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Abstract

The blood-brain barrier (BBB) healthiness is important to maintain brain homeostasis. The
deposition of amyloid-p (Ap) is one of Alzheimer’s disease’s (AD) causative pathways to induce
brain neuronal loss. In addition, AD patients experience BBB dysfunction, and several studies
reported correlations between AP and BBB dysfunction. The first project aimed to investigate the
correlation between BBB healthiness and metabolic and behavioral changes in five AD
characteristic-carried (5XFAD) mice as a model for AD as a function of age and pathology.
Therefore, in this project, we assessed the mice at 4 and 9 months to represent early and advanced
stages of AD for changes in their metabolic and behavioral phenotypes compared with wild-type
mice at the same ages. While the pathological characteristics of AD are well established, our
understanding of the metabolic and behavioral phenotypes changes, which could be important for
early AD diagnosis and staging, continues to be limited. First, we evaluated the metabolic and
behavioral alterations by monitoring changes in several parameters, including activity rate,
anxiety-like behavior, and sleeping pattern, which are relevant to alterations observed in AD
patients. Our findings demonstrated that aging and pathology alter body metabolism and behavior,
such as activity rate and sleeping pattern. However, the effect of the pathology on monitored
parameters was significantly higher than normal aging, an effect associated with increased AP
deposition and BBB disruption. In addition, we found a positive correlation between BBB
breakdown and increased brain A levels, while a negative correlation was observed between BBB
breakdown and sleeping time. In the second project, we aimed to evaluate the effect of repairing
the BBB function by targeting the receptor TRPA1 on AP pathology and metabolic and behavior
phenotypes by the compound oleocanthal (OC) in 5XxFAD mice. Previous studies from our

laboratory demonstrated the protective and treatment effects of OC against AP pathology in AD



mice models, an effect that is mediated by enhancing the BBB function. Our studies also showed
that OC downregulated the receptor transient receptor potential ankyrin 1 (TRPAL) expression,
which upregulated AD. 5xFAD mice (6 months old) were treated with OC at two different doses
(1 and 10 mg/kg) for three months by oral gavage. At the end of treatment, mice were assessed for
changes in metabolic and behavioral phenotypes, BBB function, BBB endothelium-TRPAL levels,
and AP pathology. Our findings demonstrated that 10 mg/kg OC restored the activity rate and sleep
pattern to that of the wild-type mice. In addition, our findings demonstrated that OC significantly
reduced total and endothelium-TRPA1 and enhanced BBB function. To better clarify the effect of
OC on endothelium-TRPAL expression and function, we performed in vitro studies using the mice
brain endothelial cell line bEnd3. Results confirmed TRPAL expression in bEnd3 cells and that
OC treatment reduced AB-induced TRPA1 expression and the effect that was associated with
reduced intracellular calcium levels. In addition, this effect was associated with enhanced cell-
based BBB model integrity and function. Collectively, these findings suggest that OC rectifies the
BBB function, at least in part, by reducing endothelium-TRPAL expression. In conclusion, our
findings show that aging and AB-related pathology increase activity rate and reduce sleep time,
which is associated with BBB dysfunction. Furthermore, restoring the BBB function by OC alters

metabolic and behavioral phenotypes to levels similar to wild-type mice.
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CHAPTERS
1. Review and literature
1. Alzheimer’s disease

1.1 Alzheimer’s disease

Alzheimer’s disease (AD) patients have neuronal synaptic injury that causes neurodegeneration
(1) followed by neuronal loss (2). Neurodegeneration also induces volume loss (or shrinkage) of
the brain accompanied by dementia, which is the most characteristic shown in AD patients (3).
Recently, several AD pathological hallmarks were investigated that are involved in
neurodegeneration. Mild cognitive impairment (MCI) is a transitional stage between the cognition
of normal aging and mild dementia. Depending on the level of cognitive impairment, the stage of
memory dysfunction is divided into preclinical, MCI, and dementia. Clinically, the stage of the
MCI is an important state because when patients are diagnosed with Alzheimer’s disease (AD)
with a high risk for dementia; however, many do not show progression and may even revert to
normal cognition (4, 5). Patients with MCI can be grouped into two groups amnestic with impaired
episodic memory or non-amnestic with impairment in cognitive domains other than memory, such
as executive function, language, or visuospatial abilities (6). In AD, patients with amnestic MCI
are showed at high risk for AD (7, 8). AD is a specific brain disease that accounts for up to 80
percent of dementia patients. In AD, patients are experiencing neurodegeneration induced by the
deposition of beta-amyloid (AP) in the brain, tau-phosphorylation (neurofibrillary tangles),
oxidative stress, Ca2+homeostatiss failure, and neuroinflammation. In addition, AD decreases the

volume of the brain with the structural changes that are believed to be induced by



neurodegeneration to change the behavior of AD patients. All the AD pathological markers are
shown to induce dementia with neurodegeneration, and currently, AD is totally fatal; therefore,
preventing or delaying the disease stage is the best treatment strategy today. In humans, AD
patients show some behavioral changes, including emotional unstable, language ability, imagining
things that are not there, acting depressed or not interested in things, wandering away from home,
or misunderstanding what they see or hear. AD patients cannot control or maintain their life by
themselves without caregivers’ support because AD is an unstoppable progressive memory
dysfunction disease. Therefore, alternative animal models, such as mice models with genetic
modification that induces AD-like pathological hallmarks, are spotlighted to investigate and

understand AD pathologies.

1.2 Type of AD

1.2.1 Early-onset

AD most commonly affects older adults 60s, but it can also affect people in their 30s or 40s. When
AD occurs in patients under age 65, it is known as early-onset (or younger-onset) AD. Currently,
a family history of AD is the only known risk factor for early-onset AD. For most patients with
early-onset AD, the symptoms similarly mirror those of other forms of AD, such as forgetting
important things, mainly newly obtained information or some special dates, repeating asking for
the same information, troubling to solve fundamental problems, such as keeping follow of bills or
following a favorite recipe, staying in a depressed mood, behavior changes, deepening confusion
about time, place, and life events. Currently, AD transgenic mice are available to investigate early-

onset AD by mutating the gens of APP, PSEN-1, and PSEN-2.

1.2.2 Late-onset (Sporadic)



Late-onset AD is the most common type of AD, which normally occurs in people aged 60 years
and older. It may or may not be related to family AD. Prospective population-based studies provide
strong evidence that the risk of late-life cognitive impairment and dementia is modified by medical
comorbidities, lifestyle choices, and other environmental factors (9). The risk rate of dementia is
increased in patients with vascular risk factors, and growing evidence suggests that aggressive
treatment of these risk factors as early as midlife can attenuate the risk of developing cognitive

impairment in older age (10, 11).

1.3 Pathological hallmarks

1.3.1 B-Amyloid (AP) plaques

B-Amyloid (AP) peptide accumulation in the brain is the main component of senile plaques and is
produced from the proteolytic cleavage of amyloid precursor protein (APP) (12). APP is an
important type 1 membrane glycoprotein that plays a role in neuronal homeostases, such as
neuronal development, signaling, and intracellular transport. The cleavage process of APP is
divided into two pathways non-amyloidogenic and amyloidogenic. In the non-amyloidogenic
process, a-secretase cleave the APP into membrane-tethered a-C terminal fragment CTFa (C83)
and the N-terminal fragment sAPPa. Then y-secretases cleave the CTFa to produce extracellular
P3 and the APP intracellular domain (AICD) (Chen, 2017). In the amyloidogenic process, APP is
cleaved by B-secretase into N-terminal SAPPf and the membrane-tethered C-terminal fragments f3
(CTFB or C99). Then the y-secretases cleave the CTFP into Ap and APP intracellular domain
(AICD) (12). In AD, deposits of AP peptides are mainly observed in the region of the

hippocampus, the cortex, and the cerebrovasculature (12). The main isoform of AP found in



amyloid deposits in the brain is 40 and 42 amino acids long. A study shows that familial forms of

early-onset AD are associated with an increase in the AB42/AB40 concentration ratio (13, 14).

1.3.2 Neural fibrillary tangles

Neural fibrillary tangles (NFT) or tau tangles belong to the microtubule-associated proteins (MAP)
family (15). In humans, tau tangles are found in the neurons and non-neuronal cells (16). For
neurons, tau is an important component of the internal skeleton of neurons that helps nutrients and
other essential substances travel to reach different parts of the neuron. For instance, tau proteins
are expressed in glial cells in pathological conditions (17). Tau exists in the brain in six different
isoforms ranging from 352 to 441 amino acids (15), and it is called tangles. Each different form of
tangles is likely to have particular physiological roles that isoforms are differentially expressed
during expression (15). In AD, these abnormal six forms of tau protein aggregate with other tau
proteins inside the neuron and form tangles. Same as with AP plaques, tau tangles are largely
accumulated in the brain of AD patients, slowing a person’s ability to think and remember.

Therefore, tau tangle accumulation in the brain is the hallmark of Alzheimer’s disease.

1.3.3 Oxidative stress

Oxidative phosphorylation in the mitochondria is a process to produce ATP. As the by-product of
oxidative phosphorylation, it produces free radicals or reactive oxygen species (ROS), reactive
nitrogen species (RNS), and carbon- and sulfur-centered radicals to induce oxidative stress.
Oxidative stress is often defined and described as a self-propagating process based on
observations. This means oxidative stress is caused by excessive ROS release that triggers cellular
damage, and damaged macromolecules themselves may behave as and/or become ROS (18). The

brain contains high levels of lipid contents, requires high energy to maintain brain homeostasis,
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and has a low level of antioxidant capacity (19). Therefore, it might be harmful to the brain if
excessive oxidative stress-induced (19). In AD, for example, protein carbonyls (oxidative stress
marker) are elevated in AD brain regions rich in AP but show at normal levels in brain regions
devoid of A plaques (20). The other study shows significantly elevated protein carbonyl levels in
AD brains and cerebrospinal fluid (CSF) (21, 22). This increased oxidative damage results in
glucose dysmetabolism and loss of ion gradients resulting in impaired action potentials and Ca2+
dyshomeostasis (23).

1.3.4 Neuroinflammation

Neuroinflammation is a complicated response to brain injury. It involves the activation of glial
cells like astrocytes and microglia, the release of cytokines and chemokines, and the generation of
ROS. Also, neuroinflammation is defined as the activation of the brain's innate immune system in
response to an inflammatory response. In AD, neuroinflammation contributes much or more to the
pathogenesis than the AP plaques and tau tangles. For example, increasing levels of AP in aging
AD transgenic mice show increased pro-inflammatory cytokines, including TNF-a, IL-6, and IL-
la (24). In AD patients, plasma and CNS macrophage colony-stimulating factor levels of AD
patients are significantly increased in AD patients when compared to age-matched healthy controls

or patients with mild cognitive impairment (25, 26).

1.3.5 Ca?* dyshomeostasis

It has been reported that intracellular calcium signaling has an important role in synaptic
transmission and neuronal intra- and paracellular signal sending. A large amount of neuronal ATP
is required to modulate ion exchange at the plasma membrane and ER to control intracellular

calcium levels (27). Therefore, many studies show clear evidence of calcium dysregulation in AD



neurons with elevated intracellular calcium levels. Increased intracellular calcium levels are linked
to excessive ROS generation, metabolic derangement, and mitochondrial dysfunction, all

prominent features of AD pathogenesis (28).

Mitochondria are important intracellular organelles of cells that produce ATP for the cell’s
viability. Mitochondrial dysfunction is known to induce pathogenesis in AD (29). Also,
mitochondria control the intracellular Ca?>* homeostasis where proper Ca?* levels in the
mitochondrial matrix are tightly regulated in oxidative phosphorylation activity, maintaining the
rate of ATP production (30). However, mitochondrial respiration can be impaired if mitochondria
receive excessive cytosolic Ca?* or excessive Ca?* transfer from the endoplasmic retuculum (31).
Failing of mitochondrial Ca?* homeostasis induces an increases the production of reactive oxygen
species (ROS) (32). High levels of ROS in the mitochondria impairs mitochondrial membrane

permeabilization that might results in cell death.

In addition, excessive synaptic-glutamate release can result to the Ca?*homeostasis failure and thus
excitotoxicity (33, 34). Glutamate is the neurotransmitter, which most commonly engaged in the
mammalian central nervous system (CNS) to induce excitatory neurotransmission (34). Glutamate
binds to calcium-permeable ionotropic receptors N-methyl-D-aspartate receptors (NMDAR) and
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPAR) (35). In
excitotoxicity, brain ischemic injury results in impaired glutamate transporter function. The
resulting elevation in extracellular glutamate induces a massive calcium influx into neurons via
NMDAR that elevated calcium influx contributes ultimately to irreversible excitotoxic injury(36,

37).

2. BBB



2.1 Function

The blood-brain barrier (BBB) is used to describe the unique functions of the CNS
microvasculature. CNS vessels are continuously nonfenestrated, in addition, contain a series of
additional functions that tightly regulate the movement of molecules, ions, and cells between the
blood and the CNS. Therefore, BBB is the physical barrier between blood and the brain. This
heavily restricting barrier function allows BBB endothelial cells to regulate CNS homeostasis,
which is important to maintain neuronal function and protect the CNS from neuro-toxicants,
pathogens, inflammation, injury, and disease. The restrictive function of the BBB is the challenge
for drug delivery to the CNS, and, thus, most major efforts have been conducted to find the best
methods to let the drug pass the BBB for delivery of therapeutics. In AD, loosening BBB tightness
or losing its function is a major problem. BBB dysfunction can result in failures such as ion
dysregulation, altered signaling homeostasis, and entry of immune cells and molecules into the
CNS. Therefore, BBB disruption might lead to neuronal dysfunction and degeneration. The
functional components of the BBB alterations and dysfunction can occur naturally with aging
without cognitive decline and dementia (38, 39). BBB disruption in healthy aging may become
more detrimental when exposed to inflammation like a second hit (39). For example, in aged mice
with BBB disruption may not result in cognitive decline until there is an inflammation challenge
(40). Therefore, the morphological (physical) and molecular (proteomic) alterations of the BBB
happen in without disease (39). A study defined that healthy aging is the accumulation of time-
dependent cellular damage resulting from oxidative stress, epigenetic changes, genomic
instability, telomere attrition, and dysregulation of cell signaling and inflammatory responses,

upon further hit, this natural disruption may become detrimental (41).

2.2 Structure



2.2.1 Brain Endothelial Cells

BBB Endothelial cells (ECs) are extremely thin cells that are 39% less thick than muscle ECs (42).
BBB ECs form a monolayer, which is the first line of defense against circulating factors. The
monolayer of the ECs is connected to one another by tight junctions and adherens junctions (43).
Different from peripheral ECs, BBB ECs express tight junction proteins such as claudin5,
occluding, and zona occludin-1. In addition, ECs are creating a physical barrier to BBB and have
decreased pinocytosis, restricting vesicle-mediated transcellular transport and transporters (44).
ECs have largely yielded most of the BBB surface that the transportation of the proteins and
molecules can efficiently move into and out of the brain with the large surface area. This tight
paracellular and transcellular physical barrier creates a polarized cell with distinct luminal and
abluminal membrane compartments, therefore, transporting of the components is tightly regulated
(45). ECs express efflux transporters, which polarized to the lumenal surface and transport a wide
variety of lipophilic molecules that could otherwise diffuse across the cell membrane, toward the
blood (46, 47). The other transporters facilitate the transport of specific nutrients across the BBB
into the brain, as well as the removal of specific waste products from the brain to the blood (48).
In addition, BBB ECs are known to contain a higher amount of mitochondria than the other type
ECs that require a higher amount of ATP to drive the ion gradients critical for transport functions.
Immune cells pass the BBB ECs and their transportation is regulated by less expression of
leukocyte adhesion molecules as compared with the other type of ECs (49-51). Therefore, the
physical barrier properties such as tight junctions, molecular barrier properties, as well as specific
transporters to deliver required nutrients, allow the ECs to tightly regulate brain homeostasis (46).
Tight junctions are the gap between the BBB monolayer of ECS, and it is required to separate

tissue spaces and regulate the selective movement of solutes across the epithelium (52). Tight



junctions create the border between the apical and basolateral cell surface domains in polarized
ECs, and maintenance of cell ECs polarity by restricting intermixing of apical and basolateral
transmembrane components (53). Tight junctions create bidirectional signaling pathways that
receive signals from the interior cell that regulate their assembly and function (53). Also, tight
junction transduces signals to the cell interior to control cell proliferation, migration,
differentiation, and survival (53). Tight Junction proteins are major components of ECs—ECs
adhesion complexes that separate apical from the basolateral side of the BBB membrane domains
(54). Tight junction proteins also maintain ECs polarity by forming an intramembrane to control
the transportation of certain molecules (54). The main tight junction transmembrane proteins are
the claudin (26 members in humans), occludin, the junctional adhesion molecules (JAMSs)

cytosolic scaffold proteins, and the intracellular zonulae occludens (ZO) like ZO-1 (55-58).

2.2.2 Astrocytes

In the brain, astrocytes regulate all different types of neuronal functions such as neuronal survival,
development, metabolism, and neurotransmission (59). The brain’s metabolic responses are
regulated by astrocytes responding to changes in the CNS environment (60-62). In the BBB,
astrocytes affect the BBB ECs by regulating the permeability of ECs by secreting several
molecules (63-65). The end-feet of astrocyte ensheath the BBB and it helps to regulate the water
and ion homeostasis (66). Thanks to fluid homeostasis, the brain can regulate CNS fluid flow and

clearance of neurotoxins (67).

2.2.3 Pericytes

Pericytes are located on the abluminal side of the ECs and are embedded in the vascular basement
membrane (67). Pericytes maintain and stabilize the BBB ECs and tight junction by regulating
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angiogenesis and depositing the extracellular matrix (67). Based on neuronal activity, pericytes
regulate blood flow in response (46, 68). Blood flow regulation by pericytes is important to control

vascular tone and help the neural communication necessary for this particular function (67).

3. BBB and Alzheimer’s disease

3.1 BBB dysfunction in humans and mouse models

Recent MRI studies to determine BBB permeability to the contrast agent Gadolinium, in patients
with MCI and early AD have showed BBB dysfunction and breakdown in the hippocampus (69,
70). In addition, several gray and white matter regions were also observed (71). Increased CNS
cerebral microbleeds (small chronic brain hemorrhages reflecting loss of cerebrovascular integrity)
have also been showed by MRI studies in 25% of individuals with MCI and 45-78% of individuals
with early AD before dementia (72-77). The BBB disruption in AD has been observed by more
than 20 independent postmortem human research showing brain microvessels leakages and
perivascular accumulation of blood-derived fibrinogen, thrombin, albumin, immunoglobulin G
(1gG), and hemosiderin deposits, pericyte and endothelial degeneration, loss of BBB tight
junctions, and RBC extravasation, as recently reviewed (78). The other studies show that an early
cerebral disorder, vascular dysregulation, ischemic vascular damage from comorbidities and
vascular risk factors, and small vessel disease of the brain may introduce additional vascular
components contributing to BBB breakdown in AD (78-86). In the mice model, the AD mice
model showed a breakdown in tight junction morphology from 5XFAD mice brains and this result
supports the possibility of BBB breakdown in AD brains (87). In addition, the other mice model

study showed BBB disruption by inhibiting P-glycoprotein (P-gp) and breast cancer resistant
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protein (BCRP) that induced AD pathology in a mice model of AD, and indicate that therapeutic

drugs that inhibit P-gp and BCRP could increase the risk for AD (88).

4. TRPAl

4.1 TRP family receptors

The transient receptor potential (TRP) multigene superfamily encodes integral membrane proteins
that function as ion channels (89). The TRP family consists of seven different subfamilies, which
included TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML
(mucolipin), TRPA (ankyrin), and TRPN (NOMPC-like), the latter is found only in invertebrates
and fish (89). TRP family receptors are widely expressed in many different types of organs (brain,
heart, small intestine, lung, bladder, joints and skeletal muscles) and cell types (89). TRP receptors
are charged in many different physiological responses, such as the sensation of different stimuli or
ion homeostasis (89). Most TRP receptors are non-selective cation channels that only a few of the
receptors are highly Ca2+ selective and the others are permeable for highly hydrated Mg2+ ions
(89). Many different of gating mechanisms are showed for these TRP channels by ligand binding,
voltage, and changes in temperature to covalent modifications of nucleophilic residues (89). TRP
channels activation results in the depolarization of the cellular membrane by voltage-dependent
ion channels that increase intracellular Ca2+ concentration for the function of endosomes and
lysosomes (89). Not only takes the ions to the intracellular, but it also releases the ions from the
intracellular to maintain the cellular organelles (89). Some of the TRP receptors are expressed in

a wide range of diseases in humans (90, 91).

4.2 TRPA1 Function
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Transient receptor potential ankyrin 1 (TRPAL) is a calcium-permeable non-selective cation
channel that is also widely expressed in sensory neurons and in non-neuronal cells (92). TRPAL
is involved in calcium ion homeostatic functions in the different types of endothelial cells (93).
TRPAL is activated by cold (mostly) and heat senses, such as pain response (94). For the first time,
TRPAL is known to be activated by spices and herbs (capsaicin and mustard oil) involving the
chemically induced opening of these channels indirectly interacting with the gustatory system (95).
Chemesthetic and taste systems serve as co-mediators of aversive responses to acidic and some
bitter taste stimuli. Recently, an AD study demonstrated higher levels of (TRPA1) in the whole
brain homogenate of the AD mice model (96). Another study demonstrate that rescued AD by
blockade astrocyte expressed TRPA1 that the negative effect of amyloid-p on astrocytes induced
by TRPA1 channel activation is pivotal to Alzheimer's disease progression. However, the role of
TRPAL in the BBB endothelial cell has not been investigated in AD. In the other disease, TRPA1
is a nociceptive channel expressed in the etiology of an autosomal dominant familial episodic pain
syndrome (FEPS) that is demonstrated by episodes of upper body pain, triggered by fasting and
physical stress (Nilius, 2011). FEPS patients show an enhanced cutaneous flare response with
secondary hyperalgesia to punctuate stimuli in the presence of TRPAL agonists (97). Calmodulin
(CaM) is a Ca2+-binding protein, ubiquitously, and it is an important mediator of Ca2+-dependent
regulation of TRP channels (98). A study shows that Ca2+-dependent potentiation and inactivation
of TRPA1 were selectively prevented by disrupting the interaction of the carboxy-lobe of
calmodulin with a calmodulin-binding domain in the C-terminus of TRPAL (99). Therefore,
TRPAL1 is activated by sensing the Ca?* with Calmodulin. In the brain, astrocyte is known to
express TRPAL to induce the TRPA1 channel-mediated transmembrane Ca2+ flux pathway (100).

Astrocyte TRPA1 channels contribute to basal Ca?* levels and are required for constitutive D-
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serine release into the extracellular space, which contributes to NMDA receptor-dependent
hippocampal long-term potentiation (LTP), a form of synaptic plasticity involved in learning and
memory (101). Currently, only expression of TRPA was observed in the astroglial cell in AD
(101). OC is known as a TRPA1 activator (102), and activation and higher expression of TRPA1
are known as an inflammatory response (103). However, our recent study shows a reduction of
brain TRPAL1 levels in the long-term OC-treated AD mice model at the same time cognition ability
enhancement (96). Therefore, it is required to investigate the association between OC consumption

and TRPA1 activation and expression in the BBB endothelial cells.

5. Oleocanthal

5.1 The Mediterranean dietary and EVOO

The Mediterranean diet is associated with beneficial health properties (104). One of the
characteristics of the Mediterranean diet is to consumption of extra virgin olive oil (EVOO).
Typically in the Mediterranean diet, the consumption of EVOO ranges from 25 to 50 mL per day
(105). Therefore, the apparent health benefits have been partially believed to be attributed to the
dietary consumption of EVOO by Mediterranean populations (104). Even though the other seed
oils contain abundant oleic acid, they do not show the same health benefits as EVOO (106-108).
Recently, 36 phenolic compounds have been observed in EVOO, and in vitro and in vivo studies
have showed that olive oil phenolics have treatment effects on certain physiological changes such
as plasma lipoproteins, oxidative damage, inflammatory markers, platelet, and cellular function,
antimicrobial activity, and bone health (109). Oleocanthal (OC), a naturally occurring phenolic
secoiridoid isolated from EVOO, has showed anti-inflammatory and antioxidant effects similar to

the nonsteroidal anti-inflammatory drug ibuprofen (110). OC is the dialdehydic form of (-)-
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deacetoxyligstroside glycoside, which known for the bitter taste of EVOO, and its chemical
structure is related to the secoiridoid glycosides ligstroside and oleuropein, which are also common
in EVOO (104). Ibuprofen has long been known to exert beneficial effects on markers of
neurodegenerative disease (111). Therefore, it was spotlighted to investigate OC’s role as a natural
pharmacological component that shares similarities with ibuprofen-like compounds in both
perceptual and anti-inflammatory properties (112). OC is biochemically transformed to novel
marker products oleoglycin and tyrosol acetate (113). These two products are also detected in the
mice brain homogenate and in-vitro BBB models that suggest permeability of OC cross the BBB
(113). There is a study describes low absorption rate of OC in the intestine, however this report
doesn’t detect the biochemically transformed novel marker products of OC. In addition, OC is
amphiphilic that is water soluble, thus, its solubility is not a contributing factor to the reported low
intestinal absorption (114). Additional studies are necessary to clarify the pharmacokinetics profile
of OC. A study with TgSwDI mice AD model shows that OC-rich EVOO restored the function
of BBB and suppressed the AD-associated pathology such as neuroinflammation by inhibition of
NACHT, LRR, and PYD domain-containing protein 3 (NLRP3) inflammasome, and promotes
autophagy by AMP-activated protein kinase (AMPK)/Unc-51-like autophagy activating kinase 1
(ULK1) pathway (96). Also, feeding mice with an EVOO-enriched diet, beginning at an age before
amyloid-f (AB) accumulation starts, has significantly reduced total AP and tau brain levels with a
significant improvement in mice cognitive behavior (115). Collectively, the long-term
consumption of EVOO starting at an early age provides a protective effect against AD. Our
previous study shows that the clearance function of BBB has been enhanced by receiving OC-rich
EVOO treatment that demonstrates less AP plaque deposition, increasing levels of tight junction

protein, such as claudin5 (96, 116). Therefore. OC-rich EVOO demonstrates treatment effect on
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the AD BBB dysfunction that enhances AP clearance to prevent AD-linked neurodegenerative
pathologies such as neuroinflammation. In the mice behavioral experiment, cognitive impairment
of the AD mice model with the OC-rich EVOO treatment was restored in the Morris-water maze
behavioral experiment (96). Therefore, enhancing the BBB clearance function might have a

positive effect on restoring cognitive impairment.

6. Metabolic phenotyping

6.1 Definition

Metabolic phenotyping is the observation of an alteration in metabolic phenotypes that are the
products of interactions among a variety of factors including dietary and other lifestyle and
environmental factors (117). Examples of metabolic and behavioral phenotypes include energy
expenditure (EE), activity, food intake as well as sleep patterns (118). The pathological phenotype
of AD has been well established, but our understanding of metabolic and behavioral phenotypes

changes, which necessary to support AD detection and diagnosis, continues to be limited.

6.2 Parameters

Metabolic phenotype is defined by metabolic parameters the reflect subject metabolic function.
The energy expenditure is the parameter to measure the consumption of kilocalories of the subject,
which related to the consumption of oxygen and CO2 reflecting respiratory quotient to the observer
consumption rate of carbohydrate and fat. The other parameters are including, water and food
consumption, sleeping time, movement distance and body weight. There are four energy
expenditure components, which including sleeping metabolic rate, the required energy for arousal,

the food’s thermic effect, and the required energy cost for the physical activity or activity-induced
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energy expenditure. The energy expenditure is calculated by the basal metabolic rate (BMR)
calculator, which estimation of how many calories you burn per day when exercise is taken into
account (119). RQ means a proportion of a volume of CO2 generated to the volume of O2, which
consumed at cellular levels. Similarly, RER is the proportion of a volume of CO2 generated to the
volume 02, which consumed by using expelled air in the calculation (119). Moreover, RQ value
is directly used in measurement in the blood (120); however, RER value indirectly measures from

the breath.

6.3 Connection between parameters and AD

In AD, patients experience sleep disturbances that may precede the other clinical signs of this
neurodegenerative disease (121). Also, sleep disorders may affect the circadian rhythm, which
could lead to fluctuations in the concentrations of amyloid-p in the interstitial brain fluid (ISF) and
in the cerebrovascular fluid (CSF) associated with the glymphatic clearance of Ap (122-125). For
example, a preclinical in-vivo study has reported the clearance of Ap during sleep was two-fold
faster than during wakefulness (126). In human, monitoring the sleep-wake cycle in individuals
with AD aged 45-75 years has showed decreased sleep efficiency and increased nap frequency in
individuals with AP deposition compared with those similarly aged without amyloid deposition
determined by CSF AB42 level (127). Thus, sleep disturbances might contribute to the progression
of AD both through impaired glymphatic clearance and disturbances in AB production (121). The
anxiety is one of the neuropsychiatric symptoms of AD anxiety levels of AD patients are increased
with AD biomarkers (128). The anxiety has also been considered a risk factor for AD, especially
the anxiety occurring in midlife (129). A human study describes that Human Alzheimer’s patients
exhibit the anxiety at the mild cognitive impairment stage of AD, which associated with an

increased likelihood of developing dementia (130). In addition, transgenic rodent models of
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Alzheimer’s disease exhibit inconsistent markers of the anxiety in an open field, elevated plus-
maze, and light/dark tests (130). Besides sleep disturbances, recently, several studies have reported
appetite loss in persons with dementia and mild cognitive impairment (MCI) (131). Decreased
meal consumption results in malnutrition, dehydration, failing body homeostasis, weakening
immune, and reduced cognitive function. In AD patients, a range of factors, including
fastidiousness in eating and the inability to feel hungry as a result of brain atrophy, disturbance of
eating behavior, loss of the ability to use eating utensils, and decreased swallowing function can

affect appetite (132).

7. Alzheimer’s disease mouse model SxXFAD

5XFAD mouse is a genetically modified AD mice model with 3 APP mutations and 2 of presenilin
mutations to produce AP at an early age (five AD-linked mutations: the Swedish (K670N/M671L),
Florida (1716V), and London (V7171) mutations in APP, and the M146L and L286V mutations in
PSEN1). 5xFAD is designed to induce many AD-related phenotypes and has a relatively early-age
aggressive AB accumulation . Amyloid plaques aggregation with gliosis arecommonly found in
this mice model at two months of age. At 6 months, neuron loss starts in multiple brain regions in
the areas with the most AB abundant. Mice show a range of cognitive impairment and motor
deficits. These mice produce high levels of intraneuronal AB42 from the age 1.5 months (133). In
addition, there is a found of intracellular immunoreactivity of cathepsin-D for A, and cathepsin-
D is a maker of lysosomes and other acidic organelles (134). Thioflavin S staining shows an
intracellular isoluble AB42 deposition that may form B-pleated sheet to be aggregated (133). AB
plagues are found in the hippocampus and the cortex by the age six months. Even older than 6

months, AB plaques are present in the olfactory bulb, brainstem, and thalamus, but are absent from
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the cerebellum (133). The other study shows an finding of amyloid pathology in the spinal cord,
at the age 11 weeks in cervical and lumbar regions and extending along the length of the cord by
the age 19 weeks (135). Especially, there is significant AB pathology difference in sex that females
exhibit more aggressive plaque pathology: higher numbers of plaque in the hippocampus and the
cortex are in females than in males, and continue to increase until the age 14 months, while

numbers in males plateau at their age 10 months (136).

8. Project-specific aims, hypotheses, and objectives

8.1 Knowledge gap

e No studies are available on changes in metabolic and behavioral phenotypes with aging in
AD mouse models.

e No studies are available on whether TRPA1 expression changes with AD pathology in the
endothelial cells of the BBB.

e OC effect on the BBB endothelial TRPAL is unknown.

8.2 Hypothesis and objectives

The objectives of this work are to determine how age and pathology alter metabolic and behavioral
parameters in AD mice model, whether these changes are associated with BBB dysfunction, and
could OC restore these pathological, metabolic and behavioral phenotypes in 5XFAD mice.

The project hypothesis is that OC-mediated enhanced BBB function improves metabolic and
behavioral parameters in 5xFAD mice.

Specific aim 1. To assess the effect of age and pathology on the metabolic and behavioral

phenotypes in 5XFAD mice, a model of AD
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Specific aim 2. To in vivo examine the effect of OC on metabolic and behavioral phenotypes and

BBB function in 5XxFAD mice
Sub aim 1.1. Evaluate the effect of OC treatment on metabolic and behavioral parameters
Sub aim 1.2. Determine in vivo effect of OC treatment on BBB function

Specific Aim 3. To in vitro examine the effect of TRPAL1 modulation by OC on a cell-based BBB

model
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2. Metabolic and behavioral phenotype changes with age and amyloid-related pathology in

a mouse model of Alzheimer’s disease

2.1. Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that causes cognitive
impairment and dementia. Age is considered the major risk factor for AD. Aging induces changes
in body metabolism and behavior such as activity rate, body weight, and sleeping pattern to list a
few. Currently, there are several examinations to diagnose AD and respond to treatments using
surveys and cognition tests; however, besides these tests, additional assessments to monitor
changes in metabolic and behavioral phenotypes that might be used as preclinical AD diagnostic
tools could be beneficial. In this work, we assessed the effect of aging and pathology on metabolic
and behavioral phenotypes in wild-type C57BI/6 and 5xFAD mice models. Our findings
demonstrated both aging and pathology alter body metabolism and behavior, such as activity rate
and sleeping pattern. However, the effect of pathology on monitored parameters was significantly
higher than with normal aging, an effect that was associated with increased amyloid-f deposition
and blood-brain barrier disruption. In conclusion, changes in metabolic and behavioral phenotypes

could be used as an assessment for disease severity and treatment efficacy.
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2.2. Introduction

Alzheimer’s disease (AD) 1is a neurodegenerative disorder that causes dementia.
Neurodegeneration in AD induces cognitive impairment, which cannot be restored to normal once
the disease reaches a severe stage. Therefore, early diagnosis, prevention, and treatment of AD
could be the best strategy to prevent or hold AD progression.

Aging changes many physiological processes in the human body, including metabolic and
behavioral phenotypes (137). The brain is one of the organs that changes its structure constantly
from birth throughout its lifetime. Aging induces a reduction in specific cognitive abilities,
accompanied by decreased brain volume, synaptic spines, and length of myelinated axons (138).
Therefore, aging is considered a major risk factor for developing neurodegenerative diseases,
including AD.

Metabolic phenotyping is the observation of an alteration in metabolic and behavioral phenotypes
that are the products of interactions among numerous factors, including dietary and other lifestyle
and environmental factors (117). Examples of metabolic and behavioral phenotypes that are
affected with aging include activity, energy expenditure, food intake, and changes in sleep patterns
(118). While the pathological characteristics of AD are well established, our understanding of
metabolic and behavioral phenotypes changes, which is necessary for early AD diagnosis and
staging, continues to be limited. In AD, patients experience sleep disturbances that may precede
the other clinical signs of AD (121). Also, sleep disorders may affect the circadian rhythm that
could lead to fluctuations in the concentrations of amyloid-B (AB) in the interstitial brain fluid
(ISF) and in the cerebrovascular fluid (CSF) associated with the glymphatic clearance of Ap (122-
125). It has been reported that in the adult brain, the clearance of AP during sleep is two-fold faster

than during wakefulness (126) and that brain AP accumulation induces excessive daytime
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sleepiness (139). In humans, monitoring the sleep-wake cycle in individuals with AD aged 45-75
years has showed a decreased sleep efficiency and increased nap frequency in individuals with A
deposition compared with individuals of the same age group but without AP deposition as
determined by CSF-Apa2 level (127). Thus, AD could affect the sleep pattern, and at the same
time, sleep disturbances might contribute to the progression of AD through impaired glymphatic
clearance and disruptions in Ap production (121).

Besides sleep disturbances, recently, several studies have reported appetite loss in persons with
dementia and mild cognitive impairment (MCI) (131). Decreased meal consumption results in
malnutrition, dehydration, failing body homeostasis, weakening immunity, and reduced cognitive
function (140). In AD patients, a range of factors including fastidiousness in eating and the
inability to feel hungry because of brain atrophy, disturbance of eating behavior, loss of the ability
to use eating utensils, and decreased swallowing function can affect appetite (132). Loss of appetite
means a low energy consumption rate, which results in less energy expenditure. Energy
expenditure is analyzed by body size and composition, food intake, and physical activity (141).
Body size and composition determine resting energy expenditure (141).

The anxiety is one of the neuropsychiatric symptoms of AD (142). Higher the anxiety levels in
AD patients are one of the common behavioral symptoms (128). The anxiety has also been
considered a risk factor for AD, especially the anxiety occurring in midlife (129). A human study
describes that AD patients exhibit the anxiety at the MCI stage of AD, which is associated with an
increased likelihood of developing dementia (130). In addition, transgenic rodent models of AD
exhibit inconsistent markers of the anxiety in an open field, elevated plus-maze, and light/dark

tests (130).
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In AD research, AD mice models are frequently used to understand the pathology and test potential
treatments; however, whether these mice models demonstrate similar metabolic and behavior
phenotypes changes as those observed in humans is unknown. Thus, this work aimed to compare
difference in metabolic and behavioral phenotypes as a function of age (4 vs. 9 months) and
pathology in wild-type (WT) and 5XxFAD as mice model of AD. Our findings showed that higher
levels of sleep disturbances in 4 and 9 months 5xFAD mice group in energy expenditure (EE),
higher movement distance, low body weight, and higher Oz and CO2 consumption compared to the
WT at both ages. Between the age groups, the parameter difference in the 9 months WT and
5xFAD show more distinguishable difference than the 4 months group. There was no significant
change in the food intake difference between the two groups at 4 and 9 months. However, water
consumption of 5XFAD has decreased. In addition to metabolic and phenotypic assessments, we
characterized AP levels in the brain and blood tissues, and our findings demonstrated that at 4
months, in S5XFAD blood, mice demonstrated higher AP4o and A4z levels than the WT; however,
at 9 months, 5XFAD mice showed lower A levels than the WT. In this work, we also characterized

the effect of age and AD pathology on brain A and the blood-brain barrier (BBB) function.

23



2.3. Methods and materials

2.3. 1. Animal

Male wild-type C57BL/6J and 5XxFAD mice models were used in the studies at 4 and 9 months
(n=10 mice per group). The transgenic 5XxFAD mice expresses human amyloid precursor protein
(APP) with the mutations APP KM670/671NL (Swedish), APP 1716V (Florida), APP V7171
(London), and PSEN1 MI146L and PSEN1 L286V, leading to early and aggressive AP
accumulation associated with inflammatory astrocytes activation, which develops in parallel with
plaque deposition, and deficits in spatial learning as the disease progress (Oakley, 2006). In
5xFAD, extracellular AP plaque deposition starts at 2 months with gliosis. This early AP
deposition and gliosis induce synaptic loss, resulting in cognitive impairment at 4 months. Aged
C57BL/6J mice are frequently used in studies related to neurodegenerative disorders. C57BL/6
mice demonstrate a decline in physical function as early as 6 months of age, while the cognitive

function begins to decline later, with a considerable impairment present at 22 months of age (143).

The WT and 5XFAD mice were purchased from Jackson Laboratory (Bar Harbor, ME) and housed
for breeding in plastic containers under 12 h light/dark cycle, 22°C, 35% relative humidity, and ad
libitum access to water and food. At 4 (n=10 per mice model) and 9 (n=10 per mice model) months
of age, mice were transferred to metabolic cages as described below to perform the metabolic and
behavior phenotypic assessments. All animal experiments and procedures were approved by the
Institutional Animal Care and Use Committee of Auburn University and according to the National

Institutes of Health guidelines Principles of laboratory animal care.

2.3. 2. Metabolic and Phenotyping assessments
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Promethion metabolic mouse cages (Sable Systems, Las Vegas, NV) were used to house animals
for metabolic screening and phenotyping. Animals were transferred from their home cages and
singly housed in the metabolic cages at the age of 4 and 9 months. The animals were singly housed
in the metabolic cages for 3 consecutive days with the first day stated for the cage environment
adaptation and the second and third days for data collection. Animal activity was measured by
Promethion XYZ Beambreak Activity Monitor. Food and water intake, body weight, movement
distance, sleeping time, mean rate of oxygen consumption (VO_), and mean rate of carbon dioxide
emission (VCO-) were measured by Promethion precision MM-1 Load Cell sensors. The time for
metabolic parameters measurement is defined as 12h:12h light:dark cycle with zeitgeber time (ZT)
0 representing lights on and ZT12 representing lights off. The amount of food and water withdrawn
from the container was measured and analyzed. The body weight monitors were plastic tubes that
also functioned as in-cage enrichment and nesting devices. The mean rate of water vapor loss
(VH20), VCOg, and VO (all measured in ml/min) were analyzed by the Promethion GA-3 gas
analyzer to provide detailed respirometry data. Energy expenditure (EE) was calculated in
kilocalories (kcal) by utilizing the Weir equation: 60*(0.003941*VO; (n) +0.001106*VCO: (n)).
The respiratory exchange ratio (RER) was determined by measuring gas exchange within the
metabolic cages to identify the substrate primarily utilized for energy within the body. Specifically,
RER is the ratio of VCO> produced to VO2 (RER = VCO2/VOy), where an RER ~ 0.7 indicates
lipid utilization and an RER ~ 1.0 indicates carbohydrate utilization. All metabolic phenotyping
data are analyzed using ExpeData software (version 1.8.2; Sable Systems) with Universal Macro
Collection (version 10.1.3; Sable Systems). The parameter All Meters is the sum of all distances

traveled within the beam break system in meters (m). This includes fine movement (such as
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grooming and scratching) as well as direct locomotion. All assessed parameters are summarized

in Table 1.

Table 2.3. 1. Table of the definition of metabolic parameter and its unit

Parameters Definition
Body weight Mean Body mass of the animal, in grams (g)
Food intake Mass of food consumed by animal, in gram (g)
Water intake Mass of water consumed by animal, in gram (g)
EE Mean energy expenditure during the 60 mins with the highest EE, in kcal/hr
VCO2 Mean rate of carbon dioxide emission, in ml/min
V02 Mean rate of oxygen consumption in ml/min
RER Mean respiratory quotient, VCO2/VVO2, unit-less
VH20 Mean rate of water vapor loss, in ml/min
All Meters Sum of all distances traveled within 60mins, in meters

Cumulative All meters Sum of cultivative distance traveled within 60 mins.

2.3. 3. Immunohistochemistry

After the phenotyping assessment, mice were sacrificed to collect the brain and blood tissues.
Brain sections of 15 um were prepared using a ThermoScientific HM525 NX Cryostat (Waltham,
MA, USA). Sections were fixed with 4% paraformaldehyde and then blocked for 60 min with the
blocking buffer TrueBlack background suppressor (Biotum; Fremont, CA). To assess the blood-
brain barrier (BBB) integrity, 1gG extravasation from brain microvessels was determined. For
this, sections were probed by dual immunohistochemical staining with anti-rabbit collagen-1V as
a primary antibody to detect brain microvessels (Millipore Sigma, Burlington, MA), and
fluorescein-conjugated goat anti-mouse IgG H&L (Alexa Fluor® 488) (Abcam Cambridge, United

Kingdom) to detect IgG extravasation, both at 1:500 dilution. The secondary antibody for collagen
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antibody was anti-rabbit (Alexa Fluor® 594) (Abcam Cambridge, United Kingdom). Images were
captured and adjusted to the lowest background signal using Nikon Eclipse Ti-S inverted
fluorescence microscope (Melville, NY, USA). For quantification of AP load and IgG
extravasation, sections were normalized to the same background for the hippocampus and the
cortex regions. Images were analyzed by Image J software (National Institutes of Health, Bethesda,
MD, USA) that was set for mean value, minimum value, maximum value, and limit to the threshold

followed by analysis.

2.3. 4. Measurements of brain and plasma Ap by ELISA

Commercially available ELISA kits were used to determine APaso and APa42 levels in WT and
5xFAD mice brain tissue lysates and plasma according to the manufacturer’s instructions (R&D
Systems, Minneapolis, MN). All samples were run in duplicate. Brain A levels were corrected to

the total protein amount in each sample using the bicinchoninic acid (BCA) assay.

2.3. 5. Statistics

All metabolic phenotype parameters were analyzed in R statistics with Student’s t-test. Twenty-
four-hour circadian data are analyzed by the R program by t-test to compare circadian time points
of WT animals with 5XFAD. Multiple linear regression analysis (ANCOVA) was applied to assess
the impact of aging and AD pathology on metabolic cage parameters. All the tissue sample
experiments were analyzed using a one-way ANOVA test with Tucky post hoc in the Graphpad
Prism (San Diego, California). Significance for all measures was determined at p < 0.05 and all

data are presented as Mean £ SEM.
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2.4. Results

2.4. 1. Effect of age on the phenotypic parameters in WT and 5xFAD mice

The metabolic phenotype parameters were measured from 6 am to the next day at 6 am (24 h).
Figure 2.6. 1. and Figure 2.6. 2. show the effect of age (4 vs. 9 months) on assessed parameters in
the WT and 5xFAD mice, respectively, over time. As showed in Figure 2.6. 1. and Table 2.3. 2,
while a gain in body weight is expected with aging, time points comparison of the parameters
demonstrated a significant reduction in EE, VCO, VO2, RER and VH.O in the WT-9 months mice
compared to the WT-4 months mice across multiple time points in the ZT. Interestingly, in 5xFAD
mice, except for the significant increase in body weight and VH,O with age, monitoring changes
in assessed parameters over time between 0-24 h, didn’t show significant alteration between 4 and

9 months (Figure 2.6. 2. and Table 2.3. 3.).

Figure 2.6. 3. demonstrates the effect of age and pathology on the parameters at day (summation
of 0-11 h) and night (12-23 h) times. In the WT and 5xFAD mice, 9 months of age mice have
higher body weight than the 4 months mice (Figure 2.6. 3. A.). At 9 months, the body weight
increased by 22 and 11% in the WT and 5xFAD mice, respectively, suggesting a lower body
weight gain in 5XFAD mice. During the daytime, no significant difference between the 4- and 9-
months WT mice was observed in food intake (Figure 2.6.3.B), and all meters (total and

accumulative movement distance; Figure 2.6. 3.1&J.). However, the data demonstrated a

28



significant decrease in EE, CO,, VCO>, and RER parameters (Figure 2.6.3.D-G.) in the WT-9
compared to the WT-4 months mice. The older mice demonstrated a shift in the rate of water vapor
loss (VH20) toward the nighttime with lower rates than the young mice (Figure 2.6. 3. H.). In
5xFAD mice, the age effect was different where a significant increase was observed in food intake,
EE, VCO., VO2, VH20, and cumulative all meters (Figure 2.6. 3 B, D-F, I, and J.), while no change
was observed in other parameters. These results suggest that the aging of the WT mice is associated
with less metabolic activity, while 5XFAD demonstrated increased activity in the daytime.

At nighttime, the WT mice demonstrated a similar pattern to the daytime where a significant
reduction in metabolic parameters including EE, VCO,, VO», RER, and VH-O (Figure 2.6. 3. D-
H.). Nine months old 5xFAD, on the other hand, demonstrated a significant increase in VH-0, all
meters, and cumulative all meters (Figure 2.6. 3. H-J.), while the RER parameter was significantly

reduced (Figure 2.6. 3. G.).
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Figure 2.6. 1. Aging effect on metabolic phenotypic parameters in WT mice. A comparison

between 4 and 9 months old of the WT. Our data indicate significant changes found in all
parameters except in water intake all meters and accumulative all meters. We found that aging
relatively reduces respiratory ratio (E, F, and G) and EE (D). However, aging doesn’t affect
movement distance, the higher movement distance reflect the anxiety levels of the mice.

Therefore, our data indicate that aging itself may not induce the anxiety in the mice model.
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Table 2.3. 2. Statistical significance of WT-4 vs. WT-9 months shown in Figure 1.
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Figure 2.6. 2. Aging effect on metabolic phenotypic parameters in 5xFAD mice. A

comparison between 4 and 9 months old of 5XFAD. Our data indicate significant changes found
in all parameters except in water intake. Our data indicate an opposite result compared to Fig 2.6.
1. 5xFAD mice model shows a significantly higher movement distance (I and J) that causes
significantly higher EE (D) and respiratory index (E, F, and G). Higher movement distance may
indicate a level of the anxiety. Therefore, our data indicate that aging in AD may induce the

anxiety.
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Table 2.3. 3. Statistical significance of 5xFAD-4 vs. 5XFAD-9 months shown in Figure 2.

ZT 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Body Weight
Food Intake *
Water Intake *
EE
VCO2
V02
RER *
VHZO **k ** * **x ** * * * * * * *
All Meters
Cumulative All Meters

p<0.05 =*, p<0.01=**, p<0.001=***

33



*%k *k
[ 1
dekk Kk *kk
| — | — —
Fekk *kk sk ek
! |
A B Co2 D
0.5 kkk I
30 r&l rﬁﬂ 0.20 *x%% L
= - ’
_ _ 0.15 * 041 T =
2 Bo.s " 2 * =
£20 2 — £ So3
Re © © ©
@ £ g010 9
E 5 0.10 5 w
3 ] £ oz
o] o ©
@ 19 - :[ e 1
0.05
0.05 I I 01
0 0.00 0.00 0.0
Day Night Day Night Day Night Day Night
ek *kk
*kk *kk *kk *kk
[ — I | | *%k%k 1
ok >k *kk bkl Fkk — kK
* * ™ — [ — — *%% * O |
E 1 F G dekek =1 H [
1.5 *kk — 0.20
kK I T = **
T *%k% L =I
*kk 15 | 0.75
[ :
I
- I I ,_.0,15 I I
Tio| | B = z
£ = £ I
= £10 o 0.50 =
£ S i £
g - x 50.‘\0
o] S &
o 2 I
>05 >
05 0.25
0.05
0.0 0.0 0.00 0.00
Day Night Day Night Day Night Day Night
* kekke *kk
— [
dekk Fedek ol
— /i
J 800 K I
*
I CC
3 . 9 *%
. E *kk gex WT-4 Months
— 5 600 wxwe T 1 I
2 frm
= 8 — =
£ | 3] e "ok 5xFAD-4 Months
02 = *k I 56 T
% < 400{ £
= g = o I \WT-9 Months
< 35 »
1 3
I 5200 I 5xFAD-9 Months
0 0 0
Day Night Day Night Day Night

34



Figure 2.6. 3. Metabolic phenotypic parameters of 4 and 9 months old WT and 5xFAD in
day and night separately. This data indicates a measurement comparison between day and
night. Our measurement indicates higher metabolic parameters at night that mice are nocturnal
(A-L). We found that aging itself induces slight changes in metabolic parameters; however, AD
induces significantly increased levels in metabolic parameters day and night. In addition, a
sleeping time of 9 months 5XxFAD mice show a significantly reduced at night (M and N).

Therefore, this data indicates that AD induces sleep disturbance as a neuropsychiatric symptom.

2.4. 2. Effect of pathology on the phenotypic parameters at 4 and 9 months in 5xFAD

Figure 2.6. 4. and Figure 2.6. 5. demonstrate the effect of pathology on assessed parameters over
time in the WT and the 5XFAD mice at 4 and 9 months, respectively. At the age of 4 months, the
data didn’t show a significant difference during the 24 h with the exception of a few time points;
however, there was a trend for a difference between 12-23 h (Figure 2.6. 4., Table 2.3. 3), which
was better demonstrated in the day and nighttime data showed in Figure 2.6. 3. On the other hand,
at the age of 9 months, 5XFAD demonstrated a significant increase in all assessed metabolic
parameters almost at all time points between 0-23 h (Figure 2.6. 5.), suggesting a significant

pathology effect in older mice.

Compared to the WT mice at 4 and 9 months, 5XxFAD demonstrated a significantly lower body
weight by 10 and 20%, respectively. Within the daytime (Figure 2.6. 3.), while 5XxFAD-4 months
mice demonstrated lower food and water intake compared to the WT-4 months mice, this
difference was not significant. All other parameters were comparable to the WT mice except for
cumulative all meters parameter (Figure 2.6. 3. J.). On the other hand, at 9 months of age, 5XxFAD

demonstrated a significant reduction in water intake, and a significant increase in the metabolic
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parameters EE, VCO2, VO, RER, VH-0, all meters, and cumulative all meters (Figure 2.6. 3. D-
J.). At nighttime; however, 5xFAD-4 months mice showed a significant increase in VCO>, RER,
all meters, and cumulative all meters, which associated with a significant reduction in VH,0O
compared to the WT mice. Similar to the 4 months changes, 9 months old 5xFAD mice old 5x-
FAD maintained a significant increase in the metabolic parameters EE, VCO2, VO2, RER, VH:0,

all meters, and cumulative all meters (Figure 2.6. 4. D-J.).
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Figure 2.6. 4. Disease effect on metabolic phenotypic parameters in 4 months old WT and
5xFAD. Our data indicate a lower body weight exhibited in the 5XFAD group. Also, the 5XxFAD
group shows a significantly higher respiratory index (G) by increasing movement distances which
correlated to the anxiety levels (I, and J). Interestingly, EE between the WT and 5xFAD was not
significantly different from each other. Therefore, our data indicate that AD induces the anxiety

that alters metabolic parameters

37



Table 2.3. 4. Statistical significance of 4 months WT vs. 5XFAD in Fig 2.6. 3.

ZT 0 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
BodyWeight * ok kX ok * ok ok k * * * * * * * Kk ok * * *
Food Intake *

Water Intake * *

EE * *

VCO2 * % *

VvVO2 *

RER * x Kk Kk % *

VH20 * *

All Meters

Cumulative All Meters

**

*kkx
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Figure 2.6. 5. Disease effect on metabolic phenotypic parameters in 9 months old WT and

5xFAD. Our data indicate significant difference between the WT and 5xFAD except for food (B)
and water intake (B). Compared to the WT, the 5xFAD group shows significantly higher
movement distances (I and J) reflect in significantly higher EE (D), respiratory index (E, F, and
G), and dehydration rate (H). Compared to the data from Fig. 2.6. 3., 9 months groups of the WT
and 5xFAD demonstrate distinguishable results that AD induces a higher metabolic rate in mice
by inducing higher activity that may reflect an anxiety level as a neuropsychiatric symptom (I, J,
Kand L). Therefore, our data demonstrate that AD induces the anxiety in the 9 months old 5xFAD

mice model.
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Table 2.3. 5. Statistical significance of 9 months WT vs. 5xFAD in Fig 2.6. 4.

ZT 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Body We|ght Kk kkk kkk kkk kkk kkk kkk ko kkk kkk kkk kkk kkk Kk Kk *k Kk *k *k *k *k *k *k *k
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V02 **k%k * * * * **k*k ** *k*k * ** * **k% ** **k%
RER Kk * *kk * Kk * Kk *k Kk kkk kk kkk kkk kkk * * * Kk Kk kkk
VHZO ** ** * * * * ** ** ** *k*k ** * ** ** ** ** **k%
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2.4. 3. Effect of age and pathology on sleep pattern in WT and 5xFAD

As showed in Figure. 2.6. 3., mice sleeping time during the daytime is longer than the nighttime
in both mice models. Sleeping behavior was also influenced by age and pathology. At day and
night times, 9 months old WT and 5xFAD mice demonstrated a significantly lower sleeping time
by ~ 30 and 40%, respectively, compared to the 4 months mice. For the effect of pathology on
sleeping behavior, during the daytime, at the age of 4 months, there was no significant difference
between the 2 mice models; during the nighttime, 5XFAD mice slept about 25% fewer hours than
the WT mice, but this reduction was not significant (p=0.12). For older mice, although the effect
didn’t reach statistical significance (p=0.06), the pathology mildly impacted the sleep behavior
during the daytime with 5XxFAD mice sleeping 10% fewer hours compared to the WT mice;

however, at nighttime, it was significantly reduced by 40% compared to the WT mice (p=0.0016).

2.4. 4. Effect of age and pathology on BBB function

In AD mice models, extravasation of large molecular size proteins, such as IgG, is commonly
observed (96, 144). Thus, I1gG extravasation into mice brains was assessed by
immunohistochemistry to evaluate the effect of age and pathology on BBB function. As showed
in Figure 2.6. 6., 1gG extravasation was observed in the 5XxFAD-4 months and the WT-9 and
5xFAD-9 months. For the effect of age, at 9 months of age, WT mice demonstrated a significant
5-6% increase in IgG extravasation in the mice hippocampus and the cortexes compared to the 4
months WT mice. In 9-month 5XFAD mice, significantly higher IgG extravasation in the both
hippocampus and the cortex was observed by 5- and 8-fold, respectively, compared to 4-month

5XFAD mice. For the effect of pathology, compared to the WT mice, 5xFAD mice demonstrated
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a significant increase in 1gG extravasation by 3- to 5-fold at both ages in both regions (Figure 2.6.

6).
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Figure 2.6. 6. 1gG extravasation rate was significantly higher in 9 months old 5XxFAD mice
group. The IgG extravasation rate in 4 months old WT and 5xFAD showed no significant
difference; however, 9 months of 5XxFAD showed a higher IgG extravasation level compared to 9
months WT. Data are presented as mean = SEM for n = 10 mice per group with * p <0.05, ** p <

0.01,*** p < 0.001.

2.4. 5. Effect of age and pathology on plasma and brain A levels in WT and 5xFAD mice

Plasma and brain APa4o and APa42 levels were analyzed by ELISA. As showed in Figure 2.6.7 for
APao, While there was a trend of increased plasma levels in the 9-month compared to 4-months
WT mice, this increase was not significant. On the other hand, for plasma A4z, 9-months WT
demonstrated 2-fold higher levels than the 4-month mice. Interestingly, in 5XFAD mice, 9 months
mice showed a significant reduction by 3.5- and 2.5-fold in ABso and A4 plasma levels,
respectively, in comparison to the 5xFAD-4 months. For the effect of pathology, at 4 months of

age, the plasma levels of AP and A4z in S5XFAD mice are 3- and 2.1-fold higher than the WT-4-
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month mice; however, as the mice aged, the plasma levels of APsg and ABa2 in 5XFAD-9 months

mice were significantly lower compared to the WT-9 months mice by 36% and 47%, respectively.

In the brain, as showed in Figure 8, AP and APa2 levels in the 9-month 5xFAD were significantly
higher than 4-month 5xFAD by 4.4- and 3.3-fold, respectively; at both ages, brain AP and A4z
levels in 5XFAD mice were significantly higher than the WT mice, which showed negligible levels

of APao and APa4. (Figure 2.6. 8.).
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Figure 2.6.7. ELISA shows a significantly higher level of ABs« and Af42 in the plasma of 4
months of the 5XxFAD mice group, but 9 months show higher Aps and Apa42in the plasma of
the WT mice group. Our data indicate a higher level of ABso and A4z in the plasm of 4 months
of 5XFAD compared with 4 months WT. This indicates that 4 months old WT mice produce less
level of AP in the brain, therefore AP excretion from the brain to blood level is lower than 4
months old 5xFAD. However, 9 months old 5xFAD shows a significantly lower level of APao
and AP42 than 9 months of the WT. Related to the data of Fig. 2.6. 6., 9 months old 5xFAD

shows higher 1gG extravasation level in the brain microvessels, which indicates disruption of
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BBB. In addition, 4 months old 5XxFAD mice show no significant difference in the IgG
extravasation compared to the WT. Therefore, our data indicate that lower level of plasma Aao

and AP42 in the 9 month 5xFAD is induced by disruption of BBB.

ApB40 Brain Ap42 Brain
*k%k kK
*kk *kk
15000 — 10000- —
8000+
O) 10000 O 5000
E E
O = D) 4000- =
Q. 5000- o
. 2000-
c -

WT4m 5xFAD-4m WT-9m 5xFAD-9m WT4m 5xFAD-4m WT.9m 5xFAD-9m

Figure 2.6.8. ELISA shows a significantly higher level of ABs« and A4z in the brain of 4 and
9 months of the 5XxFAD mice group. Our data indicate higher levels of brain AP and Afa2 in
both age groups of the SXFAD mice group. Therefore, our data demonstrate that AP levels in the

brain will worsen with aging in the 5XxFAD mice group.
2.4. 6. Soluble AP, IgG extravasation, and sleep correlation

We performed correlation analysis to clarify the relationship between brain soluble A, IgG
extravasation and total sleep hours. As showed in Figure 2.6. 9., a positive correlation (R? =
0.5518) between levels of brain soluble A levels and IgG extravasation was observed, suggesting,

and as expected, soluble AP contribution to BBB breakdown. In addition, an inverse correlation
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between total sleep time and 1gG extravasation was also observed (R? = 0.6372); interestingly;

however the correlation between brain soluble Ap and sleep time was weak with R? = 0.2002.
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Figure 2.6. 9. Soluble AB contributes to BBB breakdown, and total sleep time is affected by
1gG extravasation. Our data indicate a positive correlation (R? = 0.5518) between levels of brain
soluble AP levels and IgG extravasation. In addition, an inverse correlation between total sleep
time and 1gG extravasation was also observed (R? = 0.6372). However, the correlation between

brain soluble AP and sleep time was weak with R? = 0.2002.
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2.5. Discussion

Aging is one of the factors that alter body metabolism. Aging induces changes in appetite and
activity (145, 146). In addition, the elderly experience sleep disturbance and depression (147-149).
The objective of this work was to assess changes in metabolic and behavior phenotypic parameters
as a function of age and AD pathology. In addition, we aimed to associate such changes with BBB
dysfunction and A plasma and brain levels. Our findings demonstrated metabolic and behavioral
alterations in the WT and 5xFAD mice models with age and pathology. Furthermore, our findings

demonstrated an association between brain soluble AB levels, BBB leakage, and total sleep time.

Wang and colleagues reported that AD patients have lower body weight compared to cognitively
normal individuals of the same age due to changes in appetite and metabolic state in AD patients
(150). Similarly, we observed a lower body weight and higher energy expenditure levels in 5XxFAD
than the WT at 4 and 9 months. The authors stated that the existence of AD and poor appetite
were the main risk factors of weight loss (150). While our findings didn’t identify a significant
difference in food intake between the same age groups, the increased movement and reduced sleep
hours could contribute to the reduced body weight of 5XxFAD mice.

Dehydration in the elderly is associated with poor health outcomes (151), which increases
mortality risk (152). Dehydration is one of the symptoms induced in AD patients (153). Our data
demonstrated a higher dehydrating rate (represented by the VH20 parameter and water intake) in
5xFAD mice compared to the WT mice, which could also be explained by the increased activity
as determined by the increased energy expenditure and movement. Besides, memory loss should
not be excluded as a contributing factor to the decreased water intake.

The elderly people are experience sleep-wake disorders that induced by physical changes or due

to the presence of disease condition (154). For example, it has been showed that the elderly tend
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to have more frequency to take light sleep than the deep sleep stages suggesting a less efficient
circadian behavior in the elderly (154). In addition, a linkage between the elderly and sleep
disorder due to diseases mediated by chronic pain or due to chronic disease such as hypertension
and diabetes mellitus (155-157). In our study, with normal aging, 9 months WT mice demonstrated
reduced sleep time compared to 4 months of young mice group. Our findings are consistent with
those reported by Soltani and colleagues who assessed the effect of aging on sleep-wake cycle and
concluded induced sleep disorder in C57BL/6 mice 12 months compared to 3 months old mice
(158).

In AD, the progressive neuropathological alteration and A burden have also been associated with
sleep dysregulation, which impacts the sleep-wake activity (159-161). In AD, sleep disturbance is
considered one of the well-known behavioral phenotypes of AD (162), which worsen with disease
progression (121, 161). When tested in mice, the cerebral injection of AB25-35 significantly
reduced non-rapid eye movement sleep, while it increased wakefulness in the WT mice (163, 164),
suggesting the role of AP in sleep disturbances. Similar to the other studies, our study shows that
sleep patterns of 5XxFAD mice is influenced by both aging and AD pathology. Especially, where
at 9 months of age, the AD mice model demonstrated a significantly reduced sleeping time
compared to the WT mice of the same age.

Furthermore, AD patients are also characterized by the anxiety with a reported prevalence of about
40% (165, 166). Besides sleeping disturbances, the anxiety symptoms include increased heart rate,
and rapid breathing. Thus, in this study, to monitor the anxiety in mice as a function of age and
pathology, we assessed a few metabolic phenotypes that could relate to the anxiety symptoms,
including movement distance (all meters and cumulative all meters parameters), energy

expenditure, rate of oxygen consumption, rate of carbon dioxide emission, respiratory quotient,

47



and water vapor loss. Besides sleep disturbances, we observed higher activity and greater
movement (i.e., less time spent at a specific space in the cage) with age and pathology in 5XxFAD
mice; however, WT mice demonstrated a decreased activity, metabolism and movement with age,
suggesting AP pathology in 5XFAD is further contributing to the observed increase in metabolic
and behavior parameters, and thus to the anxiety-like behavior. In comparison with other studies,
Jawhar and colleagues monitored the anxiety in 5XFAD mice at 3, 6, 9, and 12 months of age using
the elevated plus-maze test that was compared to the WT mice (167). The authors reported that
5xFAD mice with age > 6 months demonstrate reduced the anxiety as monitored by the longer
time spent in the open arms of the elevated plus maze when compared to the WT mice.

Previous assessments of the anxiety-like behavior in mice models of AD demonstrated inconsistent
and contradictory results. For example, in some studies, 5xFAD and APP/PS1 mice exhibited
decreased or equivalent the anxiety-like behavior in the open field or elevated plus maze relative
to the WT mice (167-169). By contrast, increased the anxiety-like behavior has also been reported
in 5XFAD mice and other AD mice models (170-172). Such inconsistencies in the results of the
anxiety-like behaviors indicate the need for additional tests to model the anxiety-like behaviors in
AD mice models. Compared to the elevated plus-maze tests to assess mice the anxiety by locating
them at a specific height, which introduces a fear factor by exposing them to the open and height,
the phenotypic behavior monitored in this work is fear-free and measures the mice the anxiety
level under normal conditions similar to those showed in humans.

To associate changes in metabolic and behavioral phenotypes with A, and related pathology as a
function of age and pathology, we assessed plasma and brain Af levels, and the BBB function. As
expected, as the disease progressed, 5XFAD mice brains demonstrated a significant increase in

brain AP with age. In plasma, while the low AP levels were not altered in the WT mice with age,
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in 5xFAD mice, the plasma levels of AP were significantly higher in 4 months compared to 9
months mice. Neurotoxic agents, such as A, that induce neurodegeneration are cleared from the
brain to the blood across the BBB (173). At 4 months of age, 5XFAD showed higher levels of
plasma AP than the WT, which could be due to the increased production of brain AP that gets
cleared to the blood across the BBB (174). As the disease progress, 9 months 5xFAD mice show
reduced plasma levels of AP relative to the 5XxFAD-4 months and the WT-9 months, which could
be related to reduced AP degradation and clearance across the BBB. In AD and as the disease
progress, the expression of AP degradation enzymes and key AP transport proteins expressed on
BBB-endothelial cells are downregulated, leading to increased brain A levels.

In AD mice models, increased brain AP is also associated with BBB breakdown supported by the
increased IgG extravasation, which significantly increased as the disease progressed. Our
correlation studies showed a positive correlation between brain AP and IgG extravasation. Our
findings also demonstrated BBB breakdown in the WT mice as they age; however, to a much lower
extent than the 5xFAD at the same age. Furthermore, we demonstrated a positive correlation
between total sleep hours and IgG extravasation, which suggests the association of BBB
breakdown with reduced sleep time, and effect that could be mediated by AP; however, the
correlation between soluble AP and sleep hours was not strong. Additional studies are required to
explain this finding; however, the correlation was made between soluble AP rather than total brain
AB.

During aging there are major alterations in human sleep. Sleep plays a key role in multiple
cognitive functions and sleep pattern changes with aging. Human studies revealed that aging

decreases sleep efficiency and reduces the total sleep time (175).
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In conclusion, we observed metabolic phenotypes alteration in aged WT and the 5XFAD mice
model by compared with 4 months and 9 months WT, which demonstrates higher movement
distance, higher kilocalories consumption, less time spent sleeping, loss of body weight, and higher
dehydration rate. In addition, the parameter difference showed to be more distinguishable in the 9

months than the 4 months. Therefore, AD alters metabolic parameters in the 5xFAD mice model.
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3. Oleocanthal rectifies metabolic and behavioral phenotypes and blood-brain barrier

function in 5xFAD mice

3.1. Abstract

Transient receptor potential ankyrin 1 (TRPAL) is a cation channel receptor that regulates calcium
homeostasis among other cations. Calcium dyshomeostasis is known to disrupt the blood-brain
barrier (BBB). Besides its expression in neurons and astrocytes, TRPAL is expressed in the
endothelial cells of the BBB, which upregulated in Alzheimer’s disease. Previous studies from our
laboratory demonstrated that the protective effect of oleocanthal (OC) against AP and related
pathology, enhanced the BBB function, and downregulated total TRPAL. The objective of this
work is to investigate the effect of OC (1 and 10 mg/kg) treatment on metabolic and behavioral
parameters, endothelium-TRPA1 expression and BBB function in 5XFAD mice. In addition, we
performed in vitro studies to study the effect of OC on the expression of TRPAL, intracellular
calcium and a cell-based BBB model. Our findings demonstrated that 10 mg/kg OC restored the
metabolic and behavioral phenotypic parameters, enhanced BBB function, at least in part, by
endothelium-TRPAL downregulation and reduced brain AP levels. Findings from the in vitro
studies showed a concentration dependent effect of OC on TRPAL expression and intracellular

calcium, which significantly reduced and improved the cell-based BBB model function

In conclusion, our data indicate the downregulation of endothelium-TRPAL could enhance BBB
function and that OC restored the BBB function and effect that was associated with restored

metabolic and behavioral parameters.
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3.2 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that causes dementia (Jones,
2022). AD is characterized by amyloid-p (AP) plaques in the brain, which is believed to promote
the formation of neurofibrillary tangles (NFTSs), thus inducing neurotoxicity, neuroinflammation,
and neurodegeneration (176-178).

The blood-brain barrier (BBB) is a physical barrier, which regulates the passage of substances
between the brain and the blood to maintain brain homeostasis. BBB consists of endothelial cells,
basement membrane, pericytes, and astrocytes (179). The BBB-endothelium is sealed by a cell-to-
cell junction maintained by tight junction proteins (66). The BBB protects neurons from the
invasion of peripheral neurotoxins by selectively filtering out unwanted molecules and
neurotoxins. The BBB function is required for proper synaptic and neuronal functioning (180). In
AD, several studies have reported a dysfunctional BBB characterized by increased permeability
of blood-derived debris, cells, and microbial pathogens into the brain and reduced clearance of
toxic products such as Ap (180-182). BBB dysfunction is associated with inflammatory and
immune responses, which could cause neurodegeneration (180).

In humans, several studies have demonstrated BBB leakage in the hippocampi of individuals with
mild cognitive impairment (MCI) using dynamic contrast enhanced (DCE) MRI (69, 183). In
addition, other studies have reported an improvement in cognition ability following restoring the
BBB function in AD disease mice models (88, 96, 184).

Endothelial cells are the most important cells in the BBB structure, presenting the actual barrier of
BBB filtration and clearance due to the tight junctions (180). Examples of tight junction proteins
include zona occluden-1 (ZO1), occludin, and claudin-5 (53). In humans, BBB breakdown is an

early event in the aging brain that begins in the hippocampus and may contribute to cognitive
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impairment (69, 185). In addition, AD mice models exhibit BBB disruption (186, 187). Therefore,
maintaining BBB endothelial healthiness might be a potential treatment target in AD patients.
Transient receptor potential ankyrin 1 (TRPAL) is a calcium-permeable non-selective cation
channel that is widely expressed in sensory neurons and in non-neuronal cells (92). TRPAL is
involved in calcium ion homeostatic functions in different organs (93). TRPAL is activated by
cold, and heat senses such as pain response (94). TRPA1L is known to be activated by spices and
herbs such as capsaicin and mustard oil, which could induce the opening of these channels
indirectly interacting with the gustatory system (188, 189). Recently, it has been reported that in
AD mice models, the levels of brain TRPAL mainly in the astrocytes, are upregulated (190), and
that the blockade of AB-induced TRPAL in astrocytes (191), and TRPA1 downregulation by
supplementing the diet with extra-virgin olive oil (EVOO) (96) reduced Ap-related pathology as
well as TRPAL expression.

Oleocanthal (OC) is one of the phenolic components of EVOO. OC has anti-inflammatory
characteristics like those of ibuprofen (110, 112). OC is known as a TRPAL activator when used
in acute treatment studies (102). However, findings from our recent studies demonstrated the
downregulation of brain TRPA1 following 3 months of treatment with EVOO suggesting the long-
term treatment of OC downregulates TRPAL expression (96).

In this work, we aimed first to evaluate the effect of OC (1 and 10 mg/kg) on metabolic and
behavioral phenotypes, then to compare total and endothelium-TRPAL levels between wild-type
(WT) and5xFAD mice (an AD mice model), and finally to assess the in vitro effect of OC on the

expression and function of endothelium-TRPAL and on the function of cell-based BBB model.

53



3.3. Method and materials

3.3.1. Animals

Male wild type (WT) C57BL/6J and 5xFAD mice models at the ages of 6 months were used in the
studies. The transgenic 5XFAD mice model expresses human amyloid precursor protein (APP)
with the mutations APP KM670/671NL (Swedish), APP 1716V (Florida), APP V7171 (London),
and PSEN1 M146L and PSEN1 L286V, leading to early and aggressive AP accumulation. A
accumulation is associated with progressive gliosis, synapse degeneration, neuronal loss, and
deficits in spatial learning (Oakley, 2006). In 5xFAD, extracellular AP plaque deposition starts at
2 months of age with gliosis, which induces synaptic loss that results in cognitive impairment at
the age of 4 months. The WT and 5xFAD mice were purchased from Jackson Laboratory (Bar
Harbor, ME) and housed for breeding in plastic containers under the conditions of 12 h light/dark
cycle, 22°C, 35% relative humidity, and ad libitum access to water and food. All animal
experiments and procedures were approved by the Institutional Animal Care and Use Committee
of Auburn University and according to the National Institutes of Health guidelines Principles of

laboratory animal care.

For 5XFAD mice treatment, OC was dissolved in saline for the oral gavage. Administered volume
was 150ul/30 g bodyweight to deliver a dose of 0 (saline as vehicle), 1 and 10 mg/kg OC (n=10
mice/group). We selected these doses to evaluate the effect at low dose OC (1 mg/kg) and high
dose OC (10 mg/kg). Previously, we demonstrated the beneficial effect 10 mg/kg on BBB function
(Abuznait et al., 2013). In the studies, we included WT mice as a control group that are cognitively
normal (n=10 mice). Mice were treated with OC starting at the age of 6 months until 9 months old

(i.e. treatment for 3 months). We selected this age based on the findings from Chapter 2 findings
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demonstrating significant alteration in metabolic and behavioral parameters and BBB dysfunction

in 5xFAD.

3.3.2. Metabolic and behavior phenotypes assessment

Promethion Metabolic Mouse Cages (Sable Systems, Las Vegas, NV) were used to house animals
for metabolic screening and phenotyping. At the end of treatment (9 months old), animals were
transferred from their home cages and singly housed in the metabolic cages for 3 consecutive days,
with the first day stated for the cage environment adaptation, and the second and third days were
for data collection. Animal activity was measured by Promethion XYZ Beambreak Activity
Monitor. Food and water intake was measured as a mean mass consumed during an intake event
in grams (g). Bodyweight was measured as the mean body mass of the animal, in grams.
Movement distance was measured as the sum of all distances traveled within the beam break
system in meters (m). This includes fine movement (such as grooming and scratching) as well as
direct locomotion. Sleeping time was measured as the sum of the animal’s sleep, in hours. The
animal is considered sleeping when the animal has been “quiet” for more than 40 seconds.
Animal’s “quiet” time is defined as the time in which the animal is not engaged in eating, drinking,
grooming, or locomotion. The volume of O2 was measured as the rate of oxygen consumption
(VO2), in milliliters per minute. CO2 consumption was measured as the rate of carbon dioxide
emission (VCO2), in milliliters per minute. Energy expenditure (EE) was measured in kilocalorie
per hour (kcal/hr). RER was measured as mean respiratory quotient, VCO2/VVO2 (unit-less). All
the parameters were measured by Promethion precision MM-1 Load Cell sensors. The time for
metabolic parameters measurement is defined as 12h:12h light:dark cycle with zeitgeber time (ZT)
0 representing lights on and ZT12 representing lights off. The amount of food and water withdrawn

from the container was measured and analyzed. Water vapor, CO2, and O2 levels were analyzed
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by the Promethion GA-3 gas analyzer to provide detailed respirometry data. Energy expenditure
(EE) was calculated in kilocalories (kcal) by utilizing the Weir equation: 60*(0.003941*VO2 (n)
+0.001106*VCO2 (n)) in which VO2 is the oxygen uptake and VCO?2 is the carbon dioxide output,
both of which are measured in ml/min. The respiratory exchange ratio (RER) was determined by
measuring gas exchange within the metabolic cages to identify the substrate being primarily
utilized for energy within the body. Specifically, RER is the ratio of CO2 produced to the volume
of O2 consumed (RER = VCO2/V02). All metabolic phenotyping data were analyzed using
ExpeData software (version 1.8.2; Sable Systems) with Universal Macro Collection (version

10.1.3; Sable Systems).

3.3.3. Tissue collection and preparation

All animals were anesthetized with an intraperitoneal injection of xylazine and ketamine (20 and
125 mg/kg, respectively), followed by decapitation. The mice brains were extracted, and the two
hemispheres of each brain were separated and used for analysis; blood samples were also collected

for plasma A quantification. All samples were stored at —80 °C until analysis.

3.3.4. Western blotting

The total protein concentration for each sample of brain homogenate and cell lysate was
determined using the BCA protein assay. Protein samples (15ug) were loaded and resolved on
12% SDS-polyacrylamide gel, then transferred electrophoretically onto PVDF membranes.
Membranes were incubated in 3% non-fat dried milk-blocking solution followed by overnight
incubation at 4 °C with primary antibodies (Table 3.3.4). The analyzed proteins were TRPAL, anti-
mouse claudin-5, and B-actin. Membranes were then incubated with anti-rabbit or anti-mouse
secondary antibodies (Abcam, Cambridge, United Kingdom) for 1 h at room temperature after
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washing with PBS x3 times. Protein blots were developed using a chemiluminescence detection
kit (Thermo Fisher Scientific). Bands were visualized using ChemiDoc imaging system (Bio Rad;

Hercules, CA, USA) and analyzed by Image Lab software v 6.0 (Bio-Rad).

Table. 3.3. 4. Table of primary antibodies used for Western blot and immunostaining

Primary antibody Dilution Company

Anti-rabbit TRPA1 1-1000 Abclonal (Woburn,
Massachusetts)

Anti-mouse cloudin-5 1-100 Abcam (Cambridge, United
Kingdom)

B-actin 1-1000 Santa Cruz Biotechnology,
Inc, Dallas, TX

Alexa Fluor® 488 anti-p-amyloid (6E10) 1-1000 Biolegend

Anti-collagen Type IV 1-1000 Millipore Sigma

3.3.5. Immunohistochemistry

All cryostat brain slices (15 um) were 4% paraformaldehyde-fixed and then blocked for 60 min
with the blocking buffer TrueBlack background suppressor purchased from Biotum (Fremont,
CA). To assess 1gG extravasation from brain microvessels, brain sections were fixed and blocked,
as described above, then probed by dual immunohistochemical staining for collagen-1V and mouse
IgG extravasation using rabbit anti-collagen-1V and fluorescein-conjugated donkey anti-lIgG

(Santa Cruz Biotechnology Dallas, TX), respectively, both at 1:1000 dilution.

To assess the expression of vascular TRPA1L, brain sections were fixed and blocked, as described
above, then probed by anti-rabbit TRPAL and anti-mouse 1gG 488 tagged claudin-5 (Abcam,
Cambridge, United Kingdom), both at 1:1000 dilution. The detection was followed by IgG-CFL
594 conjugated donkey anti-rabbit (Santa Cruz Biotechnology).
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To assess the deposition of AP plaques in the brain, 15 um brain sections were fixed and blocked.
The blocked sections were then stained with 0.04% of Thioflavin-S (ThioS) in 70% ethanol
solution for 60 mins at room temperature. All stained sections were then washed with PBS x3
times, each incubated for 5 min. For total AP staining, Alexa Fluor 488 tagged-amyloid f
recombinant monoclonal antibody (6E10) was used (BioLegend, San Diego, CA).

For the in vitro studies, 80-95% of confluent cells were fixed and blocked, as described above. To
stain TRPAL, cells were probed by dual immunohistochemical staining for TRPAL and claudin-5
both at 1:1000 dilution. The detection was followed by 1gG-CFL 594 conjugated donkey anti-
rabbit (Santa Cruz Biotechnology) and 488 conjugated donkey anti-mouse as a secondary antibody

(Abcam, Cambridge, United Kingdom).

Images were captured and adjusted to the lowest background signal using Nikon Eclipse Ti-S
inverted fluorescence microscope (Melville, NY, USA). For quantification of total Ap plaques
and 1gG extravasation, sections were normalized to the same background for the hippocampus
and the cortex regions. Images were analyzed by Image J software (National Institutes of Health,
Bethesda, MD, USA) that was set for mean value, minimum value, maximum value, and limit to

the threshold followed by analysis.

3.3.6. Enzyme-Linked Immunosorbent Assay (ELISA)

To quantitatively analyze APa4o and APa2 levels in the WT and the 5XFAD mice brain homogenate
and plasma, we used commercially available ELISA Kkits and were used according to the
manufacturer’s instructions (R&D Systems, Minneapolis, MN). All samples were run at least in

duplicate.
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3.3.7. Ap monomers and A4z oligomers preparation

Synthetic APa2 and AP4o (AnaSpec, Inc, CA) were received as vials with powder. Solutions of
synthetic AR monomers were prepared by suspending in 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol
(HFIP) (Sigma-Aldrich, MO) at a concentration of 1 mM and incubated for 1 h at room
temperature for complete solubilization. AP solutions were aliquoted, followed by HFIP
evaporation overnight at room temperature. Vials were then stored at —80°C as an HFIP film. For
cells treatment, the HFIP film was mixed in media to reach 100 uM, which immediately used in
the studies. For ABa2 oligomers preparation, the HFIP-film was suspended in anhydrous DMSO to
a final concentration of 5 mM. DMSO solution of AB42 was diluted with phenol red-free F-12 cell
culture media (Gibco, NY) to a concentration of 100 uM, vortexed for 1 min and incubated at 4°C
for 24 h. At the end of the incubation period, AB42 oligomers solution was centrifuged at 14,000
rpm, 4°C for 10 min, aliquoted and stored at —80°C for the experiments. This oligomer was used

in in-vitro BBB transport experiment.

3.3.8. Cell culture and treatments

The immortalized mouse brain endothelial cell line, bEnd3 was obtained from ATCC (Manassas,
VA) . bEnd3 cells, passage 2635, were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS), and penicillin G (100 1U/ml). Cultures were maintained in a humidified atmosphere

(5%C02/95% air) at 37°C and media was changed every 3 days.

To evaluate the effect of OC on TRPAL expression, cells were treated with OC (dissolved in
media) in the concentration range of 0.5-20 uM for 72 h. For AP treatment, cells were treated with
AP42 monomers (0.5 uM) for 72 h. At the end of treatments, cells were collected and lysed for
Western blotting analysis.
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3.3.9. Calcium assay

To confirm TRPAL function in bEnd3 cells, we measured intracellular calcium as follows. Cells
were treated for 1 h with ABs2 monomers (1 uM), or with the TRPA1 antagonist A-967079 (Tocris
Bioscience, Bristol, United Kingdom) dissolved in DMSO as a stock solution of 10 mM, or the
TRPAL agonist allyl isothiocyanate (AITC; Alfa, Haverhill, MA), dissolved in DMSO as a stock
solution of 10 mM. DMSO was added to the cells as a vehicle and didn’t exceed 0.1%. To evaluate
the effect of chronic OC treatment on TRPA1 expression, bEnd3 cells were seeded at 50,000
cells/cm? per well in a 96-well plate to be used the next day at 50% confluence. The plate was
treated with OC (1-20 uM) as described above for 72 h followed by calcium assay. The Fluo-4
Calcium Assay Kit purchased from Invitrogen (Waltham, MA) was used following the
manufacturer’s instructions. After completion of the assay, plates were read using Cytation5 plate

reader.

3.3.10. MTT assay

To confirm the toxicity effect of of OC and AB42 monomers in bEnd3 cells, we performed MTT
assay (Cat: V13154). bEnd3 cells were seeded in 96 well plate for 50,000 cells/cm? The
concentration rage of OC were from 0-40 uM, and AP42 monomers was 0-5 uM for 72hrs. The
experiment procedure was followed as per the instruction manual supplied with the test Kit

(Thermo Fisher Scientific, Waltham, MA).

3.3.11. BBB Permeability and AP transport assays across the cell-based BBB model

bEnd3 cells at 50,000 cells/cm? were seeded onto a transwell 96-well plate with polycarbonate

membrane inserts, 4.26 mm diameter with 3 um pores size. Inserts were coated with fibronectin
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(30 pg/ml) as a basement membrane substitute to achieve optimal barrier integrity of bEnd3 cells
(192). Fibronectin diluted in sterile PBS was added to the apical side of each transwell filter. The
transwell plate was incubated in a 37°C, 5% CO2/95% air incubator for 2 h to form a coat. bEnd3
cells were seeded after 150 pl of fresh media were added to the apical side of each transwell, then
the total volume of fibronectin and media was removed by aspiration. For cell seeding, 50 ul of
cell suspension was added to the apical side of each transwell, and 200 ul of fresh media was added
to the basolateral side. Cells were incubated at 37°C, 5% CO02/95% air for 5 days. For the
treatment, 10 uM of OC (apical), or 150 nM of A4z oligomers (basolateral) or OC and APas2
oligomers were added for 72 h on the 3™ day following seeding. On the 6" day, the monolayer
permeability and APao transport were assessed by the addition of 0.05 mM *C-inulin (as a
permeability marker) and 0.1 nM 2%I-ABao, respectively, to the basolateral compartment (Qosa,
2014). To monitor molecules transport from basolateral to apical compartments, at the end of 60
min incubation, media in both compartments and cells were separately collected for *2°I-Apao
analysis and inulin measurement to calculate their permeation coefficient (Pc) as follows:

Va X Ca

Pelem/sed) = =77

Where, Va is the volume of the basolateral side (200 pl), Ca is the total 2°1-AB4o cpm or total 14C-
inulin dpm in the basolateral compartment, Cy, is the total 12°1-AB4o cpm or total Y*C-inulin dpm in
apical compartment, A is the membrane area (0.143 cm?), and T is the time of transport (3600

sec).

All measurements were performed using the Luminescence counter 1450 Microbeta WALLAC

Trilux from PerkinElmer.
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3.3.12. Statistics

All metabolic and behavioral parameters were analyzed using R program by the unpaired student’s
t-test between 2 groups for the 24-hour circadian data. Multiple linear regression analysis
(ANCOVA) was applied to assess the impact of AD pathology and OC treatment on metabolic
cage parameters. For the day and nighttime data, a one-way ANOVA with Tukey post-hoc test in
Graphpad Prism (San Diego, CA) was used. All biochemical analyses were analyzed using one-
way ANOVA with Tukey post-hoc test. Significance for all measures was determined at p < 0.05,

and all data are presented as Mean + SEM or SD.
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3.4. Results

3.4.1 OC prevents phenotypic parameters alteration in 5xFAD

The metabolic phenotype parameters were measured from 6 am to the next day at 6 am (24 h). To
assess the effect of OC on metabolic and behavioral changes of 5XFAD, we measured body weight,
activity rate, anxiety-like behavior and sleep pattern. As showed in Fig 3.6.1, mice treated with
10mg/kg OC received mice showed a similar trend of metabolic parameters to the WT in EE,
VCO2, VO2, RER, All meters, and Cumulative all meters. However, 1mg/kg OC received mice

showed no effect of treatment as much as 1mg/kg.

To observe behavioral changes by time, we divided the collected measurements on the parameters
at day (summation of 0-11 h) and night (12-23 h) times. By dividing behavioral changes in day
and nighttime, we observed a more distinguished behavioral alteration between the mice groups
than 24 hours circadian figure. The body weight was 5g higher in the WT than the 5xFAD mice,
respectively, suggesting a lower body weight gain in 5XxFAD mice. However, we found 2¢g
increasing of body weight of 1 and 10mg/kg OC received mice groups compare to 5XFAD mice.
In the day and nighttime, 5XxFAD mice shows higher EE, VCO2, VO2, RER and cumulative all
meters compared to the WT mice. Our day and night data (Fig 3.6.2) indicates that 10 mg/kg OC
received 5XFAD has showed WT like metabolic phenotypic parameters levels in EE, VCO,, VO,
RER and cumulative all meters compared to 5XFAD mice. However, 1mg/kg OC received 5XxFAD
has showed no significant difference from saline received 5xFAD. Therefore, our data indicates

that 10 mg/kg OC restored the metabolic parameters to the WT levels.
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Sleeping behavior was also influenced by pathology. In the nighttime, 5XFAD mice showed less
time spending on sleeping than the WT. in addition, 1 and 10mg/kg OC received mice showed a

higher time spending on sleeping than 5xFAD mice.
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Figure 3.6 .1. 10mg/kg OC treatment prevents metabolic parameters alteration in 5xFAD.
We performed to 24hrs measure of metabolic phenotypic parameters as behavioral experiment.
Our data indicate that 10mg/kg OC treatment prevents metabolic parameters alteration in 5XxFAD.

However, 1mg/kg OC treatment showed no significant difference with saline received 5xFAD.
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Table. 3.4.5. 1. Statistical significance of body weight

Body Weight

ZT 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

WT_VehICIe *k*k *k*k *k*k *k*k *k*k *k*k *k*k *k*k *k*k *k*k *k*k *k*k *k*k ** ** *k*k *k*k ** *k*k *k*k *k*k *k*k *k*k *k*k

WT- 1mg OC
WT- 10mg OC
Vehicle - 1mg OC * * * *
Vehicle- 10mg OC *

One-way ANOVA
p<0.05 =*, p<0.01=**, p<0.001=***
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Table. 3.4.5. 2. Statistical significance of food intake

Food Intake

ZT 0123456 789 1011 12 13 14 15 16 17 18 19 20 21 22

23

WT-Vehicle
WT- 1mg OC
WT- 10mg OC
Vehicle - Img OC *
Vehicle- 10mg OC

One-way ANOVA
p<0.05 =*, p<0.01=**, p<0.001=***
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Table. 3.4.5. 3. Statistical significance of water intake

Water Intake

ZT 0123456 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23
WT-Vehicle **
WT- 1mg OC il il *
WT-10mg OC *
Vehicle - Img OC
Vehicle- 10mg OC ool *

One-way ANOVA
p<0.05 =*, p<0.01=**, p<0.001=***
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Table. 3.4.5. 4. Statistical significance of energy expenditure

EE
ZT 0 1 2 34 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
WT- 1mg OC Ak H*hk Kk * *h kkk
WT- 10mg OC * * *%
Vehicle - 1mg OC *
**kk **kk **%k * *%* * * **kk * * *% **k* **k* **k* *% **k* * ** **kk* **kk

Vehicle- 10mg OC
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One-way ANOVA
p<0.05 =*, p<0.01=**, p<0.001=***



Table. 3.4.5. 5. Statistical significance of CO2

VCO?2

ZT 0

11 12 13 14 15 16 17 18 19 20 21 22

23

WT-Vehicle il
WT- 1mg OC faleie
WT- 10mg OC

Vehicle - Img OC
Vehicle- 10mg OC = ***

**

** * ** ** *
** **

*
***k *x ** Kkk Kk  Kkkk  Kkkx **

** **kk Kkkk  Kkkk * ** * **k* **
* *kk  kk%k * * ** * **k*k
*
**kk  Kkhkk  Kkkk  kErk Kk Kkkk * ** *k*

**k*k

*k*

*k*
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One-way ANOVA
p<0.05 =*, p<0.01=**, p<0.001="***



Table. 3.4.5. 6. Statistical significance of O2

VO2
ZT 0 1 2 34 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
WT_Vehicle **k*x * * *k* ** ** * * *kk ** *kk
WT_ 1mg OC *k*k **k* ** * ** **k*
WT- 10mg OC * * ol
Vehicle - Img OC *
*k*k *k*k *k*k * ** **k* * * ** **k* ** ** ** **k* * ** **k* **k*

Vehicle- 10mg OC
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One-way ANOVA
p<0.05 =*, p<0.01=**, p<0.001="***



Table. 3.4.5. 7. Statistical significance of RER

RER
T 0O 1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
*
WT-VEhiCle *xk * kK * * *xk * *hk  kk  kkhkk  kkk * * * * * *x
* *
WT_ 1mg OC *kk ** ** ** *k*k *k*k * ** *k*k * * *k*k * ** ** * ** *k*k *k*k
WT- 10mg OC **

Vehicle - 1mg OC
Vehicle- 10mg OC

**

*kk

*kk ** *k*k

**
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One-way ANOVA
p<0.05 =*, p<0.01=**, p<0.001="***



Table. 3.4.5. 8. Statistical significance of VH20

VH20
ZT 0 1 2 3 4 56 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
WT-Vehicle *%* * * * * * * *k  kkk
WT- 1mg OC *
WT-10mg OC o ** *  okkk Rk ok
Vehicle - 1mg OC * *k ok xx x
Vehic|e_ 10mg QC  ***x  *kk  kk Kk Kk * k% * ekk

One-way ANOVA
p<0.05 =*, p<0.01=**, p<0.001=***
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Table. 3.4.5. 9. Statistical significance of all meters

All Meters
ZT 0 1 2 3 4546 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
WT-Vehicle ** *%k  kk kk Kk % *hk * kK
WT- 1mg ocC ** *kk
WT- 10mg OC
Vehicle - 1mg OC * *k  x
Vehicle- 10mg OC  *** ok * * * *k dkk

One-way ANOVA
p<0.05 =*, p<0.01=**, p<0.001=***
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Table. 3.4.5. 10. Statistical significance cumulative all meters

Cumulative All Meters

ZT O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
WT'Veh|CIe ** ** ** ** ** ** ** ** ** ** ** ** ** **k* **k* **k* *k%k **k* **k* **k* **k* *k*k **k* **k*
WT_ lmg OC ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** **
WT- 10mg OC
Vehicle - Img OC
* ** ** ** ** ** ** ** ** * * * ** ** ** *k* *kx *k* *k* *k* *k* *k*x *k* *k*

Vehicle- 10mg OC
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One-way ANOVA
p<0.05 =*, p<0.01=**, p<0.001=***
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Figure 3.6. 2. 10mg/kg OC treatment prevents metabolic parameters alteration in 5xFAD.
We performed to measure in day and night time of metabolic phenotypic parameters as a
behavioral experiment. Our data indicates that 10mg/kg OC treatment prevents metabolic
parameters alteration in 5XFAD. However, 1mg/kg OC treatment showed no significant difference

with saline received 5xFAD.
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Table. 3.4.5. 11. Statistical significance day and nighttime

Day Only
Food All Cumulative All
Body weight intake Water Intake EE VCO2 VO2 RER VH20  Meters Meters Sleep Hours
WT-Veh
(5XFAD) Eax = *k* oz = oz = *k* *k*
WT_lmg OC **k%k **k* *k*k ** * k% **k*
WT_lomg OC **k* *** *k*k *k*k
Veh-1mg OC ekl *
Veh _10mg OC *** *k* **k* **k* *** ***
Night Only
All Cumulative All
Body weight Food intake Water Intake EE VCO2 VO2 RER VH20 Meters Meters Sleep Hours
WT-Veh
(5XFAD) *k*k **k* *k*k *k*k **k* **k* * k% ***k *
WT_lmg OC Ex = *k* Eax = Eax = *k* *k* *k*
WT-10mg OC e rxx
Veh-lmg oC Kk *kk KAk *hk
Veh _10mg OC *Kk* *k* Eax = *kx *kk * *k* *k*

p<0.05 =*, p<0.01=**, p<0.001=>**

Increased-Red (WT lower, Veh higher, or OC Treatment higher), Decreased Blue (WT higher, VVeh lower, or OC Treatment Lower)
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3.4. 2. OC reduced TRPAL expression in 5xFAD mouse brain

The expression of TRPAL in brain homogenate was analyzed by Western blotting. As showed in
Figure 3.6.3, TRPAL expression in 5XFAD mice brains is significantly higher than the WT by 84%
(p<0.001). In addition, Figure. 3.6.1 shows that mice treated with 10 mg/kg OC significantly
reduced TRPAL levels by 77% (p<0.01) compared to vehicle-treated 5xFAD mice. However, the

1 mg/kg OC dose has no effect on TRPAL expression.
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Figure 3.6. 3. Effect of OC on the expression of TRPAL in the 5xFAD and WT mice. This
figure demonstrate that higher expression of TRPAL was observed in the brain of 5XFAD AD mice
group. 10mg/kg OC received 5xFAD shows a reduction of TRPAL expression in the brain of
5xXFAD mice group. Data are presented as mean = SEM for n = 10 mice per group with * p <0.05,

** ) < 0.01,*** p < 0.001.
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3.4.3 OC reduced expression of BBB-endothelial TRPA1 in SxXFAD mice

Immunofluorescence (IF) of TRPA1 and claudin-5 (as a marker for endothelial cells) in the WT,
5xFAD and OC treated 5XFAD mice was performed. IF images were taken in the area of the
hippocampus (Fig 3.6. 4. A) and the cortex (Fig 3.6. 4. B), and the quantification analysis was
performed by using ImagelJ (NIH). All images demonstrate the co-expression of TRPA1 with
claudin-5, which indicates that TRPA1 is expressed in vascular endothelial cells. We also observed
a significantly higher TRPA1 expression by 51% (p<0.001) in the hippocampus (Fig 3.6. 4.A) and
89% (p<0.001) in the cortex (Fig 3.6. 4.B) than in the WT mice. While 1 mg/kg OC didn’t alter
TRPA1 expression, 10 mg/kg OC significantly reduced TRPA1 expression by 74% in the
hippocampus (Fig 3.6. 4.A) and 85% in the cortex (Fig 3.6. 4.B). These results indicate that TRPA1
is expressed in the vascular endothelial cells, and 10 mg/kg OC reduces endothelial TRPA1

expression in SXFAD mice.
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Figure 3.6. 4. BBB endothelial TRPAL expression was reduced by OC treatment in 5XxFAD
AD mice brain hippocampus and cortex. This figure demonstrates BBB endothelial TRPAL,
and it’s expression level was higher in the 5XFAD hippocampus (A) and the cortex (B). 10mg/kg
OC received 5xFAD shows a reduction of BBB endothelial TRPAL expression in the brain of
5XFAD hippocampus (A) and the cortex (B). 1mg/kg OC did not reduce TRPAL expression in the

cortex and the hippocampus. Data are presented as mean = SEM for n = 10 mice per group with *

p < 0.05, ** p < 0.01,*** p < 0.001.
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3.4.4. OC reduced IgG extravasation

The effect of OC on BBB leakiness was evaluated by IF of 1gG extravasation, which used as an
endogenous BBB permeability marker. IF was performed by using collagen 1V (brain
microvessels), and 1gG primary antibody to detect IgG extravasation. Our data (Fig 3.6. 5) indicate
a significantly higher IgG extravasation in the 5xFAD hippocampus by 2.5-fold (Fig 3.6. 3A) and
the cortex by 3.4-fold (Fig 3.6. 5B) compared to the WT mice. 5XFAD mice received 10 mg/kg
OC demonstrated a significant reduction in 1gG extravasation by 50-60% in the hippocampus and
the cortex (p<0.001) compared to vehicle-treated 5XFAD mice. On the other hand, 1mg/kg OC
shows no significant difference in 1gG extravasation compared to vehicle-treated 5XFAD mice.

Therefore, our data indicate that 10 mg/kg OC rectified the BBB function in 5XFAD mice.

5XFAD 1mg/kg OC 10mg/kg

Fold Change

WT 5xFAD 1mg 10mg

Ctx

Cortex
Fold Change

o a4 0N w

Figure 3.6. 5. 1gG extravasation rate was reduced by OC treatment on 5xFAD AD mice brain
hippocampus and cortex. This figure demonstrates IgG extravasation in the hippocampus (A)
and the cortex (B). Our data indicate that 10mg/kg OC reduced the extravasation rate in the
hippocampus and the cortex of 5XFAD. Data are presented as mean £ SEM for n = 10 mice per

group with * p <0.05, ** p <0.01,*** p < 0.001.
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3.4.5. OC reduced AP burden in 5XFAD mice brains and increased plasma A

We used ThioS to stain AP deposits in mice brain (Fig 3.6.6). Compared to vehicle-treated 5XxFAD
mice, only 10 mg/kg OC significantly reduced AP burden in mice brain by about 50% (Fig. 3.6.6).
We also measured total brain AB using 6E10 antibody, and the results demonstrated a significant
reduction by ~70% compared to vehicle-treated mice (Fig 3.6. 7). While the 1 mg/kg OC reduced
total AP, the effect was not significantly different. Soluble A isoforms 40 and 42 were monitored
by ELISA. As showed in Fig. Fig 3.6. 8A &B, the data demonstrate mice treatment with 10 mg/kg
OC significantly reduced Ao levels by 58% (p<0.001; Fig 3.6. 8 A) and ABa2 levels by 43% (Fig
3.6. 8 B) compared to vehicle-treated mice. While there was a trend of reduction, the 1mg/kg OC

didn’t produce a significant effect compared to vehicle-treated mice.

In the plasma (Fig 3.6. 8 C&D), compared to the WT mice, 5XFAD mice showed a significantly
lower APao and A4z levels, which significantly increased to the WT levels in 10 mg/kg OC treated
mice but not with the 1 mg/kg dose.

WT Tg-5XFAD 1mg/kg OC receivedTg-5XFAD 10mg/kg OC receivedTg-5XFAD

488-Thoftavin S 488-Thoflavin § 488-Thoflavin S 488-Thdflavin S

o
5XFAD  1mglkg OC 10mg/kg OC

Figure 3.6. 6. Ap plaque deposition was reduced by OC treatment on 5XFAD AD mice brain.
ThioS staining was performed to detect AP plaque deposition in the brain. Our data indicates that
10mg/kg OC reduced AP plaque deposition in the 5XFAD brain. Data are presented as mean +

SEM for n = 10 mice per group with * p <0.05, ** p <0.01,*** p < 0.001.
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Figure 3.6. 7. Ap 1-16, or APP (6E10) was reduced by OC treatment on 5xFAD AD mice
brain hippocampus and cortex. We performed 6E10 staining to detect APP and A 1-16 in the
brain. Our data indicate that 10mg/kg OC reduced AP plaque deposition in the SxXFAD brain. Data
are presented as mean + SEM for n = 10 mice per group with * p < 0.05, ** p < 0.01,*** p <

0.001.
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Figure 3.6. 8. OC treatment reduced Ap 40 and AP 42 in the brain of 5xFAD, but in the

plasma of 5XFAD. We performed ELISA quantification of ABs and APs2. Our data indicates

thatOC reduced AP burden in the brain by 42% in APa4o (A) and 57% in ABa2 (B). In the plasma,

our data indicates higher ABso (C) and A4z (D) in the WT and 5XFAD. Data are presented as mean

+ SEM for n = 10 mice per group with * p <0.05, ** p <0.01,*** p < 0.001.
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3.4.6. TRAPL is expressed in bEnd3 cells

To confirm the expression of TRPAL in bEnd3 cells, we performed immunocytochemistry to
detect TRPAL. As showed in Figure 3.6.9, TRPAL is expressed in bEnd3 cells and most notably

on the plasma membrane of the cells.

To assess the TRPAL function in bEnd3 cells, we used AITC and A967079 as TRPA1 modulators.
As showed in Figure 3.6. 10, the data support functional TRPAL1 where the agonist AITC
significantly increased iCa?* by 52%, and the antagonist A967079 significantly reduced iCa?* by

27%. In addition, 1pM ABa2 monomer increased iCa?* by 33% (p<0.05).

™

Alexa fluor 488-Claudin5

Figure 3.6. 9. Co-immunofluorescence shows that TRPAL is expressed in bEnd3 cells. Co-
immunofluorescence was performed to confirm TRPAL expression in bEnd3 cells. Our data

indicates that TRPAL is expressed in bEnd3 cells.
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Figure 3.6. 10. TRPA1 modulators are effect on iCa?* influx rate pf bEnd3 cells. We treated
bEnd3 cells with AITC (10uM), A967079 (10uM) and ABaz (1uM) for 72hrs to observe the iCa?*
influx rate difference. Our data indicate that AITC and AB 42 induced iCa?* influx of bEnd3 cells.
In addition to that, A967079 reduced iCa?* influx of bEnd3 cells. Data are presented as mean +

SEM for n = 10 mice per group with * p <0.05, ** p < 0.01,*** p < 0.001.

86



3.4.7. AP treatment increased TRPAT levels in bEnd3 cells

Cultured bEnd3 cells were treated with 0.5 uM AB42 monomers for 3 days. After treatment, cells
were analyzed by Western blot. As showed in Figure 3.6.11, ABa. treatment significantly increased
the expression of TRPAL by 55%. In addition, we performed an MTT assay to assess the effect of
OC and AP treatment for 3 days on cells viability. In the concentration ranges of OC (0.5-40 uM),
it was not toxic. For APa., at low concentration of 0.05 uM, it increased number of viable cells,

but it was toxic at concentrations 2.5 and 5 uM (Fig 3.6.12).

* %

2.0-
bEnd.3 cells
Q —_—T
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Non treated AB 42 g ol L E:::::‘.::::b':ﬁ:::ﬂ
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- G e e .

Control AB42 0.5uM
Figure 3.6. 11. Ap induces TRPA1 expression in the bEnd3 cells. We performed 72hrsAf

treatment to the bEnd3 cells to confirm whether it effect on the TRPAL expression levels. Our data
indicates that A4 treatment induces TRPA1 expression in the bEnd3 cells. Data are presented as

mean + SEM for n = 10 mice per group with * p <0.05, ** p <0.01,*** p < 0.001.
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Figure 3.6. 12. MTT assay shows the non-toxicity effect of OC, and shows the toxicity effect
of AB42. bEnd3 cells were treated with ABs2 and OC for 72 hrs. our data indicates non toxicity
effect of OC, and 72hrs AB42 treatment shows a toxicity effect in higher than 2.5uM. Data are

presented as mean = SEM for n = 10 mice per group with * p <0.05, ** p < 0.01,*** p < 0.001.

3.4.8. OC reduced TRPAZ1 levels and Ca?* influx in bEnd3 cells

bEnd3 cells were treated daily with different concentrations of OC (1-20 uM) for three days.
Treated cells were collected for Western blot analysis. As showed in Figure 3.6.13, the data
indicate a significant reduction in TRPAL levels in the range 5-20 uM by 48-65% (p<0.001). In
addition, 3 days of treatment with OC (1-20 pM) significantly reduced intracellular calcium (iCa®")
in a concentration-dependent manner (Figure 3.6.14). Therefore, our data indicate OC reduced

iCa?* levels, an effect that could be mediated, at least in part by reduced TRPA1 expression.
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Figure 3.6. 13. OC reduces TRPAL expression level in bEnd3 cells. We performed western blot

to observe TRPA1L expression level by adding OC treatment for 72hrs. Our data indicates that
higher than 5uM OC treatment reduces TRPA1 expression in the bEnd3 cells. Data are presented

as mean = SEM for n = 10 mice per group with * p <0.05, ** p <0.01,*** p < 0.001.
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Figure 3.6. 14. OC reduces iCa?* rate of bEnd3 cells. We performed Ca?* assay to observe the
effect of OC to the iCa2" influx rate in bEnd3 cells. Our data indicates that 72 hours of OC treatment
between 1-20uM reduced the iCa®* influx rate of bEnd3 cells. Data are presented as mean = SEM

for n = 10 mice per group with * p <0.05, ** p < 0.01,*** p < 0.001.
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3.4.9. OC reduced inulin permeability and enhanced AB transport across the in vitro BBB

model

Cultured bEnd3 cells in the transwell inserts were treated with 10 uM of OC or 150 nM of A4
oligomers or their combination for 72 h as we previously reported (192). As showed in Figure
3.6.15, A4z oligomers significantly increased inulin permeability across the monolayer by 18%
(p<0.05), suggesting monolayer disruption, while reduced %1-ABso by 13%. OC, on the other
hand, while it showed a trend for decrease and increase, respectively, the effect was not significant.
The combined treatment of 10 uM OC and 150 nM of AB42 oligomers demonstrated OC rectified
the leaky effect of AP oligomers, reduced inulin permeability by 22% (p<0.05) and increased *?°I-
APao transport by 10% when compared to APB42 oligomers alone. Therefore, the data demonstrate
that OC prevents the monolayer BBB disruption, an effect that could be mediated, at least in part,

by TRPA1 downregulation.
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Figure 3.6. 15. OC treatment reduces permeability of Ap oligomer in-vitro BBB model. We
performed permeability assay of bEnd3 cells-based BBB model. Our data indicates that higher
permeability of inulin was observed in 72hrs 150nM A oligomer treated cells. In addition to that,
we observed low permeability of inulin when it received OC (10uM) and OC+ AP oligomer
(150nM) for 72 hrs. For the 12-IAa4o transport, we observed higher %-IAao transport in OC
treatment received cells. However, 150nM AP oligomer treated cells showed reduced 2°-1A 4o
transport. Data are presented as mean + SEM for n = 10 mice per group with * p < 0.05, ** p <

0.01,*** p < 0.001.

92



3.5. Discussion

AD is a progressive neurodegenerative disorder (193). AD mice models with APP mutations
demonstrate the deposition of brain AP plaque (194), which caused by the increased production
and reduced clearance of AP (195). AB accumulation is also associated with BBB dysfunction
(196). BBB is a tight physical barrier between the brain and the peripheral system (197). Therefore,
protecting and restoring the BBB function could be a therapeutic approach to preventing or treating
AD. Our previous data demonstrate that restoring the BBB function in AD mice models would
reduce brain Ap deposition that improve memory ability in EVOO (OC rich) treated 5XxFAD mice
by enhancing AP clearance and reducing production (96, 116). In addition, following mice treated
with EVOO, a significant reduction in total brain TRPA1 of AD mice was observed (96). The
purpose of this work was to evaluate the effect of OC on metabolic and behavioral phenotypes
parameters, BBB function, and TRPAL expression in vascular endothelial cells in 5XxFAD mice

model of AD.

Our data indicate higher expression of BBB-endothelium TRPAL in 5xFAD mice brains compared
to the WT. TRPAL is a calcium-regulating cell membrane receptor (198) that is also expressed in
the throat that detects OC pungent taste (199). The activation of TRPA1 induces Ca?* influx to the
cell (200), and it is induced by temperature mainly as a cold sensor (201). In human and rodents,
TRPAL is known as a pain sensor (202-204). Therefore, TRPAL in the mice model is expected to
have similar functions and properties as human TRPAL. Recently, we showed reduced levels of
TRPAL in AD mice brains that received OC treatment (96).

Our findings demonstrate that TRPAL is expressed in endothelial cells and that it is upregulated
by AP. OC treatment significantly reduced brain A levels in 5XFAD, an effect that was associated

with endothelium-TRPAL1 downregulation, which could play a role in rectifying the function.
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An acute (short-term) exposure to OC in in-vitro models demonstrated that OC is a TRPA1 agonist
that induces iCa?*influx into TRPA1 transfected HEK293 cells (102). However, relevant to our
previous study, it demonstrates a reduced TRPA1 expression in the AD mice brain with long-term
OC-rich EVOO treated (96), which is similar to our data. Therefore, our data indicate long-term
OC treatment downregulates TRPAL expression.

Not only BBB endothelial cells but also astrocytes express TRPAL (101, 190). An application of
soluble AP oligomers (ABo) induced fast and widespread Ca?* hyperactivity in the astrocytic
population, and astrocyte hyperactivity is independent of neuronal activity and is repaired by
TRPAL channels blockade (190). Similarly, our data indicate higher Ca?* influx in the BBB
endothelial cells with AP treatment, and blockage of TRPA1 by 3 days of treatment of OC was
observed. Therefore, reduced expression of TRPAL could be a therapeutic target to maintain the
BBB function.

Measurement of plasma protein level is one of the preclinical approaches of AD that helps to
predict cerebral amyloidosis (205). However, there is no established correlation between BBB
dysfunction and plasma Ap levels. Our data suggested that AD-induced BBB dysfunction in the
5xFAD mice shows less AP and APa2 levels in plasma compared to the WT mice. Interestingly,
OC treatment showed higher plasma ABso and A4z levels approaching their levels in the WT mice.
Some of the studies are show the important role of BBB in AB clearance from the brain to
peripheral system and that the dysfunction of BBB reduced AP clearance from the brain (166,
206). Our data indicate that the WT mice without BBB disruption shows higher plasma AB4o and
APaz levels than 5XFAD. Therefore, we found that lower plasma AB4o and AP42 could be related to

BBB dysfunction in the 5xFAD mice.
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AD patients are experiencing neuropsychiatric symptoms such as loss of appetite, low activity rate,
anxiety, and sleep disorder (207, 208). Here, to evaluate the effect of OC on these metabolic and
behavioral parameters, we monitored the effect of OC on body weight, activity rate, anxiety-like
behavior, and sleep time. Our data demonstrated that 10 mg/kg OC almost restored these
parameters to their levels in the WT mice. Therefore, our data indicate that AD induces a
significant metabolic parameters alteration, and this alteration could be rectified by 10 mg/kg OC
treatment in 5XFAD mice.

Benzodiazepines and barbiturates are medicines currently used for the treatment of insomnia.
However, the long-term treatment with these drugs has been associated with cognitive impairment
(209). Here we observed the effect of OC on AD-induced sleep disturbances, where 10 mg/kg OC
increased the sleep duration in 5XxFAD mice without side effects. These results suggest the
potential use of OC for the treatment of insomnia. However, additional studies are required to
clarify the mechanism. In addition to that, we observed 10mg/kg OC ameliorate the integrity of
the BBB that help to enhance cognitive function in AD. Therefore, OC rectifies sleep disturbances
without cognitive impairment as an adverse effect.

In conclusion, we observed that higher BBB endothelial TRPAL expression might involve in BBB
disruption in AD; however, OC treatment reduced BBB endothelial TRPAL expression, which
helps to enhance the AP clearance rate to reduces AP deposition in the brain. In addition, OC
treatment improved the metabolic and phenotypic behaviors in 5XxFAD mice suggesting OC could

improve metabolic and neuropsychiatric symptoms in AD patients.
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4. Summary and conclusion

Alzheimer’s disease (AD) patients are experiencing cognitive impairment, which induced by brain
amyloid-p (AB) deposition induced neurodegeneration. In addition, AD patients experience blood-
brain barrier (BBB) dysfunction that is related to AP deposition in the brain of AD patients. To
better understand the relevance between BBB and A deposition in AD, we selected oleocanthal
(OC) as a treatment that help to maintain hthe ealthiness of BBB. However, how the effect of OC
that enhances BBB function and healthiness has not been investigated. Based on the literature of
our previous study, we observed a reduction of TRPAL in the AD mice model with OC treated.
However, the role of TRPAL in the BBB function and behavioral alteration have not been
investigated yet. To fill the gap in the literature, we selected the 5xFAD AD mice model as a
vehicle, and measured metabolic parameters to observe behavioral alteration. In addition, we
selected bEnd3 cells to confirm and observe the function and expression of TRPA1 in the BBB
endothelial cells. The objective of the first project is to observe the effect of aging and AD
pathology on the alteration of metabolic parameters. We successfully observed that aging induces
metabolic parameters alteration. However, we found worsened metabolic parameter changes in
AD mice model with AP deposition in the brain. In the second project, we observed higher
expression of TRPA1 with worse BBB disruption and higher A deposition in the AD mice brain
compared to the WT. However, we observed that OC rectifies the function of BBB and reduces
TRPAL expression in the BBB. We also observed that OC restored the metabolic parameters of
5XFAD mice groups as much as the WT. Especially, we observed that OC reduced sleep
disturbance and increased sleep duration in 5XFAD. Next, we selected bEnd3 cells to specify and

observe TRPA1 in end BBB endothelial cells. We observed that AP treatment induces higher
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expression of TRPA1 with higher Ca?* influx (iCa?*) in the bEnd3 cells; however, OC prevents
Ca?" influx (iCa®") and reduces the levels of TRPAL in the bEnd3 cells. In addition to that, we
observed OC treatment induces clearance of AP in the BBB transport model that OC enhances

BBB function and enhances AP clearance from that brain.

In conclusion, we observed a altered metabolic parameters in 5XFAD mice compared to WT,
specially at the order 9 months age mice. Beside of the effect of pathology, aging altered the
parameters. In addition, we found TRPAL is expressed in the BBB endothelial cells with a
significantly increased levels in 5xfad mice compared to WT mice. Finally, we also found that
10mg/kg OC was able to ameliorate the metabolic parameters in the 5XFAD mice, rectified the
BBB integrity, reduced the brain AP levels, and downregulated TRPA1 levels in the BBB
endothelial cells. These result suggest monitoring metabolic behavioral phenotypes as assessment
tool for AD diagnosis and therapeutic effect could be beneficial to assess AD. In addition,

suppressing TRPAL could provide therapeutic approach against AD.

4.1. Future directions

Based on my observations from this study, I suggest the following studies as future directions:

1. The role of TRPAL in the BBB has not been well established. Therefore, to better
understand and investigate the role of TRPAL against AD, an establishment of signal
pathway between TRPA1 and AD-induced BBB pathology is necessary.

2. | was unable to succeed in the transfection of bEnd3 cells to perform knockout/-in of
TRPAL. Therefore, transfection of TRPAL in bEnd3 cells is necessary to specify the effect

of TRPAL
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3. This study does not include female mice subjects. Therefore, including female subject

might help to better understand the function of TRPA1 in the BBB.
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