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CHAPTER 1

INTRODUCTION

1.1 Background and Rationale

Alzheimer's disease (AD) is the most prominent form of dementia in elderly
patients. The main pathological hallmarks of AD includes amyloid-beta (AB) plaque
and neurofibrillary tangles (NFTs)' followed by neuronal loss? that leads to the
formation of cortical atrophy in the brain. Several pathogenesis are involved in AB—
induced neurotoxicity including neuroinflammation® and oxidative stress®. Current
standard therapy of AD such as cholinesterase inhibitors and NMDA receptor
antagonists is limited to symptomatic treatment’. The causes of neuronal damage in
AD are not the main target of these drugs. Therefore, alternative strategies are
needed in order to develop a modified therapy that targeting neuropathological
mechanisms of AD.

Asiatic acid (AA) is a natural bioactive compound extracted from Centella
asiatica L. AA is a potential neuroprotective agent. Pharmacological effects of AA in
the central nervous system (CNS) disorders have been investigated in vitro and in
vivo. The protective effects of AA have been elucidated against AlCLs® glutamate’®
and methamphethamine’ induced cytotoxicity in the neuronal cell lines.

Additionally, AA improved learning and memory dysfunction induced by AlCL;",



('* and valproate' in rodents. However, the oral

quinolinic acid", 5-fluorouraci
bioavailability of AA in rats was as low as 16.25% due to rapid metabolism by
cytochrome P450 (CYP)™. In order to increase the availability of AA in the brain, the
alternative strategies are required to improve its pharmacological effect.

Nasal delivery technique has been developed to enhance AA penetration into
the brain. Intranasal delivery system is a rapid, safe, and non-invasive technique that
produce quick onset of action due to rapid drug absorption’. Several drug
compounds that act on CNS including olanzapine®, venlafaxine!’, carbamazepine®®,
and donepezil' have been developed for nose-to-brain delivery system. In addition,

21 insulin??, angiotensin 112,

the intranasal administration of diazepam®, midazolam
melanocortin proteins®, oxytocin®®, and orexin-A% have shown their efficacy in the
clinical trials.

In this study, solid lipid nanoparticles (SLNs) formulation was applied to
enhance AA absorption in the nasal cavity. This formulation is promising strategy to
improve nasal absorption of drug molecule and increase the effectiveness of nose-
to-brain delivery system leading to an increase of drug’s availability in the brain?’.
Several studies have demonstrated the efficacy of nasal delivery of SLNs formulation
for various CNS drug including donepezil?® haloperidol® risperidone™. In addition, the
previous study has been developed various formulations of SLNs-loaded AA and

tested in the nasal cell line®. Previous study showed that intranasal delivery of AA in

SLNs improve learning and memory impairment induced by scopolamine®. This



study aimed to evaluate the neuroprotective effect of intranasal delivery of AA in

SLNs and its underlying protective mechanisms against AB1-42 induced AD mice

model.

1.2 Research Questions

1. Does intranasal of AA improve learning and memory impairment induced by

AB1o2?

2. What are the neuroprotective mechanisms of AA?

1.3 Objectives

1. To investigate the neuroprotective effects of AA given by intranasal delivery in
the AD mouse model induced by AB1_42.

2. To investigate the neuroprotective mechanisms of AA against ABMz induced
neurotoxicity including the inhibition of hyperphosphorylated Tau protein,

oxidative stress and neuroinflammation in the AD mouse model.

1.4 Hypothesis

Intranasal delivery of AA improves learning and memory and protect
neuronal loss through the inhibition of hyperphosphorylated Tau protein,

oxidative stress and neuroinflammation in AD mice model induced by ABMZ



1.5 Research design

Experimental design

1.6 Benefits of Study

The expected benefit of this study is to provide scientific information on the
neuroprotective effect of intranasal delivery of AA and the neuroprotective
mechanisms ~ of  AA  against  memory  impairments  induced by
intracerebroventricular AB1-42 injection. This information will be supported the
further development of the AA nasal delivery system for the treatment of

Alzheimer's disease.

1.7 Conceptual Framework

ABi42 (i.CV)
MOUSE
BRAIN Lateral Ventricle
Nasal
AB'“ Cavity
/ Asiatic Acid
Oxidative__ Tau Reactive Mlcroglla (AA)in SLNs
Stress Hyperphosphorylatlon Astrocytes activation
i [ 77?
Lipid 22
Peroxidation 27?
/\> Oral | Asiatic Acid
! AA Pro-inflammatory < (AA)
—— | Cytokines
7?
7?
Neuronal T F— Inhibit
-« TNeuroinﬂammation
Cell Death T Increase
‘ l Induce

Learning & Memory Impairment
Behaviour




CHAPTER 2

LITERATURE REVIEW

2.1 Memory

Memory is the retention of previously acquired knowledge or new information.
According to time, memory is divided into short-term and long-term memory™.
Moreover, memory can be also classified into several kinds including working
memory, spatial memory, and procedural memory. Short-term and working memory
can be converted into long-term memory by the consolidation process®>*.

Different brain areas are mediated in each type of memory in humans and
rodents. Working memory has a small capacity in the brain. Some sensory
information such as the serial phone number that we need to recall is regulated by
this type of memory®. The prefrontal cortex is the main area responsible to control
the working memory®>. The medial prefrontal cortex (mPFC) is the main subregion in
the PFC that has an essential role in the storage of working memory™. Long-term
memory is the memory that can be recalled for days, months or years after its
storage in the memory system. The ability to remember the direction is one of
sensory information that regulate by this memory system called “long-term spatial

»35

memory”>. Long-term memory is mainly regulated by the hippocampus (HPC)

located in the medial temporal lobe®’. Long-term potentiation in the cornu ammonis



1 (CA1) area in the hippocampus is the major area that responsible for consolidation
process of short-term and working memory®. In addition, ventral hippocampus
(VHPQ) has a direct connection with the mPFC through entorhinal cortex®®*. By this
connection, HPC and PFC are hypothesized to be involved in the consolidation
process of working memory.

Memory behavior in rodents can be evaluated using various methods including
Morris water maze, Barnes maze, T-maze, Y-maze, and Radial Arm maze®. These
methods are commonly employed in laboratory settings to assess spatial learning
and memory in rodents, particularly mice*. The Morris water maze is a well-known
test used to evaluate spatial learning and memory in rodents. In this test, animals
are placed in a large pool of water and must learn to locate a hidden platform using
visual-spatial cues. The time taken to find the platform and the path taken are

measured as indicators of spatial memory performance®*?

. In addition to spatial
memory, working and recognition memory, can be evaluated using Novel object
recognition test (NOR)*. The novel object recognition test is a widely used
behavioural assay for studying memory formation and cognitive processes in
rodents®. This test involves assessing an animal's ability to recognize and remember
a previously encountered object when presented with a novel object™**. The
principle of NOR test is based on the natural tendency of rats and mice to explore

the novel objects more than the familiar ones**



2.2 Alzheimer’s Disease

Alzheimer’s disease is the most common cause of dementia that contribute
around 60-70% of cases. World Health Organization (WHO) estimated about 55
millions people to live with dementia in 2021 and predicted that it will be reached
78 millions people by 2030 and 139 millions by 2050%. Based on the onset of the
disease, AD is divided into 2 types: early-onset (also known as familial AD) and late-
onset (also known as sporadic AD). The prevalence of familial AD is relatively rare
(less than 5% of total AD cases) compared to sporadic AD (more than 95% of total

AD cases)*

. The risk factors of AD are age, gender, genetics, traumatic brain injury,
diet, obesity, etc*’. Clinically, losses of short-term memory and working memory are
the first symptoms commonly detected at the early-stage AD patients. Furthermore,
learning impairments followed by long-term memory deficits are affected at the later
stage of AD*.

The current pharmacological treatment of AD is limited. Two drug classes,
cholinesterase inhibitors (e.g., donepezil) and NMDA receptor antagonists, (e.g.,
memantine) are used for symptomatic therapy in AD’. They do not target the main
pathology of AD. New approaches in the treatment of AD are needed to overcome
this problem. In June 2021, United State Food and Drug Administration (U.S. FDA) has

approved aducanumab (marketed as Adulhem) as the disease-modifying drug for the

treatment of AD. Aducanumab is a monoclonal antibody which can reduce amyloid-



beta plaques in the brain by increasing amyloid beta clearance. As an antibody,
Aducanumab can react to amyloid beta aggregates, insoluble fibrils and soluble
amyloid beta oligcomers selectively by binding to the specific amino acid residue in
the amyloid beta structure®. Neuroprotection is another therapeutic approach for
disease-modifying by delayed neuronal death, and consequently delayed disease
progression. In this study, the potential neuroprotective compound, asiatic acid, was
investigated its effects at the targets of the main neuropathological hallmarks in AD

and the molecular mechanisms underlying the pathological processes of AD.

2.3 Pathophysiology of Alzheimer’s Disease

2.3.1 Amyloid-Beta Plaque

The main pathological hallmark of AD is extracellular amyloid—B (AB) plaque. AB
is the degradation product of amyloid precursor protein (APP)*. An increase in
production or a decrease in the clearance of AB leads to the accumulation of the

plaques'™. APP is cleaved by two main pathways; the amyloidogenic and non-
amyloidogenic pathways. In the non-amyloidogenic pathway, APP is cleaved by Q
and Y-secretases, which produces soluble fragment sAPPOl and C-terminal (C-99)
fragment. In the amyloidogenic pathway, APP is cleaved by B and Y-secretases,

which produces soluble fragment sAPP[, C-terminal fragment, and AB®".



Two major isoforms of AP fragments are commonly found in AD patients: AP
and AB1,4252. ABMZ has two extra residues at the C-terminus which make ABMZ
aggregate faster and more neurotoxic than AB1,40. ABMZ is also the major isoform of
amyloid plaques in AD brains®. The AB fragment is a sticky-forming plaque that
blocks the signalling pathway between synapses, resulting in synaptic dysfunction.
AB plaque formation occurs mainly in the hippocampus, the brain area that
regulates memory function, and also in the cerebral cortex, which controls the
cognitive function and decision-making. Furthermore, AB plague causes tau protein
hyperphosphorylation, loss of synapses, neuronal apoptosis, brain vascular damage,

and neuroglial activation®,

2.3.2 Tau Hyperphosphorylation

Tau, a microtubule-associated protein, is the main regulator of microtubule
assembly in the neurons. Tau structure is divided into 2 main domains including the
projection domain and microtubule-binding domain®>. Tau mediates microtubule
stabilization, regulation of axonal diameter and transport, and neurogenesis®®.
Together with microfilaments and intermediate filaments, the microtubule builds the
cytoskeleton in the neurons. Microtubule stability is controlled by post-translational
modification of tau protein such as phosphorylation, O-glycosylation, ubiquitination,

56,57

glycation, acetylation, etc Phosphorylation is the major post-translational

modification of neuronal tau protein. The affinity of tau protein to microtubule is
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reduced by increasing tau phosphorylation and leads to destabilization of the
cytoskeleton®®.

Hyperphosphorylation of tau protein is one of the main neuropathological
hallmarks of AD. It can be induced by several mechanisms such as oxidative stress
and neuroinflammation. Eighty-five phosphorylation sites of tau protein have been
found in normal and AD brains®®®. Serine and threonine residues in the microtubule-
binding domain are the most common phosphorylation sites of the
hyperphosphorylated tau protein of AD®!. In the AD mice model, Ser-396 and Thr-231
are the most common sites of tau hyperphosphorylation induced by AB plaques®.
Furthermore, Ser-396 and Thr-231 were also highly expressed in the CSF brain of AD
patients %%,

The aggregation of hyperphosphorylated tau in neurons leads to the formation
of intracellular neurofibrillary tangles (NFTs), impairs microtubule stability®®, disrupts
axonal transportation and results in neuronal damage and synaptic loss®. NFTs are

most commonly found in the hippocampus and entorhinal cortex. They are found in

other parts of the cerebral cortex in the advanced-stage AD®.

2.3.3 Neuroinflammation

Neuroinflammation plays a significant role in the development of AD. Astrocytes

and microglia are involved in the progression of neuroinflammation®*’. In normal
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brain, astrocytes and microglia are in the resting state. They become reactive in the
presence of AP plaque in the early-stage AD%.

Microglia are the phagocytic cells in the CNS. They protect the neurons by
removing the cellular debris and pathogens®®. Other roles of microglia include
maintaining neuronal circuits and supporting synapse remodelling®. Microglia are
activated by pathological triggers, such as protein aggregates, neuronal death, and
then migrate to the site of injury to initiate the innate immune response. In AD,
soluble AB oligomers and AB fibrils have an affinity to bind Toll-like receptors (TLR2,
TLR4/CD14, TLR6 and TLR9) on the surface of microglia and trigger the innate
immune response by producing proinflammatory cytokines (TNF-QL, IL—1B, IL-6, and
IL-10) and chemokines. On the other hand, AB oligomers binding to other cell-
surface receptors, such as SCARA1, a6[31 integrins, CD36 and CD47, can initiate AB
uptake into the microglia leading to AB clearance®. In the later stage of AD, the
phagocytic capacity of microglia is insufficient due to the downregulation of AB
phagocytic receptors leading to the reduction of AB clearance™”.

Astrocytes are the highest glial cell populations in the CNS. It has several key
functions in brain development such as maintaining the blood-brain barrier,
homeostasis of ions, water, nutrients, trophic factors and synapse in neurons, and
controlling the release and uptake of neurotransmitters™. Morphological change is

the first sign of astrocyte activation. Following activated microglial, astrocyte atrophy
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has been found in the presence of AB oligomers at the early stage of AD. Then,
astrocytes become more reactive to surrounding AB plaques and change to a
hypertrophic form which is mainly observed in the later stages of AD"?. The atrophic
and hypertrophic forms can be found in the post-mortem brain of AD patients’® and
in the AD animal models™. In the AD mice model, astrocytes atrophy was found in
the CAl1 hippocampus in mice induced by intracerebroventricular injection of AB
oligomers™. In addition, reactive astrocytes significantly elevated levels of glial
fibrillary acidic protein expression (GFAP)". Therefore, GFAP can be used as the
marker of activated astrocytes in neuroinflammation. Like microslia, astrocytes also
released pro-inflammatory mediators (cytokines, interleukins, nitric oxide and other
neurotoxic components) after AP exposure®” ™2,

Excessive production of proinflammatory cytokines induced neuronal death by

several mechanisms. Proinflammatory cytokines also cause synaptic dysfunction and

inhibit neurogenesis’""™® IL-1f3 causes synaptic loss by increasing prostaglandin E2
synthesis which leads to the release of presynaptic glutamate and excitotoxicity . In

addition, TNF induces neuronal death by activating TNF receptor 1 (TNFR1) and

inhibits the NF-KB pathway by recruitment of caspase 8 to promote apoptosis’®®.

Furthermore, TNF-OL and |L-1B induced neuronal death by increased AB synthesis,

increased tau hyperphosphorylation, and reduced long-term potentiation (LTP) which

leads to the inhibition of synaptogenesis®”’"®".



13

2.3.4 Oxidative Stress

Oxidative stress is an essential mechanism in the development of AD. Oxidative
stress is an imbalance between reactive oxygen species (ROS) production and
antioxidant system capacity®’. ROS mainly generated by mitochondria during the
electron transport chain (ETC) at the physiological level. Antioxidants and antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione,
regulate the overproduction of ROS levels®,

Significant oxidative damage associated with the accumulation of AB and NFTs
was presented in the brain of AD patients®*®. Dysfunction of DNA, proteins and lipids
are the impact of oxidative stress. A study has shown that ABmz is the most likely
aggregated protein that produces hydrogen peroxide and other ROS®. Membrane
phospholipids in the brain is vulnerable to free radical attacks. Lipid peroxidation is
one of the oxidative stress markers found predominantly in the AD brains®. In

another way, oxidative stress causes hyperphosphorylation of tau®’.

2.4 Asiatic Acid

Asiatic acid (AA) is a natural triterpenoid (Figure 1) extracted from Centella
asiatica L. Various studies have demonstrated the pharmacological activities of AA in
vitro and in vivo. AA has been shown its antioxidant and anti-inflammatory®,

anticancer®®,  antimicrobial®’,  antihyperlipidemic ~ and  antidiabetic®®,  and
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antihypertension®® effects. AA also has potential for the treatment of neuropathy®,
Parkinson’s disease” and Alzheimer’s disease®. AA improved learning and memory

L12

impairments induced by valproate'®, 5-fluorouracil’’, quinolinic acid"!, and AlCl; The

neuroprotective effects of AA have also been evaluated in Parkinson's disease®,

stroke”?®

, and ageing brain models®”. AA has a protective effect against cytotoxicity
in the neuronal cell line exposed to neurotoxic compounds such as glutamate”®,
methamphetamine’, and ALCL,°.

Many studies have evaluated the molecular mechanisms of AA in Alzheimer's
disease. In vitro and in silico studies showed that AA inhibited acetylcholinesterase
(AChE) activity with ICsy and binding energy values of 15.05 Mg/mL and -10.27
Kcal.mol™, respectively®. AA decreased the expression of pro-inflammatory cytokines
(IL—1B, IL-6, IL-8, and TNF-Q) and modulated immune responses through the
activation of toll-like receptors™. AA also attenuated AlCl;-induced tau pathology,
oxidative stress and apoptosis via AKT/GSK-3[B signalling pathway in rats'®. In
addition, AA modulated several enzymatic pathways related to B—amyloid plaque
formation, including down-regulated beta-secretase (BACE1l) and up-regulated
disintegrin and metalloproteinase domain-containing protein 10 (ADAM10), insulin-
degrading enzyme (IDE) and neprilysin (NEP)!°’. Our previous study has shown that

intranasal administration of AA at the dose of 2.31 + 0.238 mg/kg can improve

memory deficits induced by scopolamine™.
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Figure 1 Molecular structure of Asiatic Acid

Pharmacokinetic (PK) profiles of AA have become a problem in the
treatment of CNS diseases. The oral biocavailability of AA was 16.25%, with a half-
life of 0.624 h in rats. This resulted from the rapid metabolism by hepatic
enzymes CYP450™. AA is also a potent inhibitor of CYP2C9'%. Hydroxylation and
dehydrogenation are the main reaction of AA metabolism'®. Following oral

administration in rats, AA showed the following PK parameters: Tmax (0.5h),
Cmax (0.394ng mL~1), t1/2 (0.642h), AUC(0-24) (0.702ng mL~1 h2 ), AUC(Q-co)
(0.766ng mL=1 h2 ), AUMC(0-24) (1.213ng mL=1 h2 ), AUMC(Q-co) (1.641ng mL~1

h2 ), CL (6.682 L h ~1 ), and MRT (0.668 h)'*. AA molecule has poor aqueous
solubility with 5.98x107% mg/L at 25°C in water'®’. Therefore, to overcome this
problem, solid lipid nanoparticle formulations of AA have been developed to
enhance the brain penetration of AA. AA has a molecular weight of 488.709

g/mol which classify into a low molecular weight drug and it has high lipophilicity
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(log P = 57 Thus, the high lipophilicity of AA will be beneficial in

implementing the nose-to-brain delivery system.

2.5 Intranasal Delivery System

Intranasal administration is a promising method for delivering therapeutic
compounds to CNS because it can reduce systemic exposure and also avoid
undesirable reactions from drugs that act in the CNS'®. Intranasal administration
of drugs in animal models is used to evaluate pharmacokinetic distribution as
well as their pharmacodynamic profiles'®. Besides being able to minimize
systemic exposure, this delivery route can increase patient compliance, ease of
administration, and have a rapid onset of action’. Several CNS drugs have been
developed for intranasal administration, including donepezil, venlafaxine,
olanzapine and carbamazepine'®*?. Additionally, certain medications such as
diazepam, midazolam, insulin, angiotensin Il, melanocortin proteins, oxytocin and
orexin-A have been shown to be effective in clinical trials through the application
of the nose-to-brain delivery system?>?¢,

A drug molecule reaches the brain via two main pathways after intranasal
administration. First, a drug molecule enters the brain through the olfactory

epithelium mediated by olfactory neurons. Second, a drug can be through the

respiratory epithelium, where the drug must have the ability to penetrate BBB
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and CSF to enter the brain after circulating in the bloodstream. These two
epitheliums also have a connection with the trigeminal nerve that is in the
posterior of the nasal cavity, which also has direct access to the brain'®. Drug
molecules are transported from the nasal cavity to the brain's parenchyma along
with the olfactory or trigeminal nerves. This process of transport can be achieved
via intracellular and extracellular mechanisms. The endocytic vesicles traffic
within the neuron to the projection site and the drug molecules inside the
vesicles are released through exocytosis. On the other hand, the extracellular
mechanism begins with the drug passing across the nasal epithelium towards the
lamina propria leading to the axon in the CNS, where the drug is further
dispersed through fluid movement'®. Trigeminal nerve pathway is divided into
three divisions including the ophthalmic (V1), the maxillary (V2), and the
mandibular division (V3). However, only neurons from V1 and V2 innervate to the
nasal epithelium. Thus, both branches could play an essential role in nose to
brain drug delivery'®. By using trigeminal nerve pathway, drug can be transported
to the trigeminal nerve synapse at the pons level and subsequently distributed
into other brain area. On the other hand, nose-to-brain drug delivery can occur
by indirect mechanism in the respiratory epithelium, a rich-vascular region in the
nasal cavity. Drug molecules can enter the bloodstream through the vascular

epithelium and subsequently pass BBB to reach the brain parenchyma'®. As a
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lipophilic molecule, AA has high ability to penetrate BBB and easily enter the
brain by transcellular mechanism.

Several factors affecting the absorption of intranasal administration include
physicochemical properties of drug molecules, formulation factors, factors
related to delivery devices and biological factors'®. Regarding to physicochemical
factors, molecular weight and lipophilicity of drug molecules have a major role in
the effectiveness of nose-to-brain delivery. Formulation factors needed to be
considered are drug concentration, dose, and volume of administration®.
Furthermore, mucociliary clearance and enzymatic degradation are biological
factors that needed to be considered in implementing the nose-to-brain delivery
system. Both factors are the main elimination mechanisms that can occur in drug
molecules in the nasal mucosa'®. Other factors related to the biological aspect
are the surface area of the olfactory region and the diameter of the axon.

The structure and morphology of the olfactory region are different between
humans and mice. The olfactory region of humans covers approximately 1.25-
10% of the nasal cavity's total surface area, which is 2-12.5 cm?, with a mucus
thickness of 60 um'®"'%  Meanwhile, the olfactory epithelium surface area of
mice ranges between 1.25-1.40 cm? which covers about 50% of the nasal
cavity'”. Moreover, the diameter of human olfactory axons is 0.1-0.7 um?**,
while the olfactory nerve's axonal diameter in the lamina propria in three

months old of ICR mice has been determined to range from 0.08-0.14 pm**’.



Table 1 Advantages and limitation of the intranasal delivery system

Advan‘cages1 12

Limitations'!?

Non-invasive, safe, rapid delivery

technique

Rapid elimination due to mucociliary

clearance from nasal cavity

Avoid first-pass elimination and gut-wall

metabolism

Mucosal toxicity can be appeared due
to absorption enhancers used in the

formulation

Bypass BBB results in reducing systemic

exposure

There is a variabilty in the

concentration attainable in different

areas of the brain.

Rapid onset of action due to quick drug

absorption

Decrease permeability of nasal mucosa

due to high molecular weight of drugs.

Better patient adherence

Some drugs may induce nasal mucosa

irritation

Served as alternative  route  for

parenteral administration

Cold or allergic conditions may result
nasal congestion then interfere the

administration

Good bioavailability for low molecular

weight drugs

Frequent use may induce mucosal

damage leading to infection
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2.6 Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs) are lipid-based delivery systems. SLNs are
typically found in a spherical shape with smooth surface and median sizes of
100-300 nm. Smaller (less than 100 nm) or larger (up to 1,000 nm) sizes may be
presented in SLNs'®. SLNs are prepared with lipids matrix or lipid combinations
which remain in a solid-state at room and body temperature. Drug molecules

are dissolved or dispersed inside the lipid matrix'*®. Preparation of SLNs can be
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achieved by several methods, including high-pressure homogenization, hot
homogenization, cold homogenization, emulsification technique and
microemulsion technique®*.

The advantages of SLNs include controlled and targeted drug release,
increased stability of incorporated drugs, ease of production at a large scale,
longer stability and decreased toxicity’'®. SLNs reduce the toxicity of the
therapeutic molecules by protecting them from reticuloendothelial system
clearance. The long-term stability of SLNs allows them to be used for long
periods of time. SLNs can deliver both lipophilic and hydrophilic drugs.
Moreover, SLNs are biocompatible and easy to sterilize. The used fabrication
methods do not require organic solvents which may affect the toxicity of the
final product. Finally, functionalization of the SLNs with specifically modified
targeting lipids allows them to actively target desired tissues'’>. The common
nanomaterials of SLNs are biodegradable, which consist of lipids that are
physiologically compatible such as fatty acids, slycerides, sterols, etc. Therefore,
based on nanotoxicological classification system (NCS), SLNs is generally
considered as a groups of NCS classes | or Il M.

SLNs have been extensively used for the delivery of the therapeutic drug
into the CNS. SLNs have the potential to transport and release drugs to the brain
because their particle size allows them to use the neuronal transport in the

olfactory and trigeminal nerve''’. In addition, the lipophilic nature of SLNs allows
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these particles to pass BBB. Drug release from the matrix of nanoparticles occurs
via two main mechanisms: (1) drug diffusion and (2) lipid degradation by
enzymes (e.q., lipase, colipase)''®. Several studies have shown the effectiveness
of SLNs formulation using intranasal administration for several drug compounds
that act on the central nervous system, including risperidone®, haloperidol®” and
donepezil?®. Therefore, in this study, the solid lipid nanoparticles (SLNs) of AA
have been developed for intranasal delivery to increase its availability in the

brain.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

3.1.1 Chemicals and Reagents

1,1,3,3-tetraethoxypropane (Sigma-Aldrich St. Louis, MO, USA)

Acetic acid glacial (Millipore, Billerica, MA, USA)

Acrylamide/Bisphosphate (Bio-Rad, laboratories, CA, USA)

Ammonium persulfate (Bio-Rad, laboratories, CA, USA)

Amyloid-Beta; 4, (Sigma-Aldrich St. Louis, MO, USA)

Anti-rabbit Amyloid Beta; 4, polyclonal antibody (Sigma-Aldrich St. Louis,
MO, USA)

Anti-rabbit pTau $396 monoclonal antibody (Abcam, Cambridge, MA, USA)
Anti-rabbit pTau T231 monoclonal antibody (Abcam, Cambridge, MA, USA)
Anti-mouse Tau 5 monoclonal antibody (Abcam, Cambridge, MA, USA)
Anti-GAPDH antibody (Millipore, Billerica, MA, USA)

Anti-GFAP antibody (Abcam, Cambridge, MA, USA)

Anti-TMEM119 antibody (Abcam, Cambridge, MA, USA

Alexa Fluor 568 anti-mouse (Life Technologies, OR, USA)

Alexa Fluor 488 anti-rabbit (Life Technologies, OR, USA)
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Asiatic acid (Sigma-Aldrich St. Louis, MO, USA)

BCA protein assay kit (Thermo Scientific, Rockford, IL, USA)

Butanol (Sigma-Aldrich St. Louis, MO, USA)

Carboxymethylcellulose (Sigma-Aldrich St. Louis, MO, USA)
Chemiluminescence reagent (Millipore, Billerica, MA, USA)

Donepezil (Sigma-Aldrich St. Louis, MO, USA)

Glycine (Millipore, Billerica, MA, USA)

Horseradish peroxidase (HRP)-conjugated anti-rabbit (Millipore, Billerica, MA,
USA)

Horseradish peroxidase (HRP)-conjugated anti-mouse (Millipore, Billerica,
MA, USA)

IL-1Beta assay kit (Biolegend, CA, USA)

Non-Fat Dry Milk (Cell signalling Technology, Inc. USA)
Phenylmethylsulphonyl fluoride (PMSF) (Sigma-Aldrich St. Louis, MO, USA)
Polyvinylidene difluoride transfer membrane (Immobilon, Bedford, MA,
USA)

Protein ladder (BLUE stainttm, Gold Biotechnology, Inc. US)

Pyridine (Sigma-Aldrich St. Louis, MO, USA)

Sodium chloride (Sigma-Aldrich St. Louis, MO, USA)

Sodium hydroxide (Merck, Darmmstadt FR, Germany)

Sodium dodecyl sulfate (Millipore, Billerica, MA, USA)
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Tetramethyl ethylenediamine (Millipore, Billerica, MA, USA)
Thiobarbituric acid (Sigma-Aldrich St. Louis, MO, USA)
TNF-Alpha assay kit (Biolegend, CA, USA)

Tris (Millipore, Billerica, MA, USA)

Tween-20 (Millipore, Billerica, MA, USA)

3.1.2 Equipments

Centrifuge (LEGEND MICRO 21R, Thermo Scientific, Rockford, IL, USA)
CG842 laboratory pH meter (SCHOTT® Instruments GmbH, Germany)
Confocal Microscope (ZEISS, LSM 900, Germany)

Cryostat microtome (Leica CM1950 Cyrostat, Leica Biosystems)
Dounce homogenizer (Glas-Col®, USA)

Luminescent image detector (ImageQuant™ LAS 4000, GE Healthcare Bio-
sciences, Japan)

Microplate reader (CLARIOstar ®, BMG LABTECH, Germany)

PG 2002-S Analytical balance (Mettler Toledo, Columbus, OH,USA)
Power supply (PowerPac, USA)

Temperature controlled water bath (Memmert, Germany)

Trans-Blot SD semi-dry electrophoretic transfer cell (Trans-Blot®, USA)
VideoMOT2 system (TSE Systems, Germany)

VM300 Vortex mixer (Axiom®, Scientific Industries, Germany)
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3.1.3 Drug Preparation

Asiatic Acid in SLNs (22.6 mg/10 mL) was prepared by Miss Tissana
Rojanaratha and Prof. Garnpimol, Ph.D. from Department of Pharmaceutics
and Industrial  Pharmacy, Faculty of Pharmaceutical Sciences,
Chulalongkorn  University. In this study, 30 pL of AA in SLNs was
administered intranasally per one mouse per day. The average dose of AA
was 2.04 + 0.16 meg/kg/day. For oral administration, AA was suspended in
0.5% carboxymethylcellulose (CMC) in the concentrations of 0.3 and 3
mg/mL. Donepezil was dissolved in normal saline solution (NSS) in the

concentration of 3 mg/mL.

3.1.4 Preparation of Amyloid-Beta;_4, oligomers

A|31_42 oligomers were made as the previously described method'*1%°.
According to the manufacturer instruction, the monomer of ABHZ can be

dissolved in DMSO (Sigma-Aldrich St. Louis, MO, USA). |n this studly, AB1_42
monomer was dissolved in 10% DMSO in NSS to a final concentration of

0.22 nmol/uL. Before injected into mice brain, AB monomer was

1-42

incubated at 37°C for 96 hr for aggregation process. The AB oligomers

1-42

were confirmed by observation under light microscope as shown in Figure



Post-ineubation

Figure 2 AB1_42 fragments before and after 96-hr incubation at 37°C.

The monomer (white arrow), oligomer (blue arrow) and fibril (red arrow) forms

AB1_42 were observed under light microscope.
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3.1.5 Animals

Eight weeks-old male ICR mice, weighing 25-30 g, were obtained from
Nomura Siam International, Bangkok, Thailand. The housing conditions
were 22+2°C, 40-60% humidity and a 12-hr light-dark cycle (light on at 7.00
AM.). Mice were free to access food and water. Mice were allowed to
acclimatize at least 7 days before the test. The animal experiment
procedure was approved by the Institutional Animal Care and Use
Commission, Faculty of Pharmaceutical Sciences, Chulalongkorn University

(approval no. 21-33-002).

3.2 Methods

3.2.1 Experimental design

Neuroprotective effect of AA in SLNs by intranasal was conducted by
in vivo study. All animals were evaluated for several behaviour tests
related to the motoric function, anxiety-like behaviour and memory as
illustrated in figure 3. At the end of study, brain tissues were used to
determine the neuroprotective mechanisms.

A complete randomized design experiment was applied in this study.
Mice were randomly divided into 6 groups (n=12 per group) and received

treatment as indicated in table 2. All animals were allowed to acclimatize
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for 1 week. Then, animals in group 4 were trained for intranasal
administration technique using NSS for 7 days before i.c.v. injection. Mice in
group 1 received NSS contained 10% DMSO (3 ML) i.c.v. injection, while

mice in groups 2-6 receive AB (3 ML) i.c.v. injection. Mice in group 1-2

1-42
received 0.5% CMC (10 mL/kg, p.o.) once daily for 28 days. Mice in group 3
received NSS 0.9% for 21 days followed by donepezil (3 mg/kg, p.o.) for 7
days during days 19-20 and days 23-27. Mice in group 4 received AA
(average dose: 2.04 + 0.16 mg/kg) via intranasal administration once daily
for 28 days. Generally, intranasal doses are 2-10 times lower than oral
doses™?!. Another study was also proposed that the dosage to be delivered
via nasal administration can be as low as 0.01-1% of oral dosage!®. AA in
SLNs was administered to each mouse in awaken state at the maximal

volume 30 pL, 15 pL each nostril. Mice in group 5 and 6 received AA via

gavaging once daily for 28 days at the dose 3 and 30 mg/kg, respectively.
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Table 2 Animal group and the treatment

Duration of Time
No Group i.c.v. injection Treatment
treatment
1 | Sham 10% DMSO in 0.5% CMC-Na (10 mL/kg, p.o.) | 28 Days Day 1-28
NSS (3 ML)
2 | AD AB, ., (3 WL) 0.5% CMC-Na (10 mL/kg, p.o.) | 28 Days Day 1-28
3 | AD-DON AB}42 (3 ML) NSS 0.9% (10 mlL/kg, p.o.) 21 Days Day 1-18, Day
21-22, Day 28
Donepezil (3 meg/kg, p.o.) 7 Days Day 19-20,
Day 23-27
4 | AD-INAA AB, ., (3 WL) Asiatic acid (2.04 + 0.16 28 Days Day 1-28
mg/kg, i.n.)
5 | AD-POAA3 AB .14, (3 ML) Asiatic acid (3 mg/kg, p.o.) 28 Days Day 1-28
6 | AD-POAA30 AB1-42 (3 ML) Asiatic acid (30 me/kg, p.o.) 28 Days Day 1-28

3.2.2 Intracerebroventricular Injection of Amyloid Beta; 4,

Mice were injected with AB

1-42

into the brain lateral ventricle to

induce neurotoxicity and memory impairment’®. Mice were anesthetized

with isoflurane. The depth of anaesthesia level was monitored by foot

pinch. Direct i.c.v. injection was conducted by using a modified insulin

syringe. The length of the needle was adjusted with parafilm to 3.8 mm to

enable the accuracy of the depth injection according to the DV coordinate

of the lateral ventricle (-2.4 mm at bregma) and the skull thickness. As

shown in figure 4, the blue star is indicated the coordinate target that is
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within the range of lateral ventricle at the coordinate of AP = -0.2 to -0.5

mm and ML = +0.7 to +1.1 mm from the bregma.

Anaesthesia by | Di‘rect' ICV
Isoflurane Drop { Injection

ICR Mice

/Lateral Ventricle’,

Figure 4 The direct intracerebroventricular (i.c.v.) injection of ABl_42

3.2.3 Behavioural Tests

3.2.3.1 Open-Field Test (OFT)

Exploration activity was measured in the open-field test on
experimental days 7 and 18. Sixty minutes after treatment, mice
were allowed to walk freely in the black box (50 x 50 x 40 cm) for 5
minutes. The video tracking set was placed over the box and
connected to VideoMOT2 software for real-time analysis of
locomotor activity. The exploration time (second) and exploration
distance (cm) were measured. On day 18, the additional
parameters, time spent in the center zone (second), the number of

center visit and distance in the center zone (cm), were added to
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evaluate the anxiety level. The exploration evaluation on day 18
was also set as the habituation day before the novel object

recognition test (NORT) on day 19-20.

3.2.3.2 Novel Object Recognition Test (NORT)

On days 19-20, mice performed the novel object recognition
task to determine their recognition memory (figure 5). NORT was
performed 60 minutes of treatment. In the familiarisation phase,
each mouse was placed in the black box (50 x 50 x 40 cm) box
containing two identical objects. The mouse was allowed to
explore the objects for 10 minutes. The second familiarization
phase was conducted again on day 20 for 10 minutes. Then, the
mouse was returned to its home cage for 2 hr. In the test phase,
one of the objects was changed to a novel object. The mice were
allowed to explore the novel and familiar objects for 5 minutes.
Time spent exploring the objects during the familiarisation and test
phases were recorded and analysed manually by a blinded
experimenter. Discrimination index was calculated as the
exploration time on the novel object minus the exploration time

on the familiar object then divided by the total exploration time on
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both objects. Percentage preference index was calculated as the
exploration time on the novel object divided by the total

exploration time on both objects then multiplied by 100.

Open-Field Box (50 x 50 x 40)

i I

Object A
Novel Object = T1

g - 7

Object B Object C = T2

Day 1: Habituation Phase (30 min) Day 2: Familiarization Phase (10 min)

Day 3: Familiarization Phase (10 min) __2hrinteval Time . pay 3: Testing Phase (5 min)

Fam Object | i ]‘ Novel Object

Figure 5 Experimental design for novel object recognition test

3.2.3.3 Elevated Plus Maze (EPM)

On day 21, mice were performed the elevated plus maze
(EPM) test to determine anti-anxiety effects of the treatment. The
elevated plus-maze apparatus consisted of two open arms with no
wall (30 cm length, 5 cm width), two enclosed arms with a black
wall (30 cm length, 5 cm width, 16 cm height of the wall) and a
central platform (5 x 5 cm). The maze was elevated 40 cm above
the floor. Sixty minutes after treatment, mouse was placed at the
centre of the maze, facing one of the open arms and allowed to

freely explore the maze for 5 minutes. The following parameters
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were recorded: (1) time spent in open arms, (2) time spent in
enclosed arms, (3) number of open arm entries, and (4) number of
enclosed arm entries. The video tracking set was placed over the
apparatus and connected to VideoMOT2 software for real-time

analysis of those parameters.

3.2.3.4 Morris Water Maze (MWM)

Morris water maze was used to evaluate the learning and
spatial memory in animals. The maze consisted of a circular pool
(150 cm diameter, 40 cm height) filled with water (22+2°C) and a
platform. A circular pool was divided into 4 quadrants (Q1-Q4) in
VideoMOT2. A platform was fixed in the middle of Q4 (figure 6).
Four different visual cues were put on the wall of the pool. On day
22 (MWM day 0), the platform was visible (1 cm above water level),
a mouse was put in the pool in each quadrant (Q1, Q2, Q3) (a total
of 3 times/day) and allowed to find the platform for the 60s. If a
mouse can find the platform, it was allowed to stay on the
platform for the 30s. If a mouse cannot find the platform within the
60s (cut-off time), an experimenter will put that mouse on the

platform and allowed it to stay for the 30s. The same procedure
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was also performed on days 22-26 (MWM days 1-5) but the
platform was hidden 1 cm underwater. Latency and swimming
latency was recorded by VideoMOT2. On the probe trial day
(experimental day 27, MWM day 6), the platform was removed. A
mouse was placed in the pool of each quadrant (Q1, Q2, Q3) and
allowed to swim for the 60s. Swimming time and distance travelled

in the platform quadrant were recorded by VideoMOT2.

Q1

Platform

Q2 Q3

Figure 6 Diagram of a circular pool in Morris water maze

3.2.4 Brain Collection

Mice brains were collected 24 h after the last treatment (Day 29). Six
mice per group were euthanized by cervical dislocation. Brains were
quickly removed and snap-freeze in the liquid nitrogen and then kept at -

80°C for further analysis. For histology study, mice were euthanized by CO2
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and transcardially perfused with cold-PBS followed by 4%

paraformaldehyde (PFA) and kept at 4°C until further analysis.

3.2.5 Western Blot Analysis

Western blot was used to evaluate the expression of tau
hyperphosphorylation in the prefrontal cortex and hippocampus tissues.
Each tissue was homogenized with lysis buffer consisting of RIPA buffer, 1
mM  phenylmethylsulphonyl fluoride (PMSF), NP-40, Triton-X 100 and
protease inhibitor. Homogenates were then centrifuged at 16,000 g for 20
min at 4°C. The collected supernatant was used for western blot analysis.

The total protein concentration was determined using a BCA protein assay

kit. The protein concentration was adjusted to 10 Hg and 60 g for pTau
and Tau, respectively using a loading buffer. Protein samples were
denaturized at 95°C for 5 min followed by electrophoresis in 10% SDS-
PAGE gel at 80 V for 3 h. Then, protein was transferred onto a PVDF
membrane at 9 V for 1.5 h. For blocking unspecific proteins, the membrane
was incubated with 5% non-fat dry milk (NFDM) for pTau protein and 3%
skim milk for Tau 5 protein in Tris-buffered saline containing 0.1% Tween-
20 (TBST) for 1 h at room temperature. Next, the membrane was

incubated overnight at 4°C with the rabbit monoclonal anti-pTau S396
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(1:1000), anti-pTau T231 (1:1000) and anti-Tau 5 (1:1000). After that, the
membrane was incubated at room temperature for 2 h with a horseradish
peroxide (HRP)-conjugated goat anti-mouse IgG antibodies (1:1000) for Tau
5 and GAPDH protein and anti-rabbit 1gG antibodies (1:1000) for pTau
protein. A chemiluminescence reagent was used to develop the
membrane and analyzed with a luminescent image detector (Image Quant
LAS 4000, GE Healthcare Biosciences, Japan). The protein band density was
measured by Image J software. All data were calculated as ratio to Sham

as one after normalized with GAPDH.

3.2.6 Enzyme-linked Immunosorbent Assay (ELISA)

ELISA was used to evaluate the level of proinflammatory mediators,

TNF-OU and |L—1B in the brain tissue excluding the prefrontal cortex,
hippocampus and cerebellum. The measurement was conducted following
the manufacturer’s instructions (Biolegend, CA, USA). Firstly, the plate was
coated with captured antibody followed by overnight incubation at 4 °C.
Then, the plate was washed with a phosphate-buffered solution containing
0.05% Tween-20 (PBST) for 4 times. For blocking unspecific protein, assay
diluent A was added to each well and incubated at room temperature

with shaking for 1 h. After that, all samples and standards were added to



38

each well and shaken again for 2 h at room temperature. Next, all samples
were incubated with the primary antibody for 1 h followed by incubation
with the secondary antibody (the Avidin-HRP) for 30 min at room
temperature. Then, incubate samples with TMB substrate for 15 min at
room temperature to develop the blue colour of the positive well. Lastly,
2N H,SO4 was added to stop the reaction and the absorbance was read at

450 nm for 15 min. All data were provided as pg/mg protein.

3.2.7 Lipid Peroxidation Assay

Lipid peroxidation was evaluated using thiobarbituric acid reactive
species (TBARS) method. 1,1,3,3- tetraethoxypropane (TEP) was used to
make a standard curved. Brains were weighed and homogenized with ice-
cold PBS (1:5 w/v PBS) at 4°C. Brain tissues were then centrifuged for 15
min at 2000 g. The total protein in the supernatant was determined by
BCA kit. One hundred ML of the supernatant was added with 1.5 mL of
20% acetic acid, 1.5 mL of 0.8% thiobarbituric acid (0.8%) and 0.2 mL of
8.1% sodium dodecyl sulphate (SDS) and incubated in the water bath at
95°C for 60 min. AWl samples were cooled down for 10 min after
incubation. After that, 2 mL of butanol: pyridine (15:1 v/v) was added and

centrifuged for 15 min at 2000 ¢. The collected supernatant was measured
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using a microplate reader at 532 nm. The data was provided as mmol/mg

protein.

3.2.8 Histology Analysis

Brain histology was used to analyse the expression of ABMZ glial cell
markers and neuronal cell death in the brain tissue. Brains in 4% PFA were
transferred into 10%, 20%, and 30% sucrose, respectively and incubated in
30% sucrose for at least 48 h. Then, brains were cut in 40 lUm thickness by
coronal sections using a cryostat at -20°C. The selection of brain area was
following the bregma coordinates that represent hippocampus including

CA1 and CA3 subregion.

3.2.8.1 Immunohistochemistry
For amyloid-beta;4, distribution, the selected sections were
incubated with 1% of H,O, for 30 min and transferred to 5% BSA
for 1 h to block unspecific protein. Then, the sections were
labelled with the primary antibody anti—ABl,az polyclonal antibody
AB5078P (1:1000) at 4°C overnight followed by a 2-h incubation

with the secondary antibody biotin-conjugated anti-goat antibody
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(1:500). The complexes were trapped with the Avidin-Biotin
complex (Vector, CA, USA) followed by reacting with 3,30-
diaminobenzidine (Wako, Japan). The Aﬁ1_42 oligomers were
analysed qualitatively to confirm the present of AB1_42 oligomers in
the hippocampus region at the bregma -1.55 until -2.69 mm. A[.))MZ

detection in mice hippocampus was shown in Figure 7.

(A) Sham AD AD-DON AD-INAA AD-POAA3 AD-POAA30

Figure 7 Distribution profile of ABl—42 in the hippocampus of mice.
3.2.8.2 Immunofluorescence

In the immunofluorescence staining, the selected sections were
transferred into the frosted-adhesive slide glass and air-dried
overnight. Sections were blocked with 1% BSA in PBS containing
0.5% triton-X and 0.3 M glycine at room temperature for 1 h, then
subsequently incubated with the mouse monoclonal anti-GFAP

(1:500) and the rabbit monoclonal anti-TMEM119 (1:500) at 4°C
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overnight. After that, the section was incubated at room
temperature for 2 h with goat anti-mouse I1gG antibodies Alexa Fluor
586 (red, 1:1000) and goat anti-rabbit IgG antibodies Alexa Fluor 488
(green, 1:1000). Then, nuclear DNA was labelled with DAPI (blue).
The staining was observed under the confocal microscope. The
specimen was automatically detected by artificial intelligent (Al)
sample finder in the system. To produce the immunofluorescence
signal, several parameters including airy units, laser percentage, and
master gain were set as 1, 10-20%, and 700-800 V, respectively.
Then, appropriate live imaging of each signal was snapped and
merged by the system. The percentage of area covered by either
astrocytes or microglia were measured by Image J software over the
threshold. The threshold was set to determine appropriate
immunolabelled area (signal) and minimize unspecific signal
attributable in the immunolabelling process (noise). The threshold
was manually defined by comparing the real area of signal with the
area produced by ImageJ software. At last, the same threshold
range of 25-255 were applied to images from all experimental

groups. The bregma coordinate were -1.55 until -2.69 mm.



3.2.8.3 Nissl Staining

a2

The survival neurons in the hippocampus were confirmed by

the Nissl staining procedure. The selected section (five sections per

animal from bregma -1.79 to -2.45 mm) was transferred to a glass

slide and air-dry for 10 min. The sections were dehydrated in

ethanol and impregnated with the cresyl violet acetate as shown in

table 3. Then, the section was mounted using mounting media and

closed with a cover slide. The number of neurons in CA1 and CA3

was counted individually by the blinded experimenter.

Table 3 Nissl staining step-by-step protocol.

Step No. Reagent Time incubation
1 Ethanol absolute 3 min (twice)
2 Ethanol 95% 3 min (twice)
3 Ethanol 70% 3 min (once)
4 Ethanol 50% 3 min (once)
5 Cresyl violet 0.1% 1 min (once)
6 DI water 1 min (once)
7 Ethanol 70% 3 min (once)
8 Ethanol 95% 3 min (once)
9 Ethanol absolute 3 min (once)
10 Xylene 3 min (twice)
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3.3 Data Analysis

All data were expressed as mean + S.E.M. and analysed using Graphpad Prism
version 8.0 (GraphPad Software, San Diego, CA, U.S.A). The comparison of all
parameters between all groups was determined by one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test (HSD) except time spent in the target
quadrant in probe trial which followed by LSD post-hoc test for multiple
comparisons. Two-way ANOVA followed by Tukey’s post-hoc test (HSD) was
applied for parameters in Morris water maze including escape latency and
swimming distance. The comparison between mean exploration time on the
familiar and novel object in the testing phase of novel object recognition test
was analysed by multiple paired t-test. All analyses with significance p-values <

0.05 represents statistical significance differences.
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CHAPTER 4

RESULTS

4.1 The protective effect of nasal delivery and oral administration of AA against
spatial memory dysfunction induced by Aﬁ1_42

Morris water maze was used to investicate the protective effect of nasal and
oral administration of AA on spatial memory dysfunction. On the first day of the test,
a visible platform was set to measure the baseline level. It was shown that the
escape latency and the swimming distance were not significant different among the
experimental groups. Two-way ANOVA showed effects of time and treatment on the
escape latency and the swimming distance on days 2-5 (hidden platform) (time: (F (4,
325) = 22.60, p < 0.0001) and (F (4, 325 = 28.68, p < 0.0001), respectively; treatment:
(F (5, 325) = 20.07, p < 0.0001) and (F (5, 325 = 28.80, p < 0.0001), respectively). Mice
in the AD group exhibited significant longer escape latency and swimming distance
on days 2-5 than mice in the Sham group (escape latency: p < 0.01, p < 0.01, p <
0.01 and p < 0.001, respectively; swimming distance: p < 0.001, p < 0.01, p < 0.001
and p < 0.001, respectively, Tukey’s post-hoc test). Donepezil, as a positive control,
significantly reduced the escape latency and the swimming distance of AD mice on
days 2-5 compared to the AD group (escape latency: p < 0.01, p < 0.05, p < 0.001

and p < 0.01, respectively; swimming distance: p < 0.001, p < 0.01, p < 0.001 and p <
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0.001, respectively, Tukey’s post-hoc test). Similar to donepezil, the escape latency
and the swimming distance of AD mice treated with AA in SLNs by nasal
administration (AD-INAA) were significantly lower than that of the AD group on days
2-5 (escape latency: p < 0.01, p < 0.05, p < 0.001 and p < 0.01, respectively;
swimming distance: p < 0.001, p < 0.01, p < 0.001 and p < 0.001, respectively,
Tukey’s post-hoc test), indicating that nasal delivery of AA in SLNs attenuated spatial
learning and memory dysfunction induced by AB1-42- Furthermore, high oral dose of
AA significantly decreased the escape latency and the swimming distance of AD mice
(AD-POAA30) on days 4 and 5 (escape latency: p < 0.01 and p < 0.05, respectively;
swimming distance: p < 0.001 and p < 0.001, respectively, Tukey’s post-hoc test).
However, the treatment of low oral dose of AA in AD mice (AD-POAA3) failed to
decrease the escape latency and the swimming distance compared to the AD group

(Figure 8A, 8B).

Two-way ANOVA revealed showed no effect of treatment, time, and time x
treatment interaction on swimming speed (F (4, 325 = 2.04) p = 0.0890, F (5, 325 =
2.16), p = 0.0578), and F (20, 325) = 0.5149, p = 0.9600, respectively), suggesting that
motoric function did not alter the swimming ability of animals (Figure 8C). The
tracking pathway of mice on the last day of learning phase (day 5) was shown in

Figure 8D.
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Figure 8 The effect of AA by intranasal and oral administration on the spatial
memory dysfunction induced by AB1_42 in the Morris water maze test

(A) Latency time to reach the platform, (B) swimming distance to reach the platform,
(O) swimming speed during the Morris water maze, (D) representative of tracking
pattern on day 5 of MWM. Data are expressed as mean + S.E.M. (n = 11-12/group), *p
< 0.05, *p < 0.01, **p < 0.001 compared to Sham, “p < 0.05, b < 0.01, "p <
0.001 compared to AD, °p < 0.05, **p < 0.01, ***p < 0.001 compared to AD-INAA.

To evaluate long-term memory function, probe trial was performed one day
after the last learning phase (Day 6). One-way ANOVA revealed the effect of
treatments on the time spent in the target quadrant (F (5, 64 = 2.022), p < 0.0873).
AD mice significantly decreased time spent in the target quadrant compared to the
Sham group (p < 0.05, Fisher’s LSD post-hoc test). AD mice that treated with

donepezil (AD-DON), AA in SLNs (AD-INAA), high oral dose of AA (AD-POAA30) caused
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a significant increase in the time spent in the target quadrant compared to the AD
group (p < 0.05, p < 0.05 and p < 0.01, respectively, Fisher’s LSD post-hoc test)
(Figure 9A). However, the time spent in the target quadrant of AD mice treated with
low oral dose of AA (AD-POAA3) was not significantly different compared to the AD
group (p = 0.2366, Fisher’s LSD post-hoc test). The swimming speed in the probe trial

was also not significant different among groups (Figure 9B).
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Figure 9 The effect of AA by intranasal and oral administration on the long-term
memory dysfunction induced by AB1_42 in the Morris water maze test

(A) Time spent in the target quadrant and (B) swimming speed in the target quadrant
during the probe trial in the Morris water maze. Data are expressed as mean + S.E.M.

(n = 11-12/group), *p < 0.05 compared to Sham, *p < 0.05, ¥p < 0.01 compared to
AD.
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4.2 The protective effect of nasal delivery and oral administration of AA against
recognition memory dysfunction induced by AB1-42

Novel object recognition test (NORT) was used to investigate the recognition
memory in mice. In the testing phase, the mean exploration time on the novel
object of mice in the Sham group was significantly higher than that on the familiar
object (p < 0.0001, paired t-test), while the mean exploration time in the AD group
showed no significant difference between novel and familiar object (p = 0.938678,
paired t-test). Donepezil, INAA, and POAA30 treatments increased the mean
exploration time on the novel object significantly compared to the familiar object (p
< 0.0001, p < 0.05 and p < 0.001, respectively, paired t-test). In contrast, the mean
exploration time between the novel and familiar object was not significantly different
in AD mice treated with POAA3 (p = 0.135879, paired t-test) (Figure 10A).

One-way ANOVA revealed the effect of treatments on the discrimination index
and preference index in the NOR test (F (5, 57) = 5.646, p = 0.0003 and F (5, 57) =
5.617, p = 0.0003, respectively). The discrimination index and preference index of AD
mice group were decreased significantly compared to mice in the Sham group (p <
0.001 and p < 0.001, respectively, Tukey’s post-hoc test). Donepezil, INAA and
POAA30 treatments increased the discrimination index and preference index
significantly compared to AD group (donepezil: p < 0.01 and p < 0.01, respectively;
INAA: p < 0.05 and p < 0.05, respectively; POAA30: p < 0.05 and p < 0.05,

respectively, Tukey’s post-hoc test). In opposite, the discrimination index and
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preference index of AD-POAA3 group were lower significantly compared to the Sham
group (p < 0.05 and p < 0.05, respectively, Tukey’s post-hoc test) (Figure 10B, 10C).

There was no significant different on the total exploration time in the testing phase

among groups (Figure 10D).
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Figure 10 The effect of AA by intranasal and oral administration on the recognition

memory impairment induced by AB1-42 in the novel object recognition test

(A) Exploration time in the testing phase, (B) discrimination index, (C) preference
index, (D) total exploration time in the testing phase. Data are expressed as mean +
SEM. (n = 10-11/group). 'p<0.05, ""p<0.001, "p<0.0001 novel object vs familiar
object, *p < 0.05, **p < 0.001 compared to Sham, "o < 0.05, *p < 0.01 compared to

AD, ns = not significant.
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4.3 The effect of ABHZ and AA on exploratory behaviour in mice

On day 7 and 18, exploration activity was evaluated to determine the motor
function after the injection of ABMZ and the treatment. One way ANOVA revealed no
effect of treatment on locomotion time and distance on days 7 and 18 (locomotion
time: F (5, 65) = 1.370, p = 0.2472 and F (5, 65) = 1.312, p = 0.2698, respectively;
distance: F (5, 65) = 1.126, p = 0.3557 and F (5, 64) = 0,8479, p = 0.5210,
respectively), indicating the intraventricular injection of AB1-42 and AA treatment did

not affect the exploratory behavior in mice (Figure 11).
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Figure 11 The effect of AB1-42 and AA treatment on exploration activity in the open-
field test

(A) Locomotion time and (B) distance on day 7, (C) locomotion time and (D) distance

on day 18. Data are expressed as mean + S.E.M. (n = 11-12/group).
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4.4 The effect of ABHZ and AA on the anxiety-like behaviour in mice
Anxiety-like behaviour was evaluated by open-field test on day 18 and
elevated plus maze test on day 21. Donepezil was not given in the AD-DON group
during this evaluation. One-way ANOVA revealed that all parameters in the open
field apparatus including number of center visit (F (4, 52) = 0.5724, p = 0.6838), time
spent in the center zone (F (4, 54) = 1.601, p = 0.1875), and distance in center zone
(F (4, 54) = 0.5086, p = 0.7296) were not significantly different between experimental
groups (Figure 12A, 12B, 12C). In line with the results in the elevated plus maze test,
one-way ANOVA revealed no significant difference among experimental groups in the
anxiety-like behaviour parameters which were the number of open arms visit (F (4,
55) = 2.005, p = 0.1066) (Figure 12D), the time spent in the open arms (F (4, 54) =
0.9959, p = 0.4178) (Figure 12E) and closed arms (F (4, 55) = 0.5197, p = 0.7215)
(Figure 12H) and the distance in the open arms (F (4, 54) = 1.554, p = 0.1997) (Figure
12F) and closed arms (F (4, 55) = 0.9192, p = 0.4594) (Figure 12I). However, one-way
ANOVA revealed the effect of treatment on the number of closed arms visit (F (4, 53)
= 4.767, p = 0.0023) (Figure 12G.). The number of closed arms visit in the AD group
was significantly higher than that on the Sham group (p < 0.05, Tukey’s post-hoc
test). Meanwhile, INAA treatment was significantly reduced the number of closed
arms visits compared to mice in the AD group (p < 0.05, Tukey’s post-hoc test). The
number of closed arms visit of AD-POAA3 mice was also higher significantly

compared to the AD-INAA group (p < 0.05, Tukey’s post-hoc test). Therefore, our
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results suggested that either AB1-42 or AA treatment did not modulate anxiety-like

behaviour in ICR mice.
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Figure 12 The effect of AB1-42 and AA treatment on the anxiety-like behavior

(A) Total number of center visit, (B) Time spent in the center zone, and (C) Distance
in the center zone in the open-field test on Day 18. (D) Total number of open arms
visits, (E) Time spent in the open arms and (F) Distance in the open arms in the
elevated-plus maze. (G) Total number of closed arms visits, (H) Time spent in the
closed arms and (1) Distance in the closed arms in the elevated-plus maze. Data are
expressed as mean + S.EM. (n = 10-12/group). *p < 0.05 compared to Sham; *p <

0.05 compared to AD; °p < 0.05 compared to AD-INAA.
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4.5 The protective effect of nasal delivery and oral administration of AA against
tau hyperphosphorylation induced by AB1-42

The expression of hyperphosphorylated tau and total tau protein in the
hippocampus and prefrontal cortex were measured using western blot technique.
One-way ANOVA reported the effect of treatment on the expression levels of pTau
S396 and pTau T231 in mice hippocampus (F (5, 28) = 7.512, p = 0.0001 and F (5, 29)
= 6.552, p = 0.0003, respectively). In the hippocampus, pTau S396 and pTau T231
expression levels of AD mice were significantly higher than that of the Sham group (p
< 0.01 and p < 0.01, respectively, Tukey’s post-hoc test). INAA and POAA30
treatments significantly decreased pTau 5396 and pTau T231 expression levels in the
hippocampus compared to the AD group (INAA: p < 0.05 and p < 0.01, respectively;
POAA30: p < 0.05 and p < 0.001, respectively, Tukey’s post-hoc test) (Figure 13A,
13B). The expression level of pTau S396 in the hippocampus of AD-POAA3 mice was
significantly higher than that of mice in the Sham and AD-INAA group (p < 0.001 and
p < 0.01, respectively, Tukey’s post-hoc test).

In the prefrontal cortex, pTau S396 and pTau T231 expression levels were not
significantly different among groups (F (5, 29) = 0.6905, p = 0.6346 and F (5, 29) =
2.570, p = 0.0483, respectively). However, the expression of pTau S396 and pTau
T231 of AD mice slightly increased compared to the Sham group in the prefrontal
cortex (Figure 13C, 13D). Tau 5 (as total tau) expression was not significant different

among groups in the hippocampus and prefrontal cortex (F (5, 28) = 0.4768, p =
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0.7904 and F (5, 29) = 0.2102, p = 0.9555, respectively, one way ANOVA) (Figure 13E,

13F).
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Figure 13 The effect of AA by intranasal and oral administration on tau

hyperphosphorylation induced by AByaz.

(A) pTau S396 and (B) pTau T231 in the hippocampus, (C) pTau S396 and (D) pTau

T231 in the prefrontal cortex, Tau 5 as total tau in (E) the hippocampus and (F) the

prefrontal cortex. Data are expressed as mean + S.E.M. (n = 5-6/group). **p < 0.01,

*%5 < 0.001 compared to sham; “p < 0.05, *p < 0.01, **p < 0.001 compared AD; **p

< 0.01 compared to AD-INAA.
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4.6 The protective effect of nasal delivery and oral administration of AA against
glial activation induced by ABHZ

Immunofluorescence staining was used to investigate the involvement of
neuroinflammation as the potential mechanisms of asiatic acid against ABMZ induce
memory dysfunction. GFAP and TMEM119 antibodies were selected as the biomarker
of neuroinflammation which represents astrocytes and microglial cells, respectively.
The immunoreactivity of each biomarker was detected in CA1 and CA3 subregion of
mice hippocampus. In this study, hypertrophic form of astrocytes was found in the
CA1 and CA3 subregion of AD mice (Figure 14A, 15A). One-way ANOVA revealed the
effect of treatments on astrocytes reactivity and microglial activation in the CAl and
CA3 subregion (GFAP: F (5, 30) = 16.78, p < 0.0001 and F (5, 26) = 4.727, p = 0.0033,
respectively; TMEM119: F (5, 30) = 3.729, p = 0.0096 and F (5, 26) = 4.155, p = 0.0066,
respectively). The percentage area of GFAP and TMEM119 in CA1 subregion of mice in
AD group were significantly higher than that in the Sham group (p < 0.001 and p <
0.05, respectively, Tukey’s post-hoc test) (Figure 14B, 14C). A significant increase of
GFAP-immunoreactivity was detected in CA3 subregion of mice in AD group
compared to the Sham group (p < 0.01, Tukey’s post-hoc test) (Figure 15B) while the
immunoreactivity of TMEM119 in mice of the AD group tended to increase but was
not significantly different from mice in the Sham group (p = 0.0642, Tukey’s post-hoc

test) (Figure 15C). The treatment of AA in SLNs by nasal delivery was significantly
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reduced the percentage area of GFAP and TMEM119 in the CA1 and CA3 subregion
compared to mice in the AD group (GFAP: p < 0.001 and p < 0.01, respectively;
TMEM119: p < 0.05 and p < 0.05, respectively, Tukey’s post-hoc test). GFAP
immunoreactivity in CA1 and CA3 subregion of AD-POAA30 group was significantly
decreased compared to the AD group (p < 0.001 and p < 0.01, respectively, Tukey’s
post-hoc test). TMEM119 immunoreactivity in CA1 and CA3 of AD-POAA30 tended to
decrease but they were not significantly different from AD mice. In contrast, GFAP
immunoreactivity in the CA1 subregion of AD-DON and AD-POAA3 group were higher
significantly than that in the Sham group (p < 0.01 and p < 0.01, respectively, Tukey’s
post-hoc test). The percentage of GFAP in CA1 subregion of AD-POAA3 group was also
significantly higher than that of AD-INAA group (p < 0.05, Tukey’s post-hoc test).
There was no significant different on TMEM119 immunoreactivity between AD, AD-
DON and AD-POAA3 group in CA1l and CA3. These findings suggested that nasal
delivery and high oral dose of AA treatment inhibited neuroinflammation by

preventing slial activation in the hippocampus of AD mice model.
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Figure 14 The effect of AA by intranasal and oral administration on glial activation

induced by ABmz in the CAl of hippocampus.

(A) Representative micrograph showing the activation of astrocytes and microglial
cells immunostaining by GFAP (red) and TMEM119 (green). Nuclei were stained with
DAPI (blue). The scale bar was 20 um. Quantification the percentage area of GFAP (B)
and TMEM119 (C) in CAl. Data are expressed as mean + S.E.M. (n = 6/group). *p <
0.05, **p < 0.01, *p < 0.001 compared to sham; *o < 0.05, **p < 0.001 compared

to AD; S,o < 0.05 compared to AD-INAA group.
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Figure 15 The effect of AA by intranasal and oral administration on glial activation

induced by A[31,42 in the CA3 of hippocampus.

(A) Representative micrograph showing the activation of astrocytes and microglial
cells immunostaining by GFAP (red) and TMEM119 (green). Nuclei were stained with
DAPI (blue). The scale bar was 20 um. Quantification the percentage area of GFAP (B)
and TMEM119 (C) in CA3. Data are expressed as mean + S.E.M. (n = 4-6/group). **p <

0.01 compared to sham; *p < 0.05, *p < 0.01 compared to AD.
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4.7 The protective effect of nasal delivery and oral administration of AA against
the increased proinflammatory cytokines level induced by AﬁMZ

The level of proinflammatory cytokines were measured by ELISA technique.
One-way ANOVA reported the effect of treatment on IL—1B and TNF-QU levels in the
brain tissue (F (5, 29) = 23.57, p < 0.0001 and F (5, 29) = 15.17, p < 0.0001,
respectively). The level of IL—1B and TNF-OL of AD mice was significantly higher than
that of the Sham group (p < 0.001 and p < 0.0001, respectively, Tukey’s post-hoc
test). Nasal delivery of AA significantly decreased ||_—1B (p < 0.001, Tukey’s post-hoc
test) but not TNF-QL levels compared to the AD group while POAA30 treatment
significantly reduced both of IL—1B and TNF-OL levels in AD mice brain (p < 0.001 and
p < 0.05 respectively, Tukey’s post-hoc test). In contrast, IL—1B and TNF-QL levels of
AD mice treated with donepezil and low oral dose of AA were increased significantly
compared to the Sham group (AD-DON: p < 0.001 and p < 0.001, respectively; AD-
POAA3: p < 0.001 and p < 0.001, respectively, Tukey’s post-hoc test). AD-POAA3 mice
also had significantly higher IL—IB and TNF-QL levels than AD-INAA mice (p < 0.001
and p < 0.05, respectively, Tukey’s post-hoc test) (Figure 16A, 16B). Taken together,
these results indicated that nasal delivery and high oral dose of AA inhibited the

release of proinflammatory cytokines in AD mice model.
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Figure 16 The effect of AA by intranasal and oral administration on the increased IL-
1B (A) and TNF-QL (B) levels induced by AB1-42.

Data are expressed as mean + S.EM. (n = 5-6/group). **p < 0.001 compared to

#Hit#
5,

sham; “p < 0.0 p < 0.001 compared to AD; *p < 0.05, ***p < 0.001 compared to

AD-INAA.

4.8 The protective effect of nasal delivery and oral administration of AA against
lipid peroxidation induced by AB1-42

Malondialdehyde (MDA), a lipid peroxidation marker, was detected in the brain
tissue by TBARS method. One-way ANOVA revealed the effect of treatment on MDA
levels (F (5, 27) = 6.746, p = 0.0003, Tukey’s post hoc test). MDA levels of mice in AD,
AD-DON and AD-POAA3 groups were significantly higher than that of the Sham group
(p < 0.01, p < 0.05 and p < 0.05, respectively, Tukey’s post-hoc test). MDA levels of
AD-INAA and AD-POAA30 group were decreased significantly compared to AD group

(p < 0.05 and p < 0.05, respectively, Tukey’s post-hoc test) (Figure 17).
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Figure 17 The effect of AA by intranasal and oral administration on MDA levels in the

mice brain induced by ABl-ﬂZ.
Data are expressed as mean + S.E.M. (n = 5-6/¢roup). *p < 0.05, **p < 0.01 compared

to sham; *p < 0.05 compared to AD (one-way ANOVA followed by Tukey’s post-hoc

test).

4.9 The effect of AB1-42 and AA treatment on the neuronal cell counts

Nissl staining was used to determine the number of surviving neurons in mice
hippocampus. There was no significant difference on the neuronal number in the
CA1l and CA3 of hippocampus among experimental groups, suggesting that the
injection of ABMZ oligomers did not induce neuronal loss in the hippocampus (Figure

18A, 18B, 180Q).
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Figure 18 The effect AB1-42 injection and AA treatment on the neuronal counts in the
hippocampus.

(A) Representative image of Nissl staining in the hippocampus. The scale bar was 200
um in the overview image and 20 pm in the detail image of hippocampus subregions
(CA1 and CA3). The number of visible neurons in the CA1 (B) and CA3 (C) subregion.

Data are expressed as mean + S.E.M. (n = 6/group).
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CHAPTER 5

DISCUSSION AND CONCLUSION

The current study aimed to investicate the neuroprotective effects and the
underlying mechanisms of nasal delivery of asiatic acid (AA) against ABMZ induced
neurotoxicity in mice as an in vivo model of Alzheimer’s disease. It was showed that
the treatment of AA by nasal delivery ameliorated spatial memory and recognition
memory deficits in mice. The neuroprotective effect of AA by nasal delivery (dose)
was similar to the oral dose of AA (30 mg/kg), while lower oral dose of AA (3 mg/kg)
failed to protect the neurotoxic effect of ABMZ The neuroprotective effects of AA
mediated through the inhibition of hyperphosphorylated tau, sglial activation,
proinflammatory cytokines release, lipid peroxidation in mice brains.

The immunohistological staining showed the distribution of ABMZ deposits in
mice hippocampus after intraventricular injection. The aggregated ABmz were
confirmed under light microscope observation before injected to the animals as
previously described'??. Previous study demonstrated that four days incubation at
37°C of AP,sss peptides in sterile distilled water formed two types of aggregated

forms: globular aggregates and birefringent fibril-like structures'®.

In the present
study, the compositions of oligomer and monomer form of ABmz were found

predominantly after 96 h incubation of soluble AB..4, fragments. A previous study

showed that the monomer and oligomer form of ABl_42 without fibril formation were
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observed after 16 h incubation at 4°C!?*. However, fibril formation was found in our
preparations. Several factors can affect the aggregation process of AR, including
pre-existing structure of commercial stock, amyloid beta species, the incubation
condition such as time, temperature, pH, concentration, solvent, and ionic
strength'?. In this study, a qualitative analysis with immunohistochemistry technique
was done to show the distribution of AB1-42 in mice hippocampus. Human ABM2
fragments were injected into mice brain, but an unspecific species of ABmz
polyclonal antibody was used to stain the brain tissue. Because the antibody can
detect the AB1_42 of mice, the limitation this study that human and mouse ABMZ
cannot be distinguished.

Nose-to-brain delivery of AA (2.04 + 0.16 mg/kg) exhibited memory
improvement in ABMZ induced mice model of Alzheimer’s disease. High oral dose of
AA (30 mg/ke) also showed a significant improvement in memory functions, indicating
that AA protected against AB1_42—induced memory impairment. These findings are in
consistent with previous studies reporting that AA improved memory performance in
ALCLS®, quinolinic acid'!, 5-fluorouracil*?, valproatew, and scopolamine32 induced
memory dysfunction in animals. AA showed a nootropic effect after oral
administration for 28 days in rats***. In addition, Centella asatica extract (600 mg/kg)
for 14 days increased the expression levels of NMDA receptor subunit GLUN2B (NR2B),

but decreased the expression levels of NMDA receptor subunit GLUN2A (NR2A) in the
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rat brain'®. The activation of NR2B-containing NMDA receptor is higher than NR2A-
containing receptor during the long-term potentiation (LTP)*. Therefore, AA-induced
LTP might be served as one of the mechanisms that improves learning and memory
impairment due to the exposure of ABMZ

Intranasal administration of AA in SLNs (2.04 + 0.16 mg/kg) has a greater
neuroprotective effect than oral administration of AA (3 mg/keg). AA and SLNs had a
lipophilic property which is beneficial for drug-brain delivery. Due to lipophilic nature
of SLNs, It has been suggested that SLNs can pass through the nasal epithelium by
passive diffusion mechanism'?®. After reaching nasal epithelium, SLNs might be
transported directly to the brain using the axonal transport along the olfactory and
trigeminal nerves as intraneuronal pathway'®. Drug molecules might be uptaken into
the olfactory and trigeminal sensory neurons by several mechanisms including
transcellular, transcytosis and carrier-mediated transport depend on their sizes and
molecular characteristics'®. Recently, in vitro study showed the axonal retrograde
transport of nanoparticles in the neurons'®’. It has been proven that negative charge
of nanoparticles were used rapid growth cone uptake and dynein-axonal retrograde
transport depends on the size and cell type'”’. Then, as a controlled released
design, the release of AA from the matrix of SLNs might be through several
mechanism such as direct drug diffusion through the matrix, rapid release due to

weak bound with SLN surface, and erosion of SLN matrix due to enzymatic reaction
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by lipase or colipase!®'?®

. Those release mechanisms were affected by the
formulation and biological environment.

Therefore, we hypothesized that AA in SLNs use passive diffusion mechanism
to across nasal epithelium in the nasal cavity'®”. The axonal transport along the
olfactory and respiratory nerves is the main intracellular mechanisms to deliver drug
molecule into the brain tissue. The average size of axonal diameter in mice brain can
be vary between less than 0.2 pm and 10.0 um*®’, while 3-months old ICR mice had
the olfactory axonal diameter range from 0.08 to 0.14 um in the lamina propria'’.
Therefore, only molecules within or smaller than these sizes can be transported
along this mechanism. Since the average particles size of SLNs is around 100-300
nm'", we hypothesized that AA in SLNs uses the neuronal pathway to achieve its
efficacy in AD mice.

AA inhibited tau hyperphosphorylation induced by ABMZ in mice hippocampus.
In this study, AB1_42 sienificantly promoted tau hyperphosphorylation in the
hippocampus rather than in the prefrontal cortex, while AA administration by either
nasal delivery or high oral dose significantly reduced hyperphosphorylated tau
protein induced by ABW mainly in the hippocampus tissue. The previous study in
rats showed that AA inhibited AlCl;-induced hyperphosphorylated tau protein by

interfering AKT/GSK3[B pathway'®. The study in PC12 cells also revealed that AA

reduced tau hyperphosphorylation induced by AB25_35 via the AKT/GSK3B
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pathway'. Further study are need to elucidate whether the modulation of
AKT/GSK3[B pathway is one of the mechanisms of the prevention effect of AA on
hyperphosphorylated tau protein induced by ABMZ.

AA prevented neuroinflammation induced by ABMZ in mice hippocampus.
Neuroinflammation involves astrocytes and microglial accumulations followed by the
release of proinflammatory cytokines in the AD brain of animals and humans'*"**?,
This study demonstrated that ABl—llZ stimulated astrocyte and microglial reactivation
especially in CA1l subregion of the hippocampus. Meanwhile, INAA significantly
prevented both glial activation in CA1 and CA3 subregions followed by the reduction
of IL-1 and TNF-QU levels in mice brain. Anti-neuroinflammatory effect of AA
involved several mechanisms. AA bound to the active site of |L—1B and IL-6 receptors
by in silico study®®. AA reduced IL-1B, IL-6 and TNF-QU levels induced by
lipopolysaccharide (LPS) in BV2 microglial cells'**. Another in vivo study reported that
AA not only reduced IL—1[3 and TNF-QU levels but also decreased TLR2 and TLR4
receptor expression in the striatum of MPTP-treated mice'””. Therefore, the
modulation of TLR receptors or direct interaction with proinflammatory cytokine
receptors might be mediated anti-neuroinflammatory effect of AA. Chronic neuronal
inflammation in the brain could promote tau hyperphosphorylation and LTP
inhibition leading to synaptic dysfunction®’"". High expression of phosphorylated

tau protein in this study might be affected by the neuroinflammatory reactions in the
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mice brain. Therefore, anti-neuroinflammatory effect of AA possibly contributes to
the reduction of hyperphosphorylation tau protein in AD mice.

Repeated administration of AA by nasal delivery system decreased lipid
peroxidation. Oxidative stress plays an important role in the progress of Alzheimer’s
disease®. The previous studies revealed the antioxidant effect of AA in cognitive
dysfunction rat model induced by quinolinic acid'! and aluminium chloride (ALCL5)™.
In those studies, AA increased the expression of antioxidant enzymes such as
superoxide dismutase (SOD), catalase (CAT), and g¢lutathione peroxidase (GPx)

10,11

accompanied by the reduction of MDA level in rat brains Intranasal

administration of AA in SLNs increased catalase expression in mice hippocampus and
decreased MDA level in mice brain in the scopolamine model®”. Tau
hyperphosphorylation can be also stimulated by oxidative stress®’. Therefore, the
reduction of tau hyperphosphorylation by AA treatment in this study is possibly
associated with the anti-oxidant effect of AA.

Our study revealed no anxiety-like behaviour induced by AB1-42 in the open-
field and elevated plus maze tasks. The previous study also showed that AB1-42 -
induced AD mice did not exhibit anxiety-like behaviour after two-week ABMZ
injection in elevated plus maze'. In contrast, the time spent in the open arms was

increased significantly after three-week of AB1_42 injection’. Anxiety-like behaviour

was also not seen in the transgenic mice model (APP/PS1 knock-in) at any age in
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open-field and elevated plus maze tests™’. Our results are in contrast with previous
studies as AD mice increased anxiety-related behaviour, suggesting inconsistent
profile of anxiety-like behaviour in the animal models of AD. Several factors including
measurement time point, the aged and model of animal might be affected the
anxiety-like behaviour analysis. In addition, the underlying mechanism of ABMZ -
induced anxiety-like behaviour remains unclear.

Amyloid beta; 4, oligomers did not induce hippocampal neuronal loss in this
study. This is in consistent with the previous study showing that bilateral
intrahippocampal injection of AB1_42 olisomers successfully induced memory
impairment and neuroinflammation in AD rat brain but did not stimulate cause
neuronal death in the hippocampus'?®. Another study also found that AP,
oligomers induced spatial memory dysfunction and reduced LTP in rat brain but did
not reduce neuron number in the hippocampus'®®. In addition, there was no
significant difference between rat-treated ABMZ versus control group on the NeuN-
positive cells number in the hippocampus, while AD rat model significantly reduced
LTP in dentate gyrus and impaired the spatial memory'*. In the previous study,
neuronal loss was not found in the hippocampus in several AD transgenic mice
(UNPL3, 5xFAD, and 6xTg mice) at 2 and 4 months old while the number of amyloid
beta plague and neuroinflammation marker were increased significantly on that age

as compared with the wild type mice!®. The significant neuronal loss in the
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hippocampus of all AD transgenic mice was found at 6 and 8 months old®.

Therefore, no significant loss in the hippocampus in this study might be affected by
the age of the animal. It was hypothesized that amyloid beta induced memory
dysfunction due to the malfunctions of synaptic plasticity that interfered signal
transduction in memory-specific region rather than neuronal cell loss'*!. Therefore,
our model is also likely suitable to induce the early stage of AD in rodent.

In  conclusion, intranasal administration of AA in SLNs exhibited a
neuroprotective effect in the amyloid beta;4, model of Alzheimer’s disease. The
neuroprotective mechanisms of AA involved in the prevention of tau
hyperphosphorylation, the inhibition of neuroinflammation, and the reduction of
oxidative stress. Therefore, the involvement of synaptogenesis in the neuroprotective

mechanism of AA should be investigated for future study.
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