significantly 

lower(p<0.0001) in donepezil-treated group (0.39±0.02) and LGG®& BB-12®-treated 

group (0.53±0.01) than control group expression (1.00±0.0). Similarly, expression of IL-

1β was significantly less (p<0.0001) in AlCl3 + donepezil-treated group (0.46±0.01) and 

AlCl3 +LGG®& BB-12®-treated group (0.55±0.01) than in AlCl3 group (1.22±0.02). The 

effect of treatment with donepezil and LGG®& BB-12®on both AlCl3 group and control 

group was comparable.  
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Figure 4.12 Effect of donepezil and LGG®& BB-12® on IL-1β expression. Mean ± 

SEM was used to represent error bars. Statistical analysis was conducted using Graphpad 

Prism Version 8.0.1.“n.s=p>0.05”, “*=p<0.05”, “**=p<0.01”,  “***=p<0.001” and 

“****=p<0.0001 
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DISCUSSION 

This study investigated the therapeutic effects of combination therapy of probiotics; 

Lactobacillus rhamnosus LGG® and Bifidobacterium BB12® on AD mouse models post-

AlCl3 treatment (300mg/kg). The treatment was carried out orally for 28 days at a dosage 

of 1x109 CFU per day. Efficacy of treatment was evaluated by behavioral analysis of 

anxiety-like behavior and development of memory and learning. 

Around 40% patients of AD suffer from anxiety, a common neuropsychiatric symptom in 

AD (Mendez, 2021). The present study suggested that AlCl3 group exhibited anxiety-like 

effects as evidenced by number of open arm entries as compared to number of entries 

made by control group in EPM. In contrast, no significant difference in the time spent in 

open arms was observed when compared to controls. This suggested that although AlCls 

group displayed anxiety-like behavior and reduced exploratory behavior in EPM the 

behavior was not starkly different from the behavior of control group.  

Donepezil is an ACE inhibitor that produces promnestic effects in humans and rodents 

but evokes an unclear response when studying its effects on anxiety phenotype (Ben-Azu 

et al., 2019). Several studies indicate that acetylcholine signaling may contribute in 

modulation of mood. A study administered physostigmine into hippocampus of 

C57BL/6J male mice resulting in blockade of ACE activity, an increase in hippocampal 

acetylcholine which ultimately led to exhibition of anxiety like behavior (Mineur et al., 

2013). ACE levels in fluoxetine-treated Swiss-Webster mice were observed to be 

positively correlated to decrease in anxiety (McCloskey et al., 2017). In another study, 

donepezil lowered anxiety in transgenic AD mice (Ye et al., 2013). Other studies indicate 

that donepezil does not affect anxiety but induces hypolocomotion which can be 
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interpreted as an increase in anxiety (Poole et al., 2014; Soliani et.al., 2020). In contrast, 

an increase in anxiety-like behavior was shown by healthy controls as compared to AD 

patients being treated with donepezil. This indicates that donepezil administration may 

display a difference in outcomes post-treatment depending on disease status of individual 

(Pompeia et al., 2013). Moreover, AD patients exhibiting increased cortisol levels did not 

show improvement in anxiety post-treatment (San Chang et.al., 2018).  Shin et al., 2019 

establishedthat a dose-dependent response exists in rodents (Sin et.al., 2019). A novel 

study on donepezil in zebrafish exhibited an increase in cortisol levels and anxiety 

(Giacomini et .al., 2020). Ben-Azu et.al., 2019 conducted a study in rodents that 

corroborated the link between stress response and the cholinergic system (Ben-Azy et al., 

2019).  

Similarly, within the scope of this study a significant increase in anxiety-levels in healthy 

mice treated with donepezil. No notable improvement was displayed by AlCl3 + 

donepezil-treated group.  

Probiotics oral administration improves anxiety-like behavior in both animal and human 

studies. C57BL/6 pregnant female mice were orally gavaged with Lactobacillus 

rhamnosus LGG®from the 18th day of gestation until birth and offspring were also 

gavaged for 5 days. LGG® colonization resulted in increased expression of GABA 

receptors, BDNF and serotonin transporter leading to anti-anxiety like behavior in 

adulthood (Zhou et.al., 2022). Male mice of C57BL/6 strain were administered 

Lactobacillus rhamnosus (JB-1) for a period of 28 days followed by chronic social 

defeat. Mice treated with probiotics had a decreased anxiety-like response to social stress 

as compared to placebo group. JB-1 colonization resulted in increased IL-10 regulatory 



Chapter 5 i Discussion 

50 

 

T-cells and reduced activation of dendritic cells (Bharwani et al., 2017). Sprague-Dawley 

rats treated with Lactobacillus rhamnosus LGG® and pre-biotic combination after 

experiencing maternal separation showed improvement in anxiety-like behavior with a 

decrease in mRNA expression of GABA A2 in comparison to untreated rats (Neufeld et 

al., 2017). 423 women in Auckland participated in a clinical trial in which they were 

administered probiotic Lactobacillus rhamnosus (HN001) from time of recruitment till 6 

months post-partum. Women receiving probiotic treatment exhibited lower anxiety scores 

as compared to placebo group. It was concluded that the probiotic regimen may be a 

potential therapeutic route to attenuating anxiety and depression in mothers postpartum 

(Slykerman et al., 2017). A single arm study, investigated the effect of consumption of 

Bifidobacterium BB12®on state anxiety in athletes. The intervention resulted in 

significant improvement in somatic anxiety, emotion anxiety and cognitive anxiety 

(Dong et al., 2021). This study corroborated the existing evidence that probiotics are 

helpful in attenuating anxiety-like behavior. Combination therapy of Lactobacillus 

rhamnosus LGG® and BifibobacteriumBB12®resulted in significant decrease in anxiety 

like behavior in both control + LGG®& BB12®treated group and AlCl3 + LGG®& 

BB12®group. Reduced anxiolytic behavior was indicated by an increase entries and time 

spent in open arm. LGG®& BB12®treatment is effective in decreasing anxiety-like 

behavior associated with AD.  

Several parameters of memory including spatial memory, reference memory and long-

term spatial memory were studied by employing different behavioral tests to better 

determine the effect of probiotic treatment on deficits of memory and learning in AD as 

different procedures target distinct idiosyncrasies within a domain. Donepezil has 
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promnestic effects and donepezil administration at 3mg/kg and 10mg/kg prevented 

memory impairment induced by scopolamine in hairless rats as evidenced by their 

performance in Y-maze. Rats pre-treated with donepezil before scopolamine 

intraperitoneal injection displayed significantly higher % spontaneous alternation than 

those that received no pre-treatment (Shin et al., 2018). APP/PS-1 transgenic mice had 

significantly improved performance in NOR and MWM following administration of 

donepezil by attenuating expression of CD68 which is involved in microglial activation 

and IL-1β and TNF-α(Guo et al., 2015). The current study indicated that AlCl3 + 

donepezil-treated group had improved performance in % spontaneous alternation, DI and 

escape latency. Therefore, it was effective in ameliorating cognitive deficits induced by 

AlCl3.  

Lactobacillus rhamnosus UBLR-58 potentiated activity of curcumin in ameliorating 

dementia by increasing the bioavailability of curcumin (Patel et al., 2020). Combination 

therapy using Lactobacillus rhamnosus, Bifidobacterium infantis and Lactobacillus 

reuterifor treatment of AD induced by Aβ1-40 intra-hippocampal injection led improved 

spatial memory. This improvement was assessed by MWM. The improvement was 

rendered by a decrease in oxidative stress and inflammation in probiotic treated group 

(Mehrabadi& Sadr, 2020). Administration of Bifidobacterium Lactis Probio-M8 to 

APP/PS-1 transgenic mice led to an increase in α and β- diversity of gut. Treated mice 

also displayed significant improvement in % spontaneous alternations and % number of 

contacts with the novel object, revealing that treatment with probiotics improved 

cognitive decline in APP/PS-1 transgenic mice (Cao et al., 2021). AD was induced in 

male Wistar rats by injecting Aβ1-42 into intra-cerebro-ventricular region of brain. 
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Treatment using probiotic combination of B. bifidum and L. plantarum with exercise led 

to attenuation of cognitive decline particularly in spatial learning and memory 

(Shamsipour et al., 2021). Middle aged to older adults exhibiting symptoms of cognitive 

decline were enrolled in a clinical trial and supplemented with Lactobacillus rhamnosus 

leading to an improvement in the cognitive decline.  

In the present study, AlCl3-treated group displayed a significant decrease in cognition and 

had poor performance on all three memory tests. A significant decrease was observed in 

both spatial and reference memory parameters. Long-term spatial memory and learning 

was also poor as observed in escape latency. During the MWM AlCl3-treated group 

showed an atypical behavior i.e., the time spent in target quadrant was not less as 

compared to other groups although clear memory impairment was observed. This was 

due to the presence of “floaters”. Floaters are animals that due to their anxious behavior 

display hypolocomotion. Therefore, MWM results must be elaborated carefully with all 

four parameters within MWM being considered concomitantly. AlCl3 + LGG®& 

BB12®displayed a significant improvement in all parameters of memory tests. The 

improvement in cognition was comparable to that of control. It can be concluded that this 

combination of probiotic treatment is effective improving cognitive decline in AD.  

Coronal sections of hippocampus were stained using Congo red. Congo red dyes 

amyloid-β plaques a dark red color and stains the nucleus of neurons a blue-purple color. 

Observation of stained sections under a light microscope showed an increase in the 

number of amyloid-β plaques in AlCl3 group as compared to all other groups. AlCl3 + 

donepezil-treated group and AlCl3 + LGG®& BB12® displayed less plaque deposition. 

Cell counting conducted under 10x magnification showed a marked decrease in cell 
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bodies in dentate gyrus in AlCl3 group. AlCl3 increases oxidative stress, inflammation 

and reactive gliosis leading to neurodegeneration (Prakash et al., 2013). Treatment with 

donepezil and probiotics resulted in cell counts comparable to that of control group. 

Donepezil induces hippocampal neurogenesis in AD and following traumatic brain 

injuries (Yu et al., 2015). Donepezil induces neurogenesis by modulating BDNF/TrkB 

dependent signaling and regulating the cholinergic system. It increases expression of 

BDNF and levels of phosphorylated TrkB (Zheng et al., 2018). Zebrafish treated with 

Lactobacillus rhamnosus had an increased expression of BDNF (Cuomo et al., 2021). 

LGG® affected BDNF expression in Wistar rats with enteropathy and the BDNF 

expression was higher and TrkB levels were lower (Orlando et al., 2021). Treatment with 

a combination of B. bifidum and L.plantarum increased expression of BDNF and ChAT 

in AD rats (Shamsipour et al., 2021).  

An increase in expression of TNF-α and IL-1β was seen in AlCl3 group. Increase in 

systemic inflammation mediated by pro-inflammatory cytokines plays major 

pathophysiological role in AD development (Gonzalez-Reyes et al., 2017). There was a 

significant decrease in cytokine expression in both AlCl3 + donepezil and AlCl3 + 

LGG®& BB-12® group. Several studies show similar effects post-probiotic treatment. AD 

rats treated with Lactobacillus rhamnosus, Bifidobacterium infantis and Lactobacillus 

reuteri showed significant decrease in TNF-α and IL-1β as shown by ELISA tests 

(Mehrabadi& Sadr, 2020). Treatment of adult zebrafish with Lactobacillus rhamnosus 

modulated expression of cytokines (Bootorabi et al., 2021). Bifidobacterium BB12® 

attenuated TLR2 cytokine expression in young healthy adults (Meng et al., 2017).   
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CONCLUSION AND FUTURE PROSPECTS 

The present study proved that probiotic treatment was effective in improving cognitive 

decline and anxiety-like behavior associated with AD. Since, probiotics are relatively 

cheap and well-tolerated; they can serve as a potential treatment option in the future. The 

gut microbiota-brain axis is complex and must be further explored to exactly determine 

how these probiotics were so effective in treatment of AD. Future prospects include 16s 

RNA profiling of fecal microbial diversity to determine the effect of probiotic oral 

consumption on α-diversity of microbes in gut. Furthermore, effect of probiotic 

consumption must also be studied on oxidative stress and neurogenesis to give further 

insight as to how gut microbiota attenuates the severity of disease symptoms.



i i References 

55 

 

REFERENCES 

  

2020 Alzheimer's disease facts and figures. (2020). Alzheimer's &dementia : the journal of 

the Alzheimer's Association, 10.1002/alz.12068. Advance online publication. 

https://doi.org/10.1002/alz.12068 

Ahmadi, S., Wang, S., Nagpal, R., Wang, B., Jain, S., Razazan, A., Mishra, S. P., Zhu, X., 

Wang, Z., Kavanagh, K., & Yadav, H. (2020). A human-origin probiotic cocktail 

ameliorates aging-related leaky gut and inflammation via modulating the 

microbiota/taurine/tight junction axis. JCI insight, 5(9), e132055. 

https://doi.org/10.1172/jci.insight.132055 

Ahmed, S., Mahmood, Z., Javed, A., Hashmi, S. N., Zerr, I., Zafar, S., & Zahid, S. (2017). 

Effect of Metformin on Adult Hippocampal Neurogenesis: Comparison with Donepezil 

and Links to Cognition. Journal of molecular neuroscience : MN, 62(1), 88–98. 

https://doi.org/10.1007/s12031-017-0915-z 

Ait-Belgnaoui, A., Han, W., Lamine, F., Eutamene, H., Fioramonti, J., Bueno, L., 

&Theodorou, V. (2006). Lactobacillus farciminis treatment suppresses stress induced 

visceral hypersensitivity: a possible action through interaction with epithelial cell 

cytoskeleton contraction. Gut, 55(8), 1090–1094. 

https://doi.org/10.1136/gut.2005.084194 

Albarillo, F. S., Shah, U., Joyce, C., & Slade, D. (2020). Lactobacillus rhamnosus Infection: 

A Single-center 4-year Descriptive Analysis. Journal of global infectious diseases, 12(3), 

119–123. https://doi.org/10.4103/jgid.jgid_112_19 

Albers, G., Van den Block, L., & Vander Stichele, R. (2014). The burden of caring for people 

with dementia at the end of life in nursing homes: a postdeath study among nursing 

staff. International journal of older people nursing, 9(2), 106–117. 

https://doi.org/10.1111/opn.12050 

Alok, A., Singh, I. D., Singh, S., Kishore, M., Jha, P. C., &Iqubal, M. A. (2017). Probiotics: A 

New Era of Biotherapy. Advanced biomedical research, 6, 31. 

https://doi.org/10.4103/2277-9175.192625 

https://doi.org/10.1002/alz.12068
https://doi.org/10.1172/jci.insight.132055
https://doi.org/10.1007/s12031-017-0915-z
https://doi.org/10.1136/gut.2005.084194
https://doi.org/10.4103/jgid.jgid_112_19
https://doi.org/10.1111/opn.12050
https://doi.org/10.4103/2277-9175.192625


i i References 

56 

 

Alonso, A. D., Cohen, L. S., Corbo, C., Morozova, V., ElIdrissi, A., Phillips, G., & Kleiman, 

F. E. (2018). Hyperphosphorylation of Tau Associates With Changes in Its Function 

Beyond Microtubule Stability. Frontiers in cellular neuroscience, 12, 338. 

https://doi.org/10.3389/fncel.2018.00338 

Arendash, G. W., Lewis, J., Leighty, R. E., McGowan, E., Cracchiolo, J. R., Hutton, M., & 

Garcia, M. F. (2004). Multi-metric behavioral comparison of APPsw and P301L models 

for Alzheimer's disease: linkage of poorer cognitive performance to tau pathology in 

forebrain. Brain research, 1012(1-2), 29–41. 

https://doi.org/10.1016/j.brainres.2004.02.081 

Bailey, M. T., & Coe, C. L. (1999). Maternal separation disrupts the integrity of the intestinal 

microflora in infant rhesus monkeys. Developmental psychobiology, 35(2), 146–155.  

Barker, W. W., Luis, C. A., Kashuba, A., Luis, M., Harwood, D. G., Loewenstein, D., Waters, 

C., Jimison, P., Shepherd, E., Sevush, S., Graff-Radford, N., Newland, D., Todd, M., 

Miller, B., Gold, M., Heilman, K., Doty, L., Goodman, I., Robinson, B., Pearl, G., … 

Duara, R. (2002). Relative frequencies of Alzheimer disease, Lewy body, vascular and 

frontotemporal dementia, and hippocampal sclerosis in the State of Florida Brain 

Bank. Alzheimer disease and associated disorders, 16(4), 203–212. 

https://doi.org/10.1097/00002093-200210000-00001 

Barrett, E., Ross, R. P., O'Toole, P. W., Fitzgerald, G. F., & Stanton, C. (2012). γ-

Aminobutyric acid production by culturable bacteria from the human intestine. Journal of 

applied microbiology, 113(2), 411–417. https://doi.org/10.1111/j.1365-

2672.2012.05344.x 

Bartzokis G. (2011). Alzheimer's disease as homeostatic responses to age-related myelin 

breakdown. Neurobiology of aging, 32(8), 1341–1371. 

https://doi.org/10.1016/j.neurobiolaging.2009.08.007 

Bature, F., Guinn, B. A., Pang, D., & Pappas, Y. (2017). Signs and symptoms preceding the 

diagnosis of Alzheimer's disease: a systematic scoping review of literature from 1937 to 

2016. BMJ open, 7(8), e015746. https://doi.org/10.1136/bmjopen-2016-015746 

Bauer, K. C., Huus, K. E., & Finlay, B. B. (2016). Microbes and the mind: emerging 

hallmarks of the gut microbiota-brain axis. Cellular microbiology, 18(5), 632–644. 

https://doi.org/10.1111/cmi.12585 

https://doi.org/10.3389/fncel.2018.00338
https://doi.org/10.1016/j.brainres.2004.02.081
https://doi.org/10.1097/00002093-200210000-00001
https://doi.org/10.1111/j.1365-2672.2012.05344.x
https://doi.org/10.1111/j.1365-2672.2012.05344.x
https://doi.org/10.1016/j.neurobiolaging.2009.08.007
https://doi.org/10.1136/bmjopen-2016-015746
https://doi.org/10.1111/cmi.12585


i i References 

57 

 

Ben-Azu B, Nwoke EE, Aderibigbe AO, et al. (2019) Possible neuroprotective mechanisms 

of action involved in the neurobehavioral property of naringin in mice. Biomed 

Pharmacother 109: 536–546. 

Bharwani, A., Mian, M. F., Surette, M. G., Bienenstock, J., & Forsythe, P. (2017). Oral 

treatment with Lactobacillus rhamnosus attenuates behavioural deficits and immune 

changes in chronic social stress. BMC medicine, 15(1), 7. https://doi.org/10.1186/s12916-

016-0771-7 

Bonanni, E., Maestri, M., Tognoni, G., Fabbrini, M., Nucciarone, B., Manca, M. L., Gori, S., 

Iudice, A., &Murri, L. (2005). Daytime sleepiness in mild and moderate Alzheimer's 

disease and its relationship with cognitive impairment. Journal of sleep research, 14(3), 

311–317. https://doi.org/10.1111/j.1365-2869.2005.00462.x 

Bootorabi, F., Saadat, F., Falak, R., Manouchehri, H., Changizi, R., Mohammadi, H., 

Safavifar, F., &Khorramizadeh, M. R. (2021). Gut micobiota alteration by Lactobacillus 

rhamnosus reduces pro-inflammatory cytokines and glucose level in the adult model of 

Zebrafish. BMC research notes, 14(1), 302. https://doi.org/10.1186/s13104-021-05706-5 

Borre, Y. E., O'Keeffe, G. W., Clarke, G., Stanton, C., Dinan, T. G., &Cryan, J. F. (2014). 

Microbiota and neurodevelopmental windows: implications for brain disorders. Trends in 

molecular medicine, 20(9), 509–518. https://doi.org/10.1016/j.molmed.2014.05.002 

Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T. G., 

Bienenstock, J., &Cryan, J. F. (2011). Ingestion of Lactobacillus strain regulates 

emotional behavior and central GABA receptor expression in a mouse via the vagus 

nerve. Proceedings of the National Academy of Sciences of the United States of 

America, 108(38), 16050–16055. https://doi.org/10.1073/pnas.1102999108 

Breijyeh, Z., &Karaman, R. (2020). Comprehensive Review on Alzheimer's Disease: Causes 

and Treatment. Molecules (Basel, Switzerland), 25(24), 5789. 

https://doi.org/10.3390/molecules25245789 

Breit, S., Kupferberg, A., Rogler, G., & Hasler, G. (2018). Vagus Nerve as Modulator of the 

Brain-Gut Axis in Psychiatric and Inflammatory Disorders. Frontiers in psychiatry, 9, 44. 

https://doi.org/10.3389/fpsyt.2018.00044 

https://doi.org/10.1186/s12916-016-0771-7
https://doi.org/10.1186/s12916-016-0771-7
https://doi.org/10.1111/j.1365-2869.2005.00462.x
https://doi.org/10.1186/s13104-021-05706-5
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.3390/molecules25245789
https://doi.org/10.3389/fpsyt.2018.00044


i i References 

58 

 

Bromley-Brits, K., Deng, Y., & Song, W. (2011). Morris water maze test for learning and 

memory deficits in Alzheimer's disease model mice. Journal of visualized experiments 

:JoVE, (53), 2920. https://doi.org/10.3791/2920 

Brown, A. J., Goldsworthy, S. M., Barnes, A. A., Eilert, M. M., Tcheang, L., Daniels, D., 

Muir, A. I., Wigglesworth, M. J., Kinghorn, I., Fraser, N. J., Pike, N. B., Strum, J. C., 

Steplewski, K. M., Murdock, P. R., Holder, J. C., Marshall, F. H., Szekeres, P. G., 

Wilson, S., Ignar, D. M., Foord, S. M., … Dowell, S. J. (2003). The Orphan G protein-

coupled receptors GPR41 and GPR43 are activated by propionate and other short chain 

carboxylic acids. The Journal of biological chemistry, 278(13), 11312–11319. 

https://doi.org/10.1074/jbc.M211609200 

Burger-van Paassen, N., Vincent, A., Puiman, P. J., van der Sluis, M., Bouma, J., Boehm, G., 

van Goudoever, J. B., van Seuningen, I., & Renes, I. B. (2009). The regulation of 

intestinal mucin MUC2 expression by short-chain fatty acids: implications for epithelial 

protection. The Biochemical journal, 420(2), 211–219. 

https://doi.org/10.1042/BJ20082222 

Cao, J., Amakye, W. K., Qi, C., Liu, X., Ma, J., & Ren, J. (2021). Bifidobacterium Lactis 

Probio-M8 regulates gut microbiota to alleviate Alzheimer's disease in the APP/PS1 

mouse model. European journal of nutrition, 60(7), 3757–3769. 

https://doi.org/10.1007/s00394-021-02543-x 

Capurso L. (2019). Thirty Years of Lactobacillus rhamnosus GG: A Review. Journal of 

clinical gastroenterology, 53 Suppl 1, S1–S41. 

https://doi.org/10.1097/MCG.0000000000001170 

Cattaneo, A., Cattane, N., Galluzzi, S., Provasi, S., Lopizzo, N., Festari, C., Ferrari, C., 

Guerra, U. P., Paghera, B., Muscio, C., Bianchetti, A., Volta, G. D., Turla, M., Cotelli, 

M. S., Gennuso, M., Prelle, A., Zanetti, O., Lussignoli, G., Mirabile, D., Bellandi, D., … 

INDIA-FBP Group (2017). Association of brain amyloidosis with pro-inflammatory gut 

bacterial taxa and peripheral inflammation markers in cognitively impaired 

elderly. Neurobiology of aging, 49, 60–68. 

https://doi.org/10.1016/j.neurobiolaging.2016.08.019 

Chang, Y. S., Wu, Y. H., Wang, C. J., Tang, S. H., & Chen, H. L. (2018). Higher levels of 

thyroxine may predict a favorable response to donepezil treatment in patients with 

https://doi.org/10.3791/2920
https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.1042/BJ20082222
https://doi.org/10.1007/s00394-021-02543-x
https://doi.org/10.1097/MCG.0000000000001170
https://doi.org/10.1016/j.neurobiolaging.2016.08.019


i i References 

59 

 

Alzheimer disease: a prospective, case-control study. BMC neuroscience, 19(1), 36. 

https://doi.org/10.1186/s12868-018-0436-x 

Conrad, C. D., Galea, L. A., Kuroda, Y., & McEwen, B. S. (1996). Chronic stress impairs rat 

spatial memory on the Y maze, and this effect is blocked by tianeptine 

pretreatment. Behavioral neuroscience, 110(6), 1321–1334. 

https://doi.org/10.1037//0735-7044.110.6.1321 

Cretin, B., Sellal, F., Philippi, N., Bousiges, O., Di Bitonto, L., Martin-Hunyadi, C., & Blanc, 

F. (2016). Epileptic Prodromal Alzheimer's Disease, a Retrospective Study of 13 New 

Cases: Expanding the Spectrum of Alzheimer's Disease to an Epileptic Variant?. Journal 

of Alzheimer's disease: JAD, 52(3), 1125–1133. https://doi.org/10.3233/JAD-150096 

Cuomo, M., Borrelli, L., Della Monica, R., Coretti, L., De Riso, G., D'Angelo Lancellotti di 

Durazzo, L., Fioretti, A., Lembo, F., Dinan, T. G., Cryan, J. F., Cocozza, S., &Chiariotti, 

L. (2021). DNA Methylation Profiles of Tph1A and BDNF in Gut and Brain of L. 

Rhamnosus-Treated Zebrafish. Biomolecules, 11(2), 142. 

https://doi.org/10.3390/biom11020142 

Den, H., Dong, X., Chen, M., & Zou, Z. (2020). Efficacy of probiotics on cognition, and 

biomarkers of inflammation and oxidative stress in adults with Alzheimer's disease or 

mild cognitive impairment - a meta-analysis of randomized controlled 

trials. Aging, 12(4), 4010–4039. https://doi.org/10.18632/aging.102810 

Dinan, T. G., &Cryan, J. F. (2017). The Microbiome-Gut-Brain Axis in Health and 

Disease. Gastroenterology clinics of North America, 46(1), 77–89. 

https://doi.org/10.1016/j.gtc.2016.09.007 

Dong, W., Wang, Y., Liao, S., Tang, W., Peng, L., & Song, G. (2021). Bifidobacterium 

animalis subsp. lactis BB-12 Improves the State Anxiety and Sports Performance of 

Young Divers Under Stress Situations: A Single-Arm, Prospective Proof-of-Concept 

Study. Frontiers in psychology, 11, 570298. https://doi.org/10.3389/fpsyg.2020.570298 

Dronkers, T., Ouwehand, A. C., &Rijkers, G. T. (2020). Global analysis of clinical trials with 

probiotics. Heliyon, 6(7), e04467. https://doi.org/10.1016/j.heliyon.2020.e04467 

Dunys, J., Valverde, A., &Checler, F. (2018). Are N- and C-terminally truncated Aβ species 

key pathological triggers in Alzheimer's disease?. The Journal of biological 

chemistry, 293(40), 15419–15428. https://doi.org/10.1074/jbc.R118.003999 

https://doi.org/10.1186/s12868-018-0436-x
https://doi.org/10.1037/0735-7044.110.6.1321
https://doi.org/10.3233/JAD-150096
https://doi.org/10.3390/biom11020142
https://doi.org/10.18632/aging.102810
https://doi.org/10.1016/j.gtc.2016.09.007
https://doi.org/10.3389/fpsyg.2020.570298
https://doi.org/10.1016/j.heliyon.2020.e04467
https://doi.org/10.1074/jbc.R118.003999


i i References 

60 

 

Edwards III, G. A., Gamez, N., Escobedo Jr., G., Calderon, O., Moreno-Gonzalez, I. (2019). 

Modifiable Risk Factors for Alzheimer’s Disease.  Frontiers in Aging Neuroscience, 

(11,)146.https://doi.org/10.3389/fnagi.2019.00146 

Ellis, J. L., Karl, J. P., Oliverio, A. M., Fu, X., Soares, J. W., Wolfe, B. E., Hernandez, C. J., 

Mason, J. B., & Booth, S. L. (2021). Dietary vitamin K is remodeled by gut microbiota 

and influences community composition. Gut microbes, 13(1), 1–16. 

https://doi.org/10.1080/19490976.2021.1887721 

Farhat, S. M., Mahboob, A., Iqbal, G., & Ahmed, T. (2017). Aluminum-Induced Cholinergic 

Deficits in Different Brain Parts and Its Implications on Sociability and Cognitive 

Functions in Mouse. Biological trace element research, 177(1), 115–121. 

https://doi.org/10.1007/s12011-016-0856-3 

Fassarella, M., Blaak, E. E., Penders, J., Nauta, A., Smidt, H., &Zoetendal, E. G. (2021). Gut 

microbiome stability and resilience: elucidating the response to perturbations in order to 

modulate gut health. Gut, 70(3), 595–605. https://doi.org/10.1136/gutjnl-2020-321747 

Forsgren, M., Isolauri, E., Salminen, S., &Rautava, S. (2017). Late preterm birth has direct 

and indirect effects on infant gut microbiota development during the first six months of 

life. Acta paediatrica (Oslo, Norway : 1992), 106(7), 1103–1109. 

https://doi.org/10.1111/apa.13837 

Forsythe, P., Bienenstock, J., & Kunze, W. A. (2014). Vagal pathways for microbiome-brain-

gut axis communication. Advances in experimental medicine and biology, 817, 115–133. 

https://doi.org/10.1007/978-1-4939-0897-4_5 

Frost, G., Sleeth, M. L., Sahuri-Arisoylu, M., Lizarbe, B., Cerdan, S., Brody, L., 

Anastasovska, J., Ghourab, S., Hankir, M., Zhang, S., Carling, D., Swann, J. R., Gibson, 

G., Viardot, A., Morrison, D., Louise Thomas, E., & Bell, J. D. (2014). The short-chain 

fatty acid acetate reduces appetite via a central homeostatic mechanism. Nature 

communications, 5, 3611. https://doi.org/10.1038/ncomms4611 

Gage, G. J., Kipke, D. R., &Shain, W. (2012). Whole animal perfusion fixation for 

rodents. Journal of visualized experiments :JoVE, (65), 3564. 

https://doi.org/10.3791/3564 

Giacomini, A. C., Bueno, B. W., Marcon, L., Scolari, N., Genario, R., Demin, K. A., 

Kolesnikova, T. O., Kalueff, A. V., & de Abreu, M. S. (2020). An acetylcholinesterase 

https://doi.org/10.3389/fnagi.2019.00146
https://doi.org/10.1080/19490976.2021.1887721
https://doi.org/10.1007/s12011-016-0856-3
https://doi.org/10.1136/gutjnl-2020-321747
https://doi.org/10.1111/apa.13837
https://doi.org/10.1007/978-1-4939-0897-4_5
https://doi.org/10.1038/ncomms4611
https://doi.org/10.3791/3564


i i References 

61 

 

inhibitor, donepezil, increases anxiety and cortisol levels in adult zebrafish. Journal of 

psychopharmacology (Oxford, England), 34(12), 1449–1456. 

https://doi.org/10.1177/0269881120944155 

González-Reyes, R. E., Nava-Mesa, M. O., Vargas-Sánchez, K., Ariza-Salamanca, D., & 

Mora-Muñoz, L. (2017). Involvement of Astrocytes in Alzheimer's Disease from a 

Neuroinflammatory and Oxidative Stress Perspective. Frontiers in molecular 

neuroscience, 10, 427. https://doi.org/10.3389/fnmol.2017.00427 

Grenham, S., Clarke, G., Cryan, J. F., &Dinan, T. G. (2011). Brain-gut-microbe 

communication in health and disease. Frontiers in physiology, 2, 94. 

https://doi.org/10.3389/fphys.2011.00094 

Guerre P. (2020). Mycotoxin and Gut Microbiota Interactions. Toxins, 12(12), 769. 

https://doi.org/10.3390/toxins12120769 

Guo, H. B., Cheng, Y. F., Wu, J. G., Wang, C. M., Wang, H. T., Zhang, C., Qiu, Z. K., & Xu, 

J. P. (2015). Donepezil improves learning and memory deficits in APP/PS1 mice by 

inhibition of microglial activation. Neuroscience, 290, 530–542. 

https://doi.org/10.1016/j.neuroscience.2015.01.058 

Harata, G., Yoda, K., Wang, R., Miyazawa, K., Sato, M., He, F., & Endo, A. (2021). Species- 

and Age/Generation-Dependent Adherence of Bifidobacterium bifidum to Human 

Intestinal Mucus In Vitro. Microorganisms, 9(3), 542. 

https://doi.org/10.3390/microorganisms9030542 

Heymann, D., Stern, Y., Cosentino, S., Tatarina-Nulman, O., Dorrejo, J. N., & Gu, Y. (2016). 

The Association Between Alcohol Use and the Progression of Alzheimer's 

Disease. Current Alzheimer research, 13(12), 1356–1362. 

https://doi.org/10.2174/1567205013666160603005035 

Hill, C., Guarner, F., Reid, G., Gibson, G. R., Merenstein, D. J., Pot, B., Morelli, L., Canani, 

R. B., Flint, H. J., Salminen, S., Calder, P. C., & Sanders, M. E. (2014). Expert consensus 

document. The International Scientific Association for Probiotics and Prebiotics 

consensus statement on the scope and appropriate use of the term probiotic. Nature 

reviews. Gastroenterology & hepatology, 11(8), 506–514. 

https://doi.org/10.1038/nrgastro.2014.66 

https://doi.org/10.1177/0269881120944155
https://doi.org/10.3389/fnmol.2017.00427
https://doi.org/10.3389/fphys.2011.00094
https://doi.org/10.3390/toxins12120769
https://doi.org/10.1016/j.neuroscience.2015.01.058
https://doi.org/10.3390/microorganisms9030542
https://doi.org/10.2174/1567205013666160603005035
https://doi.org/10.1038/nrgastro.2014.66


i i References 

62 

 

Hill, J. M., Clement, C., Pogue, A. I., Bhattacharjee, S., Zhao, Y., &Lukiw, W. J. (2014). 

Pathogenic microbes, the microbiome, and Alzheimer's disease (AD). Frontiers in aging 

neuroscience, 6, 127. https://doi.org/10.3389/fnagi.2014.00127 

Houghteling, P. D., & Walker, W. A. (2015). Why is initial bacterial colonization of the 

intestine important to infants' and children's health?. Journal of pediatric 

gastroenterology and nutrition, 60(3), 294–307. 

https://doi.org/10.1097/MPG.0000000000000597 

Huo, R., Zeng, B., Zeng, L., Cheng, K., Li, B., Luo, Y., Wang, H., Zhou, C., Fang, L., Li, W., 

Niu, R., Wei, H., &Xie, P. (2017). Microbiota Modulate Anxiety-Like Behavior and 

Endocrine Abnormalities in Hypothalamic-Pituitary-Adrenal Axis. Frontiers in cellular 

and infection microbiology, 7, 489. https://doi.org/10.3389/fcimb.2017.00489 

Hyder, F., Rothman, D. L., & Bennett, M. R. (2013). Cortical energy demands of signaling 

and nonsignaling components in brain are conserved across mammalian species and 

activity levels. Proceedings of the National Academy of Sciences of the United States of 

America, 110(9), 3549–3554. https://doi.org/10.1073/pnas.1214912110 

Jagust W. (2018). Imaging the evolution and pathophysiology of Alzheimer disease. Nature 

reviews. Neuroscience, 19(11), 687–700. https://doi.org/10.1038/s41583-018-0067-3 

Jandhyala, S. M., Talukdar, R., Subramanyam, C., Vuyyuru, H., Sasikala, M., &Nageshwar 

Reddy, D. (2015). Role of the normal gut microbiota. World journal of 

gastroenterology, 21(29), 8787–8803. https://doi.org/10.3748/wjg.v21.i29.8787 

Joe, E., &Ringman, J. M. (2019). Cognitive symptoms of Alzheimer's disease: clinical 

management and prevention. BMJ (Clinical research ed.), 367, l6217. 

https://doi.org/10.1136/bmj.l6217 

Jungersen, M., Wind, A., Johansen, E., Christensen, J. E., Stuer-Lauridsen, B., & Eskesen, D. 

(2014). The Science behind the Probiotic Strain Bifidobacterium animalis subsp. lactis 

BB-12(®). Microorganisms, 2(2), 92–110. 

https://doi.org/10.3390/microorganisms2020092 

Kimura, I., Inoue, D., Maeda, T., Hara, T., Ichimura, A., Miyauchi, S., Kobayashi, M., 

Hirasawa, A., &Tsujimoto, G. (2011). Short-chain fatty acids and ketones directly 

regulate sympathetic nervous system via G protein-coupled receptor 41 

https://doi.org/10.3389/fnagi.2014.00127
https://doi.org/10.1097/MPG.0000000000000597
https://doi.org/10.3389/fcimb.2017.00489
https://doi.org/10.1073/pnas.1214912110
https://doi.org/10.1038/s41583-018-0067-3
https://doi.org/10.3748/wjg.v21.i29.8787
https://doi.org/10.1136/bmj.l6217
https://doi.org/10.3390/microorganisms2020092


i i References 

63 

 

(GPR41). Proceedings of the National Academy of Sciences of the United States of 

America, 108(19), 8030–8035. https://doi.org/10.1073/pnas.1016088108 

Kirouac, L., Rajic, A. J., Cribbs, D. H., & Padmanabhan, J. (2017). Activation of Ras-ERK 

Signaling and GSK-3 by Amyloid Precursor Protein and Amyloid Beta Facilitates 

Neurodegeneration in Alzheimer's Disease. eNeuro, 4(2), ENEURO.0149-16.2017. 

https://doi.org/10.1523/ENEURO.0149-16.2017 

Köhler, C. A., Maes, M., Slyepchenko, A., Berk, M., Solmi, M., Lanctôt, K. L., & Carvalho, 

A. F. (2016). The Gut-Brain Axis, Including the Microbiome, Leaky Gut and Bacterial 

Translocation: Mechanisms and Pathophysiological Role in Alzheimer's Disease. Current 

pharmaceutical design, 22(40), 6152–6166. 

https://doi.org/10.2174/1381612822666160907093807 

Kwon, K. J., Kim, M. K., Lee, E. J., Kim, J. N., Choi, B. R., Kim, S. Y., Cho, K. S., Han, J. 

S., Kim, H. Y., Shin, C. Y., & Han, S. H. (2014). Effects of donepezil, an 

acetylcholinesterase inhibitor, on neurogenesis in a rat model of vascular 

dementia. Journal of the neurological sciences, 347(1-2), 66–77. 

https://doi.org/10.1016/j.jns.2014.09.021 

Lane, C. A., Hardy, J., & Schott, J. M. (2018). Alzheimer's disease. European journal of 

neurology, 25(1), 59–70. https://doi.org/10.1111/ene.13439 

Laparra, J. M., & Sanz, Y. (2009). Comparison of in vitro models to study bacterial adhesion 

to the intestinal epithelium. Letters in applied microbiology, 49(6), 695–701. 

https://doi.org/10.1111/j.1472-765X.2009.02729.x 

Lee, S. K., Yang, K. M., Cheon, J. H., Kim, T. I., & Kim, W. H. (2012). The Korean journal 

of gastroenterology = TaehanSohwagiHakhoe chi, 60(2), 86–93. 

https://doi.org/10.4166/kjg.2012.60.2.86 

Li, X., Song, D., &Leng, S. X. (2015). Link between type 2 diabetes and Alzheimer's disease: 

from epidemiology to mechanism and treatment. Clinical interventions in aging, 10, 549–

560. https://doi.org/10.2147/CIA.S74042 

Liew, W. P., &Mohd-Redzwan, S. (2018). Mycotoxin: Its Impact on Gut Health and 

Microbiota. Frontiers in cellular and infection microbiology, 8, 60. 

https://doi.org/10.3389/fcimb.2018.00060 

https://doi.org/10.1073/pnas.1016088108
https://doi.org/10.1523/ENEURO.0149-16.2017
https://doi.org/10.2174/1381612822666160907093807
https://doi.org/10.1016/j.jns.2014.09.021
https://doi.org/10.1111/ene.13439
https://doi.org/10.1111/j.1472-765X.2009.02729.x
https://doi.org/10.4166/kjg.2012.60.2.86
https://doi.org/10.2147/CIA.S74042
https://doi.org/10.3389/fcimb.2018.00060


i i References 

64 

 

Liu, M., Sui, D., Dexheimer, T., Hovde, S., Deng, X., Wang, K. W., Lin, H. L., Chien, H. T., 

Kweon, H. K., Kuo, N. S., Ayoub, C. A., Jimenez-Harrison, D., Andrews, P. C., Kwok, 

R., Bochar, D. A., Kuret, J., Fortin, J., Tsay, Y. G., &Kuo, M. H. (2020). 

Hyperphosphorylation Renders Tau Prone to Aggregate and to Cause Cell 

Death. Molecular neurobiology, 57(11), 4704–4719. https://doi.org/10.1007/s12035-020-

02034-w 

Liu, P., Wu, L., Peng, G., Han, Y., Tang, R., Ge, J., Zhang, L., Jia, L., Yue, S., Zhou, K., Li, 

L., Luo, B., & Wang, B. (2019). Altered microbiomes distinguish Alzheimer's disease 

from amnestic mild cognitive impairment and health in a Chinese cohort. Brain, 

behavior, and immunity, 80, 633–643. https://doi.org/10.1016/j.bbi.2019.05.008 

Liu, X., Cao, S., & Zhang, X. (2015). Modulation of Gut Microbiota-Brain Axis by 

Probiotics, Prebiotics, and Diet. Journal of agricultural and food chemistry, 63(36), 

7885–7895. https://doi.org/10.1021/acs.jafc.5b02404 

Lozupone, C. A., Stombaugh, J. I., Gordon, J. I., Jansson, J. K., & Knight, R. (2012). 

Diversity, stability and resilience of the human gut microbiota. Nature, 489(7415), 220–

230. https://doi.org/10.1038/nature11550 

Lu, B., Nagappan, G., Guan, X., Nathan, P. J., & Wren, P. (2013). BDNF-based synaptic 

repair as a disease-modifying strategy for neurodegenerative diseases. Nature reviews. 

Neuroscience, 14(6), 401–416. https://doi.org/10.1038/nrn3505 

MacLeod, R., Hillert, E. K., Cameron, R. T., & Baillie, G. S. (2015). The role and therapeutic 

targeting of α-, β- and γ-secretase in Alzheimer's disease. Future science OA, 1(3), 

FSO11. https://doi.org/10.4155/fso.15.9 

Marino, S., Bonanno, L., Lo Buono, V., Ciurleo, R., Corallo, F., Morabito, R., Chirico, G., 

Marra, A., &Bramanti, P. (2019). Longitudinal analysis of brain atrophy in Alzheimer's 

disease and frontotemporal dementia. The Journal of international medical 

research, 47(10), 5019–5027. https://doi.org/10.1177/0300060519830830 

Martins, F. S., Silva, A. A., Vieira, A. T., Barbosa, F. H., Arantes, R. M., Teixeira, M. M., 

&Nicoli, J. R. (2009). Comparative study of Bifidobacterium animalis, Escherichia coli, 

Lactobacillus casei and Saccharomyces boulardii probiotic properties. Archives of 

microbiology, 191(8), 623–630. https://doi.org/10.1007/s00203-009-0491-x 

https://doi.org/10.1007/s12035-020-02034-w
https://doi.org/10.1007/s12035-020-02034-w
https://doi.org/10.1016/j.bbi.2019.05.008
https://doi.org/10.1021/acs.jafc.5b02404
https://doi.org/10.1038/nature11550
https://doi.org/10.1038/nrn3505
https://doi.org/10.4155/fso.15.9
https://doi.org/10.1177/0300060519830830
https://doi.org/10.1007/s00203-009-0491-x


i i References 

65 

 

Matsumoto, M., Kibe, R., Ooga, T., Aiba, Y., Kurihara, S., Sawaki, E., Koga, Y., & Benno, 

Y. (2012). Impact of intestinal microbiota on intestinal luminal metabolome. Scientific 

reports, 2, 233. https://doi.org/10.1038/srep00233 

Matsumoto, M., Ohishi, H., & Benno, Y. (2004). H+-ATPase activity in Bifidobacterium with 

special reference to acid tolerance. International journal of food microbiology, 93(1), 

109–113. https://doi.org/10.1016/j.ijfoodmicro.2003.10.009 

McCloskey, M. C., Young, T. J., & Anderson, S. M. (2017). The influence of acetylcholinesterase 

on anxiety- and depression-like behaviors in fluoxetine-treated male mice. Bios, 88(1), 29–38. 

https://www.jstor.org/stable/26411548 

McVey Neufeld, K. A., O'Mahony, S. M., Hoban, A. E., Waworuntu, R. V., Berg, B. M., 

Dinan, T. G., &Cryan, J. F. (2019). Neurobehavioural effects of Lactobacillus rhamnosus 

GG alone and in combination with prebiotics polydextrose and galactooligosaccharide in 

male rats exposed to early-life stress. Nutritional neuroscience, 22(6), 425–434. 

https://doi.org/10.1080/1028415X.2017.1397875 

Mehrabadi, S., & Sadr, S. S. (2020). Assessment of Probiotics Mixture on Memory Function, 

Inflammation Markers, and Oxidative Stress in an Alzheimer's Disease Model of 

Rats. Iranian biomedical journal, 24(4), 220–228. https://doi.org/10.29252/ibj.24.4.220 

Mendez M. F. (2021). The Relationship Between Anxiety and Alzheimer's Disease. Journal 

of Alzheimer's disease reports, 5(1), 171–177. https://doi.org/10.3233/ADR-210294 

Meng, H., Ba, Z., Lee, Y., Peng, J., Lin, J., Fleming, J. A., Furumoto, E. J., Roberts, R. F., 

Kris-Etherton, P. M., & Rogers, C. J. (2017). Consumption of Bifidobacterium animalis 

subsp. lactis BB-12 in yogurt reduced expression of TLR-2 on peripheral blood-derived 

monocytes and pro-inflammatory cytokine secretion in young adults. European journal 

of nutrition, 56(2), 649–661. https://doi.org/10.1007/s00394-015-1109-5 

Mineur, Y. S., Obayemi, A., Wigestrand, M. B., Fote, G. M., Calarco, C. A., Li, A. M., 

&Picciotto, M. R. (2013). Cholinergic signaling in the hippocampus regulates social 

stress resilience and anxiety- and depression-like behavior. Proceedings of the National 

Academy of Sciences of the United States of America, 110(9), 3573–3578. 

https://doi.org/10.1073/pnas.1219731110 

https://doi.org/10.1038/srep00233
https://doi.org/10.1016/j.ijfoodmicro.2003.10.009
https://www.jstor.org/stable/26411548
https://doi.org/10.1080/1028415X.2017.1397875
https://doi.org/10.29252/ibj.24.4.220
https://doi.org/10.3233/ADR-210294
https://doi.org/10.1007/s00394-015-1109-5
https://doi.org/10.1073/pnas.1219731110


i i References 

66 

 

Morbelli, S., &Bauckneht, M. (2018). Amyloid PET Imaging: Standardization and Integration 

with Other Alzheimer's Disease Biomarkers. Methods in molecular biology (Clifton, 

N.J.), 1750, 203–212. https://doi.org/10.1007/978-1-4939-7704-8_13 

Nell, S., Suerbaum, S., &Josenhans, C. (2010). The impact of the microbiota on the 

pathogenesis of IBD: lessons from mouse infection models. Nature reviews. 

Microbiology, 8(8), 564–577. https://doi.org/10.1038/nrmicro2403 

Neugroschl, J., & Wang, S. (2011). Alzheimer's disease: diagnosis and treatment across the 

spectrum of disease severity. The Mount Sinai journal of medicine, New York, 78(4), 

596–612. https://doi.org/10.1002/msj.20279 

O'Toole P. W. (2012). Changes in the intestinal microbiota from adulthood through to old 

age. Clinical microbiology and infection : the official publication of the European Society 

of Clinical Microbiology and Infectious Diseases, 18 Suppl 4, 44–46. 

https://doi.org/10.1111/j.1469-0691.2012.03867.x 

Ohr L.M. (2010). Health Benefits of Probiotics and Prebiotics. Food Technol. ;64:59–64.  

Orlando, A., Chimienti, G., Lezza, A., Pesce, V., Gigante, I., D'Attoma, B., & Russo, F. 

(2020). Lactobacillus Rhamnosus GG Affects the BDNF System in Brain Samples of 

Wistar Rats with Pepsin-Trypsin-Digested Gliadin (PTG)-Induced 

Enteropathy. Nutrients, 12(3), 629. https://doi.org/10.3390/nu12030629 

Parada Venegas, D., De la Fuente, M. K., Landskron, G., González, M. J., Quera, R., Dijkstra, 

G., Harmsen, H., Faber, K. N., &Hermoso, M. A. (2019). Short Chain Fatty Acids 

(SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for 

Inflammatory Bowel Diseases. Frontiers in immunology, 10, 277. 

https://doi.org/10.3389/fimmu.2019.00277 

Patel, C., Pande, S., & Acharya, S. (2020). Potentiation of anti-Alzheimer activity of 

curcumin by probiotic Lactobacillus rhamnosus UBLR-58 against scopolamine-induced 

memory impairment in mice. Naunyn-Schmiedeberg's archives of 

pharmacology, 393(10), 1955–1962. https://doi.org/10.1007/s00210-020-01904-3 

Perrotte, M., Le Page, A., Fournet, M., Le Sayec, M., Rassart, É., Fulop, T., &Ramassamy, C. 

(2019). Blood-based redox-signature and their association to the cognitive scores in MCI 

and Alzheimer's disease patients. Free radical biology & medicine, 130, 499–511. 

https://doi.org/10.1016/j.freeradbiomed.2018.10.452 

https://doi.org/10.1007/978-1-4939-7704-8_13
https://doi.org/10.1038/nrmicro2403
https://doi.org/10.1002/msj.20279
https://doi.org/10.1111/j.1469-0691.2012.03867.x
https://doi.org/10.3390/nu12030629
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1007/s00210-020-01904-3
https://doi.org/10.1016/j.freeradbiomed.2018.10.452


i i References 

67 

 

Petschow, B. W., Figueroa, R., Harris, C. L., Beck, L. B., Ziegler, E., & Goldin, B. (2005). 

Effects of feeding an infant formula containing Lactobacillus GG on the colonization of 

the intestine: a dose-response study in healthy infants. Journal of clinical 

gastroenterology, 39(9), 786–790. https://doi.org/10.1097/01.mcg.0000177245.53753.86 

Podcasy, J. L., & Epperson, C. N. (2016). Considering sex and gender in Alzheimer disease 

and other dementias. Dialogues in clinical neuroscience, 18(4),437–446. 

https://doi.org/10.31887/DCNS.2016.18.4/cepperson 

Pompeia, S., Gouveia, J. R., &Galduróz, J. C. (2013). Acute mood effect of donepezil in 

young, healthy volunteers. Human psychopharmacology, 28(3), 263–269. 

https://doi.org/10.1002/hup.2319 

Poole, R. L., Connor, D. A., & Gould, T. J. (2014). Donepezil reverses nicotine withdrawal-

induced deficits in contextual fear conditioning in C57BL/6J mice. Behavioral 

neuroscience, 128(5), 588–593. https://doi.org/10.1037/bne0000003 

Prakash, D., Gopinath, K., &Sudhandiran, G. (2013). Fisetin enhances behavioral 

performances and attenuates reactive gliosis and inflammation during aluminum 

chloride-induced neurotoxicity. Neuromolecular medicine, 15(1), 192–208. 

https://doi.org/10.1007/s12017-012-8210-1 

Puig, K. L., & Combs, C. K. (2013). Expression and function of APP and its metabolites 

outside the central nervous system. Experimental gerontology, 48(7), 608–611. 

https://doi.org/10.1016/j.exger.2012.07.009 

Puścian, A., Lęski, S., Górkiewicz, T., Meyza, K., Lipp, H. P., &Knapska, E. (2014). A novel     

automated behavioral test battery assessing cognitive rigidity in two genetic mouse 

models of autism. Frontiers in behavioral neuroscience, 8, 140. 

https://doi.org/10.3389/fnbeh.2014.00140 

Rangaraju, V., Calloway, N., & Ryan, T. A. (2014). Activity-driven local ATP synthesis is 

required for synaptic function. Cell, 156(4), 825–835. 

https://doi.org/10.1016/j.cell.2013.12.042 

Rautava S. (2016). Early microbial contact, the breast milk microbiome and child 

health. Journal of developmental origins of health and disease, 7(1), 5–14. 

https://doi.org/10.1017/S2040174415001233 

https://doi.org/10.1097/01.mcg.0000177245.53753.86
https://doi.org/10.1002/hup.2319
https://doi.org/10.1037/bne0000003
https://doi.org/10.1007/s12017-012-8210-1
https://doi.org/10.1016/j.exger.2012.07.009
https://doi.org/10.3389/fnbeh.2014.00140
https://doi.org/10.1016/j.cell.2013.12.042
https://doi.org/10.1017/S2040174415001233


i i References 

68 

 

Reitz C. (2012). Alzheimer's disease and the amyloid cascade hypothesis: a critical 

review. International journal of Alzheimer's disease, 2012, 369808. 

https://doi.org/10.1155/2012/369808 

Reuter G. (2001). The Lactobacillus and Bifidobacterium microflora of the human intestine: 

composition and succession. Current issues in intestinal microbiology, 2(2), 43–53.  

Rhee, S. H., Pothoulakis, C., & Mayer, E. A. (2009). Principles and clinical implications of 

the brain-gut-enteric microbiota axis. Nature reviews. Gastroenterology & 

hepatology, 6(5), 306–314. https://doi.org/10.1038/nrgastro.2009.35 

Rincel, M., Aubert, P., Chevalier, J., Grohard, P. A., Basso, L., Monchaux de Oliveira, C., 

Helbling, J. C., Lévy, É., Chevalier, G., Leboyer, M., Eberl, G., Layé, S., Capuron, L., 

Vergnolle, N., Neunlist, M., Boudin, H., Lepage, P., &Darnaudéry, M. (2019). Multi-hit 

early life adversity affects gut microbiota, brain and behavior in a sex-dependent 

manner. Brain, behavior, and immunity, 80, 179–192. 

https://doi.org/10.1016/j.bbi.2019.03.006 

Ryman, D. C., Acosta-Baena, N., Aisen, P. S., Bird, T., Danek, A., Fox, N. C., Goate, A., 

Frommelt, P., Ghetti, B., Langbaum, J. B., Lopera, F., Martins, R., Masters, C. L., 

Mayeux, R. P., McDade, E., Moreno, S., Reiman, E. M., Ringman, J. M., Salloway, S., 

Schofield, P. R., … Dominantly Inherited Alzheimer Network (2014). Symptom onset in 

autosomal dominant Alzheimer disease: a systematic review and meta-

analysis. Neurology, 83(3), 253–260. https://doi.org/10.1212/WNL.0000000000000596 

Sender, R., Fuchs, S., & Milo, R. (2016). Revised Estimates for the Number of Human and 

Bacteria Cells in the Body. PLoS biology, 14(8), e1002533. 

https://doi.org/10.1371/journal.pbio.1002533 

Shamsipour, S., Sharifi, G., &Taghian, F. (2021). An 8-Week Administration of 

Bifidobacterium bifidum and Lactobacillus plantarum Combined with Exercise Training 

Alleviates Neurotoxicity of Aβ and Spatial Learning via Acetylcholine in Alzheimer Rat 

Model. Journal of molecular neuroscience : MN, 71(7), 1495–1505. 

https://doi.org/10.1007/s12031-021-01812-y 

Shamsipour, S., Sharifi, G., &Taghian, F. (2021). Impact of interval training with probiotic 

(L. plantarum / Bifidobacterium bifidum) on passive avoidance test, ChAT and BDNF in 

https://doi.org/10.1155/2012/369808
https://doi.org/10.1038/nrgastro.2009.35
https://doi.org/10.1016/j.bbi.2019.03.006
https://doi.org/10.1212/WNL.0000000000000596
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1007/s12031-021-01812-y


i i References 

69 

 

the hippocampus of rats with Alzheimer's disease. Neuroscience letters, 756, 135949. 

https://doi.org/10.1016/j.neulet.2021.135949 

Shin CY, Kim H-S, Cha K-H, et al. (2018) The effects of donepezil, an acetylcholinesterase 

inhibitor, on impaired learning and memory in rodents. BiomolTher 26: 274–281.  

Shin, C. Y., Kim, H. S., Cha, K. H., Won, D. H., Lee, J. Y., Jang, S. W., & Sohn, U. D. 

(2018). The Effects of Donepezil, an Acetylcholinesterase Inhibitor, on Impaired 

Learning and Memory in Rodents. Biomolecules & therapeutics, 26(3), 274–281. 

https://doi.org/10.4062/biomolther.2017.189 

Sies, H., & Jones, D. P. (2020). Reactive oxygen species (ROS) as pleiotropic physiological 

signalling agents. Nature reviews. Molecular cell biology, 21(7), 363–383. 

https://doi.org/10.1038/s41580-020-0230-3 

Slykerman, R. F., Hood, F., Wickens, K., Thompson, J., Barthow, C., Murphy, R., Kang, J., 

Rowden, J., Stone, P., Crane, J., Stanley, T., Abels, P., Purdie, G., Maude, R., Mitchell, 

E. A., & Probiotic in Pregnancy Study Group (2017). Effect of Lactobacillus rhamnosus 

HN001 in Pregnancy on Postpartum Symptoms of Depression and Anxiety: A 

RandomisedDouble-blind Placebo-controlled Trial. EBioMedicine, 24, 159–165. 

https://doi.org/10.1016/j.ebiom.2017.09.013 

Soliani, A., Kubota, S. M., Corrêa, M. F., Cerutti, S. M., & Fernandes, J. (2020). Differential 

contribution of H3R antagonism by LINS01 compounds on memory, anxiety-like 

behaviour and spontaneous locomotor activity in healthy rats. Behavioural brain 

research, 377, 112230. https://doi.org/10.1016/j.bbr.2019.112230 

Spiering M. J. (2018). The discovery of GABA in the brain. The Journal of biological 

chemistry, 293(49), 19159–19160. https://doi.org/10.1074/jbc.CL118.006591 

Spohn, S. N., &Mawe, G. M. (2017). Non-conventional features of peripheral serotonin 

signalling - the gut and beyond. Nature reviews. Gastroenterology & hepatology, 14(7), 

412–420. https://doi.org/10.1038/nrgastro.2017.51 

Stanciu, G. D., Bild, V., Ababei, D. C., Rusu, R. N., Cobzaru, A., Paduraru, L., &Bulea, D. 

(2020). Link Between Diabetes and Alzheimer's Disease due to the Shared Amyloid 

Aggregation and Deposition Involving both Neurodegenerative Changes and 

Neurovascular Damages. Journal of clinical medicine, 9(6), 1713. 

https://doi.org/10.3390/jcm9061713 

https://doi.org/10.1016/j.neulet.2021.135949
https://doi.org/10.4062/biomolther.2017.189
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1016/j.ebiom.2017.09.013
https://doi.org/10.1016/j.bbr.2019.112230
https://doi.org/10.1074/jbc.CL118.006591
https://doi.org/10.1038/nrgastro.2017.51
https://doi.org/10.3390/jcm9061713


i i References 

70 

 

Stefanatos, R., & Sanz, A. (2018). The role of mitochondrial ROS in the aging brain. FEBS 

letters, 592(5), 743–758. https://doi.org/10.1002/1873-3468.12902 

ter Horst, J. P., de Kloet, E. R., Schächinger, H., &Oitzl, M. S. (2012). Relevance of stress 

and female sex hormones for emotion and cognition. Cellular and molecular 

neurobiology, 32(5), 725–735. https://doi.org/10.1007/s10571-011-9774-2 

Tillisch K. (2014). The effects of gut microbiota on CNS function in humans. Gut 

microbes, 5(3), 404–410. https://doi.org/10.4161/gmic.29232 

Traini, E., Carotenuto, A., Fasanaro, A. M., &Amenta, F. (2020). Volume Analysis of Brain 

Cognitive Areas in Alzheimer's Disease: Interim 3-Year Results from the ASCOMALVA 

Trial. Journal of Alzheimer's disease : JAD, 76(1), 317–329. 

https://doi.org/10.3233/JAD-190623 

Vagnerová, K., Vodička, M., Hermanová, P., Ergang, P., Šrůtková, D., Klusoňová, P., 

Balounová, K., Hudcovic, T., &Pácha, J. (2019). Interactions Between Gut Microbiota 

and Acute Restraint Stress in Peripheral Structures of the Hypothalamic-Pituitary-

Adrenal Axis and the Intestine of Male Mice. Frontiers in immunology, 10, 2655. 

https://doi.org/10.3389/fimmu.2019.02655 

Vodička, M., Ergang, P., Hrnčíř, T., Mikulecká, A., Kvapilová, P., Vagnerová, K., Šestáková, 

B., Fajstová, A., Hermanová, P., Hudcovic, T., Kozáková, H., &Pácha, J. (2018). 

Microbiota affects the expression of genes involved in HPA axis regulation and local 

metabolism of glucocorticoids in chronic psychosocial stress. Brain, behavior, and 

immunity, 73, 615–624. https://doi.org/10.1016/j.bbi.2018.07.007 

Vogt, N. M., Kerby, R. L., Dill-McFarland, K. A., Harding, S. J., Merluzzi, A. P., Johnson, S. 

C., Carlsson, C. M., Asthana, S., Zetterberg, H., Blennow, K., Bendlin, B. B., & Rey, F. 

E. (2017). Gut microbiome alterations in Alzheimer's disease. Scientific reports, 7(1), 

13537. https://doi.org/10.1038/s41598-017-13601-y 

Walker, R. W., Clemente, J. C., Peter, I., & Loos, R. (2017). The prenatal gut microbiome: 

are we colonized with bacteria in utero?. Pediatric obesity, 12 Suppl 1(Suppl 1), 3–17. 

https://doi.org/10.1111/ijpo.12217 

Wampach, L., Heintz-Buschart, A., Hogan, A., Muller, E., Narayanasamy, S., Laczny, C. C., 

Hugerth, L. W., Bindl, L., Bottu, J., Andersson, A. F., de Beaufort, C., &Wilmes, P. 

(2017). Colonization and Succession within the Human Gut Microbiome by Archaea, 

https://doi.org/10.1002/1873-3468.12902
https://doi.org/10.1007/s10571-011-9774-2
https://doi.org/10.4161/gmic.29232
https://doi.org/10.3233/JAD-190623
https://doi.org/10.3389/fimmu.2019.02655
https://doi.org/10.1016/j.bbi.2018.07.007
https://doi.org/10.1038/s41598-017-13601-y
https://doi.org/10.1111/ijpo.12217


i i References 

71 

 

Bacteria, and Microeukaryotes during the First Year of Life. Frontiers in 

microbiology, 8, 738. https://doi.org/10.3389/fmicb.2017.00738 

Wang, H. X., & Wang, Y. P. (2016). Gut Microbiota-brain Axis. Chinese medical 

journal, 129(19), 2373–2380. https://doi.org/10.4103/0366-6999.190667 

Wang, Q., &Xie, C. (2022). Microglia activation linking amyloid-β drive tau spatial 

propagation in Alzheimer's disease. Frontiers in neuroscience, 16, 951128. 

https://doi.org/10.3389/fnins.2022.951128 

Wang, W. Y., Tan, M. S., Yu, J. T., & Tan, L. (2015). Role of pro-inflammatory cytokines 

released from microglia in Alzheimer's disease. Annals of translational medicine, 3(10), 

136. https://doi.org/10.3978/j.issn.2305-5839.2015.03.49 

Wei, H., Zhang, H. L., Wang, X. C., Xie, J. Z., An, D. D., Wan, L., Wang, J. Z., Zeng, Y., 

Shu, X. J., Westermarck, J., Lu, Y. M., Ohlmeyer, M., & Liu, R. (2020). Direct 

Activation of Protein Phosphatase 2A (PP2A) by Tricyclic Sulfonamides Ameliorates 

Alzheimer's Disease Pathogenesis in Cell and Animal Models. Neurotherapeutics: the 

journal of the American Society for Experimental NeuroTherapeutics, 17(3), 1087–1103. 

https://doi.org/10.1007/s13311-020-00841-6 

Weller, J., &Budson, A. (2018). Current understanding of Alzheimer's disease diagnosis and 

treatment. F1000Research, 7, F1000 Faculty Rev-1161. 

https://doi.org/10.12688/f1000research.14506.1 

Winter, B., Breitenstein, C., Mooren, F. C., Voelker, K., Fobker, M., Lechtermann, A., 

Krueger, K., Fromme, A., Korsukewitz, C., Floel, A., & Knecht, S. (2007). High impact 

running improves learning. Neurobiology of learning and memory, 87(4), 597–609. 

https://doi.org/10.1016/j.nlm.2006.11.003 

Wolf, A., Bauer, B., Abner, E. L., Ashkenazy-Frolinger, T., & Hartz, A. M. (2016). A 

Comprehensive Behavioral Test Battery to Assess Learning and Memory in 

129S6/Tg2576 Mice. PloS one, 11(1), e0147733. 

https://doi.org/10.1371/journal.pone.0147733 

World Alzheimer Report (2016). 

http://www.alz.co.uk/research/WorldAlzheimerReport2016.pdf. 2016. 

Wu, L. J., Stevens, B., Duan, S., &MacVicar, B. A. (2013). Microglia in neuronal 

circuits. Neural plasticity, 2013, 586426. https://doi.org/10.1155/2013/586426 

https://doi.org/10.3389/fmicb.2017.00738
https://doi.org/10.4103/0366-6999.190667
https://doi.org/10.3389/fnins.2022.951128
https://doi.org/10.3978/j.issn.2305-5839.2015.03.49
https://doi.org/10.1007/s13311-020-00841-6
https://doi.org/10.12688/f1000research.14506.1
https://doi.org/10.1016/j.nlm.2006.11.003
https://doi.org/10.1371/journal.pone.0147733
http://www.alz.co.uk/research/WorldAlzheimerReport2016.pdf.%202016
https://doi.org/10.1155/2013/586426


i i References 

72 

 

Xu, Z., Wang, C., Dong, X., Hu, T., Wang, L., Zhao, W., Zhu, S., Li, G., Hu, Y., Gao, Q., 

Wan, J., Liu, Z., & Sun, J. (2019). Chronic alcohol exposure induced gut microbiota 

dysbiosis and its correlations with neuropsychic behaviors and brain BDNF/Gabra1 

changes in mice. BioFactors (Oxford, England), 45(2), 187–199. 

https://doi.org/10.1002/biof.1469 

Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L., Nagler, C. R., 

Ismagilov, R. F., Mazmanian, S. K., & Hsiao, E. Y. (2015). Indigenous bacteria from the 

gut microbiota regulate host serotonin biosynthesis. Cell, 161(2), 264–276. 

https://doi.org/10.1016/j.cell.2015.02.047 

Ye, C. Y., Lei, Y., Tang, X. C., & Zhang, H. Y. (2015). Donepezil attenuates Aβ-associated 

mitochondrial dysfunction and reduces mitochondrial Aβ accumulation in vivo and in 

vitro. Neuropharmacology, 95, 29–36. https://doi.org/10.1016/j.neuropharm.2015.02.020 

Zhang, X. X., Tian, Y., Wang, Z. T., Ma, Y. H., Tan, L., & Yu, J. T. (2021). The 

Epidemiology of Alzheimer's Disease Modifiable Risk Factors and Prevention. The 

journal of prevention of Alzheimer's disease, 8(3), 313–321. 

https://doi.org/10.14283/jpad.2021.15 

Zheng, H., Niu, S., Zhao, H., Li, S., & Jiao, J. (2018). Donepezil improves the cognitive 

impairment in a tree shrew model of Alzheimer's disease induced by amyloid-β1-40 via 

activating the BDNF/TrkB signal pathway. Metabolic brain disease, 33(6), 1961–1974. 

https://doi.org/10.1007/s11011-018-0303-6 

Zhou, B., Jin, G., Pang, X., Mo, Q., Bao, J., Liu, T., Wu, J., Xie, R., Liu, X., Liu, J., Yang, H., 

Xu, X., Wang, B., & Cao, H. (2022). Lactobacillus rhamnosus GG colonization in early 

life regulates gut-brain axis and relieves anxiety-like behavior in 

adulthood. Pharmacological research, 177, 106090. 

https://doi.org/10.1016/j.phrs.2022.106090 

https://doi.org/10.1002/biof.1469
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1016/j.neuropharm.2015.02.020
https://doi.org/10.14283/jpad.2021.15
https://doi.org/10.1007/s11011-018-0303-6

