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Abstract

Accumulation of amyloid beta (AB) protein in the cerebral region of the brain is one of
the hallmarks of AD and appears 15 to 20 years before the appearance of any
symptoms of AD. This prolonged asymptomatic phase of AD gives a huge potential for
the development of early detection and screening methods for AD. In addition to this,
the fact that AP peptide also accumulates in the retina and leads to visual impairment,
has shifted scientists' focus on the eye to be used as a diagnostic tool. Over the last
decade, the use of infrared (IR) rays to detect and study amyloid plaques has opened
new avenues in the field of neuroscience. The current study is designed to validate the
diagnosis of AD by detecting AP in the retina using IR rays on AICls-treated rodent
models. Behavioral tests were conducted to confirm symptoms of AD such as impaired
cognition and spatial learning induced in rodents, followed by mice dissection to
perform histology including H&E and Thioflavin T (ThT) staining of their retinal and
cerebral tissues for confirmation of the presence of amyloid aggregations. Rodents’
eyes were exposed to IR light for the detection of amyloid plaques by the amount of IR
radiation reflected. The presence of the plaques in the retina was confirmed by the
reflectance percentage of IR light, the more the plaques in the retina, the lower the IR
percentage reflectance as it would be absorbed by the aggregations encountered by IR
radiation. When compared to healthy mice, AD mice showed three to five times less
reflectance percentage of IR light. The findings of this study predict the utility of IR

spectroscopy in the diagnosis of AD and other neurodegenerative diseases.

Key Words:  Amyloid-beta protein, Alzheimer'’s Disease, infrared spectroscopy, AD
diagnosis, AD-mice models, amyloid aggregations
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CHAPTER 1
INTRODUCTION



1.  INTRODUCTION

1.1. Alzheimer's Disease
Alzheimer’s disease (AD) is a complex neurodegenerative disorder that results in a

decline in normal brain functions over time. It causes memory loss and affects the
cognitive ability of the brain to the point that a person is unable to perform ordinary
daily life functions such as moving around or feeding oneself. AD has been
conceptualized as a disease continuum, meaning that it undergoes a long preclinical or
asymptomatic phase, where the symptoms of AD do not appear for more than 10 to 15
years from the disease onset. Still, the neuronal changes at the molecular level start
developing and by the time the signs of AD start appearing in the body, the condition at
the molecular level is immensely damaged (Breijyeh et al., 2020).

In AD patients, cognition and memory impairment occur with advancement in age;
however, the rate of this decline becomes double than that occurring in a normal
individual and worsens with age. It is most common in older people aged 65 or above
and less common in younger. The warning signals of AD include misplacing things
more often and not being able to recall where to find them, memory loss to the extent
that the individual is unable to recall familiar places or people, repeats questions and
has trouble completing normal tasks.

An AD brain suffers from atrophy or shrinkage of the cerebral cortex, responsible for
processing information and language, as well as shrinkage of the hippocampus,
responsible for memory formation. The gyri, which are ridge-like elevated structures on
the brain surface are narrowed, while the sulci, depression, or groove that separates the
temporal lobe from the parietal and frontal lobes, is widened because of neuronal cell
death. In addition to the neuronal loss, hindrance in neuronal communication occurs due
to the deposition of aggregated and misfolded proteins in the synapses which further
promotes cell death. The two proteins called tau forming neurofibrillary tangles (NFTS)
and amyloid-beta (AP) forming senile plaques (SPs), that accumulate in the brain are

the major molecular characteristic features of AD (Murphy et al., 2010).



Healthy Brain : AD Brain

Sulci

-,

g - RN

- \ "y h oo
i 5 V&= don ®

e Qi y. R W
:”i"*’.j'/ f\‘ &.“ ¢

) — y & ~ Sulci
ﬁ@g 67’ NFTs and SPs
\ N >

Created in BioRender.com bio

Figure 1: Comparison of a Healthy and AD Brain. Unlike a healthy brain, the AD
brain undergoes excessive neurodegeneration along with the presence of aggregated
senile plaques (SPs) and neurofibrillary tangles (NFTSs).

1.2. Epidemiology
Dementia is one of the most significant social and health crises of the 21 century. At

present, around 50 million people are living with AD, worldwide (Livingston et al.,
2020). The present rate of AD patients suggests that the number of people suffering
from AD becomes two-fold every 5 years (Monfared et al., 2022). The number of
people with AD is predicted to exceed more than double what it is today by the year
2060. Globally, the prevalence of dementia and AD cases is increasing substantially,
but this rate is dependent on the socioeconomic factors of a region as well. It has more
than doubled since the year 1990 majorly because of bigger population size and
increasing ages (Livingston et al., 2020).

In Europe, a study was conducted in 2017 that reported a higher occurrence of AD
dementia in women. The meta-analysis that was carried out reported 3.31% prevalence
in men, and 7.13% in women (Niu et al., 2017). Previously, a similar study conducted
by China in 2013, also showed a higher prevalence in women (Chan et al., 2013). There
might be an association of ethnicity as well with how AD dementia develops in
individuals as reported by a population study conducted on clinically diagnosed AD

patients from 1994 to 2012 in the US. The findings suggested twice the prevalence of



AD in African Americans than in European Americans (Rajan et al., 2019). The Project
Alzheimer's Value Europe (PAVE) consortia reviewed the information available on the
prevalence of AD and proposed best estimates on the overall number of people, globally
across the AD continuum to give an idea of worldwide AD prevalence (Gustavsson et
al., 2023).
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Figure 2: Prevalence of AD Dementia in Different Countries. This chart shows the
mean of the percentage of prevalence of AD in men and women in different countries
between age groups ranging from 65 to 89, assuming that 70% of the general dementia
patients have clinical AD (Gustavsson et al., 2023).

In lower-middle-income countries (LMIC), including Pakistan, two-thirds of the
individuals are living with dementia, presently. Less than 10 percent of people get AD
diagnosis in such countries. AD symptoms are widely mistaken for aging due to a lack
of awareness and a poor healthcare system, consequently increasing the number of
people living with AD at an alarming rate (Mayeux et al., 2012). According to the
Alzheimer’s Association, this number was over 850,000 in 2015, while around 1 million
people currently suffer from dementia, and may become more than 3 fold by the year
2050 if no preventive measure is carried out (Azhar, 2023).

People suffering from other health problems and trauma are at higher risk of developing

AD, and unfortunately, a major proportion of the population in LMICs comes under



such category. There is a 7% higher risk of onset of AD with CVDs that result in stroke
followed by destruction of cells in the thalamus, cortex, and hippocampal areas along
with deposition of plaques leading to Alzheimer-type pathology (Pendlebury et al.,
2009). Similarly, mid-life consistent hypertension has been reported to cause the
development of late-life AD (Ruth et al., 2010). Type Il Diabetes is reported to have a
direct association with the accumulation of AP in the brain due to hyperinsulinemia that
disrupts the clearance of AP protein (Profenno et al., 2010). Obesity directly impacts
CVD development and diabetes which in turn are risk factors for AD (Atti et al., 2008).
Smoking and drugs are common in LMICs as well that hinder the production of
neurotransmitters, disrupt the cholinergic pathway, and ultimately lead to dementia
(Mayeux et al., 2012).

1.3. Pathophysiology of AD
The rate of decline of the hippocampal as well as cortical regions of the brain have been

used as a marker to predict the progression of AD, however, the pathways that lead to
such atrophy are understudied. Because of complexity and limited access to the central
nervous system (CNS), scientists are still struggling to get a full understanding of the
mechanisms behind neurodegeneration in brain disorders. However, they have come up
with several hypotheses that give logical reasoning to the occurrence of neuronal cell
death (Finder et al., 2007).

1.3.1. Cholinergic Hypothesis

Acetylcholine is a chief neurotransmitter of the parasympathetic nervous system that is
responsible for many important body functions including learning and memory (Sam et
al., 2023). It is released into the synapse by a pre-synaptic neuron, acting as a mode of
transmission of impulse from one neuron to another through the synapse. The cerebral
cortex and hippocampus of the brain have cholinergic neurons, releasing an enzyme
called choline acetyltransferase (ChAT) in their soma that travels to the axon terminal
(Da Jeong et al., 2014; Maurer et al., 2017). ChAT in the axon terminal combines
choline, a nutrient transported into pre-synaptic neurons by transporter protein in the
membrane, with acetyl coA, to produce acetylcholine. The membrane of the post-
synaptic neuron has cholinergic receptors to which the neurotransmitter, acetylcholine,

binds and the impulse is transmitted. In the synapse, the excess acetylcholine is



hydrolyzed by the enzyme cholinesterase (Sam et al., 2023). In AD, there is less ChAT
production, less choline, or an increased amount of cholinesterase enzyme, all resulting
in decreased synthesis of acetylcholine. Experiments have shown that atrophy or
injuries to the cortical regions of the brains of rodents and non-human primates lead to
the introduction of attention deficit (Gonzalez et al., 2014).

(a) (b)
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Figure 3: Acetylcholine Synthesis in the Synapses. (a). Healthy Synapse. In normal
neurons, acetylcholine is produced which aids in neuronal communication. (b). AD
Synapse. In AD, acetylcholine is released in less amount than normal which hinders
neuronal communication.

1.3.2. Tau Hypothesis
Hyperphosphorylation of tau proteins that result in the formation of neurofibrillary

tangles (NFTs) is considered an important hallmark of AD (Gong et al., 2008).
Microtubules in the axons function as the cellular highway as they play an important
role in the transmission of cellular products from the soma of neurons to terminals and
vice versa. These microtubules have tau proteins on their surface to help them provide a

stable structure. When, however, excess amyloid beta is formed, it hyper-



phosphorylates the tau proteins which break off, making the microtubule structure
unstable and ultimately collapse (Hanseeuw et al., 2019). Hyper-phosphorylated tau
proteins aggregate to form NFTs that hinder intracellular communication and promote
neurodegeneration (Liu et al., 2020). Misfolded tau proteins promote further misfolding

of the rest of the tau proteins, thus resulting in the spread of pathology across the brain.

Destabilized Tau
microtubules oligomers  Neurofibrillary
tangles

Figure 4: Formation of Neurofibrillary Tangles. Microtubules in the axons are
stabilized by tau proteins. When tau is hyperphosphorylated, they break off from
microtubules making them unstable and aggregating to form neurofibrillary tangles.

1.3.3. Amyloid Hypothesis
According to the amyloid hypothesis, there is a disruption in the amyloid cascade that

produces extracellular senile plaques (SPs). These plaques are known to be produced
due to the presence of amyloid beta protein fragments that should be degraded. The
neuronal cell membranes have important surface proteins known as amyloid precursor
proteins (APP) that are essential for cell growth and repair of neuronal cells after injury.
Like all other proteins, APP should be degraded and disposed of after a certain time that
occurs through two major pathways: the non-amyloidogenic and amyloidogenic
pathways. In the non-amyloidogenic pathway, the membrane protein APP is cleaved
sequentially by a-secretase and y-secretase enzymes into certain regions, further broken
down into smaller fragments that are disposed of easily by the body. In the
amyloidogenic pathway, APP is degraded by B-secretase and y-secretase into an AP
monomer composed of 36 to 43 amino acids, which needs to be broken down through

phagocytosis by microglial cells, and subsequently eliminated from the body. Receptor-



mediated internalization occurs by astrocytes and protease neprilysin also plays a
crucial role in its degradation. In AD, AP starts accumulating due to its increased rate of
production and decreased breakdown due to neurodegeneration of microglial cells and
astrocytes along with inhibition of neprilysin. When excessive AP is produced, it
aggregates together to form SPs that block the synapse, hindering the transmission of
neurotransmitters from the pre-synaptic to the post-synaptic neuron. The lack of
communication between the neurons makes them non-functional and the neuronal cells
ultimately die. Microglial cells that help provide nutrition to neurons and aid in
protecting cells by functioning as immune cells may malfunction. The aggregated AP is
taken up by microglial cells, but this phagocytosis makes it abnormal, and it starts
releasing lots of cytokines that damage the surrounding neurons causing cell lysis
(Hampel et al., 2021).
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Figure 5: Formation of Amyloid Senile Plaques in the Brain. Amyloid beta (AP) is
produced by amyloid precursor protein (APP) by cleavage from B and y-secretase that
forms plaques and ultimately results in the formation of senile plaques.

1.4. Diagnosis of AD
Clinical diagnosis of AD is based on the signs and symptoms shown by the patient

which are divided into two categories. First is a neuropsychological component
consisting of aphasia, the inability to speak or communicate correctly, apraxia, the
inability to carry out normal tasks although the sensory and motor nervous systems are

intact, amnesia, the impairment of memory particularly the short-term memory, and

8



agnosia, the inability to recognize oneself or family members. The second component
is neuropsychiatric which is associated with disturbances in the behavior and consists of
misidentifications and paranoid ideation based on agnosia which is sometimes coupled
with the belief that the objects or people are duplicated. It also includes hallucinations,
most commonly auditory and rarely visual, along with aggression, and wandering
(Burns, 2000; Bomasang et al., 2021).

Vascular dementia is memory loss due to damage in the blood vessels because of some
injury or trauma and has overlapping signs and symptoms with AD. In AD patients, the
condition progresses slowly over a long period, while in patients suffering from
vascular dementia, the disease onset is often abrupt, and there may also be a history of
strokes and hypertension. Unlike AD, in which the earliest signs are cognitive in nature,
especially short-term memory impairment, dementia consists of changes in personality
such as increased aggression and rigidness, diminished emotional control and
responsiveness, and hyperactivity. Patients also have a greater tendency towards anxiety
and depression in vascular dementia. However, all these signs overlap for both AD and
dementia in the later stages (Bature et al., 2017).

Collecting comprehensive information regarding the patient’s behavior is crucial to
making a correct diagnosis. Investigating the patient is useful to get evidence regarding
aphasia, the mental state of the patient, and the presence of any other anxieties. Doctors
and other healthcare professionals commonly use a Mini-Mental State Examination
(MMSE) of 11 questions and activities to check for cognitive impairment. It assesses 6
areas of mental abilities: attention and concentration, the orientation of time and place,
short-term memory, speech ability, visual and spatial ability between the objects, and
the ability to understand and follow instructions. The maximum score for MMSE is 30,
where a score above 25 is considered normal, and below 25 indicates the presence of
possible cognitive impairment. However, it is not a reliable test for every case, since the
impairment related to memory, learning, and speech can also be due to any other
abnormality (Gluhm et al, 2013).

Detailed physical examination tests including blood and urine screening, erythrocyte
sedimentation rate (ESR), blood count, liver function tests (LFTs), thyroid function tests

(TFTs), chest X-ray, electrocardiogram (ECG), etc., help rule out any other abnormality.



Indirectly the assessment of signs of the presence of any lesions and neurodegeneration
can be identified using imaging techniques. Computed Tomography (CT) scanning aids
in investigating intracranial lesions, and a further detailed picture of cerebral structures
can be gathered from Magnetic Resonance Imaging (MRI) (Lombardi et al., 2020).
Frontal lobe dementia and deficits in the blood flow throughout CNS can be diagnosed
using a Positron Emission  Tomography (PET) scan. In  addition,
Electroencephalography (EEG) is sensitive to the detection of delirium, which is a state
of confusion, hallucination, and agitation (McKhann et al., 1984; Oostveen et al., 2021).
Diagnosing AD as early as possible is important because there is no proper cure to
revert this complex brain disorder. However, it is easier to manage AD at the initial
stage and there are clinically approved medicines that can treat the initial symptoms of
AD. If untreated, the condition of AD worsens with time, and it becomes irreversible.
Therefore, there is a need to conduct studies on AD to help gain in-depth knowledge for

better and more direct diagnostic approaches and accurate treatment methods.

1.5. Etiology

1.5.1. Aging
Aging is considered one of the major risk factors for AD. It is an irreversible,

continuous, gradual process of natural changes in the body involving a decline in the
overall potential of bodily functions due to a decrease in the rate of cell division and
proliferation, telomere shortening (Hara et al., 2019), and an increase in oxidative
stress. Like all other organs of the body, the brain also undergoes chemical and
structural changes due to the process of aging (Peters et al., 2006).

At the cellular level, neurons slowly become less active. Myelin sheath starts
deteriorating, dendrites become less branched, leading to smaller networks throughout
the brain and the number of synapses between neurons also tails off over time. Brian
shrinks in size, with some parts undergoing more atrophy than others, including the
prefrontal cortex, cerebellum, and hippocampus. The cerebral cortex also becomes
thinner with a more noticeable effect on frontal and temporal lobes.

Chemical changes include increased oxidative stress, and reduced release of
acetylcholine, dopamine, serotonin, and other neurotransmitters, along with a decline in

the receptors to which the neurotransmitters are supposed to bind. Consequently, these
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structural and chemical changes affect the functions of the brain. Over time, gradual
loss of memory, ability to process information, decline in focus due to distractions, and
decrease in problem-solving capabilities start to appear. Since these signs of aging are
like the symptoms of AD, it is one reason why the disease is difficult to distinguish.
Unlike aging, these symptoms appear and worsen relatively faster with time in AD (Li
etal., 2022).

1.5.2. Genetic Fators

A major impact on the increased risk of AD is the presence of apolipoprotein €4 gene
(APOE &4) (Husain et al., 2021). It has 3 allele variants: €2, €3, €4 that make 6 possible
combinations i.e., €2/e2, €2/€3, €2/e4, €3/€3, €3/e4, and g4/e4. Any combination having
an €2 variant lowers the risk of the onset of AD more than other combinations as it is
known to be a protective allele, however, it is also a rare allele. On the other hand, when
the &4 allele is present in any combination, the risk of onset of AD is higher, while the
risk due to the €3 allele is lesser than that due to €4 (Yamazaki et al, 2019; Husain et al.,
2021). APOE is synthesized by microglial cells and astrocytes in the CNS and helps
transport cholesterol to the neurons. Upon its lipidation by ATP binding cassette Al
(ABCAL) transporters, it binds to AP, facilitates its internalization by the glial cells, and
disrupts AP clearance at the blood-brain barrier (BBB) (Liu et al., 2013). It is important
to note that genetics is not the basis of AD, but rather one of the factors that could cause
a higher probability of its development. Like other hereditary diseases, the chances are
higher when AD is in siblings or parents than when it is in other relatives (Troutwine et
al., 2022).

1.5.3. Environmental Factors

Environmental factors like infections, air pollution, diet, etc. cause oxidative stress and
inflammation. Several studies on animal and cellular models showed signs and
symptoms like AD when they were exposed to high levels of carbon monoxide (CO),
nitrogen oxides (NOx), sulfur dioxide (SOz), and particulate matter (PM) (Mir et al.,
2020). Aggregation of AP protein has been observed to be enhanced due to a high-
caloric diet and saturated fatty acids (Xu et al. 2015). Lead blocks the calcium-binding
sites in the brain and is known to cross the BBB where it causes several damages.

Infections due to bacteria such as Chlamydia pneumonia activate cytotoxic microglia
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and astrocytes and result in the late onset of AD (Rahman et al., 2020; Ganz et al.,
2022). Exposure to aluminum (Al) results in its accumulation in the cortical region of

the brain and hippocampus where it causes protein misfolding (Mold et al., 2021).

1.6. Pathophysiology Caused by Aluminum
Al is a highly neurotoxic element and a major environmental risk factor for AD. It is not

needed to perform any known physiological function in the human body and is regarded
as a toxic element, especially a neurotoxin. Neuroscientists have established a strong
association between Al and its toxic effects leading to brain disorders such as AD,
Parkinson’s Disease (PD), and other neurodegenerative diseases. It interferes with the
cellular pathways by disrupting the redox status of cells and increasing oxidative stress.
Al itself is non-redox in nature, but it can oxidize other compounds, and thus it can
easily damage normal physiological mechanisms (Mujika et al., 2011). In a recent
research study, balb-c mice were exposed to Al to learn the mechanism of the
production of oxidative stress (Viezeliene, 2022). After 14 days of exposure, serum
ferritin was measured which came out to be more than the normal case, with a lower
amount of transferrin-bound iron. This suggested that Al replaced iron on an iron-
binding protein, transferrin, causing a higher amount of free iron in serum which is
directly associated with the production of reactive oxidative species (ROS). In addition
to this, a very low dose of Al, such as a lethal dose of 50 (LDso) can cause a lot of
damage as well (Viezeliene, 2022).

Aluminum can cross the BBB and directly bind to the 1-40 chain of the A sheet,
changing its conformation and resulting in senile plagues. There is controversy over the
exact mechanism by which the plaque formation occurs due to Al, however, there is
evidence that Al does promote APP accumulation by suppressing the inhibiting domain
in the brain essential for digesting the excess APP amount. It aids in the production of
free radicals that result in oxidative stress and synthesizes inflammatory substances that
damage the neurons (Mujika et al., 2011). Experimentation on animals has made it
evident that Al promotes the accumulation of AP peptides in their brains. Al is,
therefore, very commonly used to induce AD-like symptoms in rodent models
(Viezeliene, 2022).
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Figure 6: Aluminum Distribution in the Brain. Al crosses BBB and may accumulate
in the NFTs, SPs, microglia, or astrocytes in the brain and interfere with the normal
functionality of neurons.

1.7.  Aims of the Current Research Study
AD is one of the major health as well as social crises of the 21 century. Despite

arduous studies conducted on this complex disorder, there is still a lack of direct, early
detection that aids in the mitigation of the physiological abnormalities at the initial
stages. AD is indirectly diagnosed using imaging techniques such as magnetic
resonance imaging (MRI), optical coherence tomography (OCT) positron emission
tomography (PET), blue light autofluorescence (BAF), and scanning laser
ophthalmoscopy (SLO). However, by the time diagnosis of AD is done through any
means, most of the neurons are already irreversibly damaged (Oostveen et al., 2021).
1.7.1. Proposed Solution

AP and tau are two proteins whose presence is highly associated with AD. They start
accumulating in the brain more than 10 years earlier than the appearance of any
symptoms of AD, causing abnormalities at the molecular level before any changes in
the behavior or personality of the person appear. This prolonged preclinical state of AD
facilitates a huge potential for the development of early methods of AD diagnostics.
Recently the use of infrared (IR) radiation has opened many new avenues for studying
and diagnosing brain disorders. Near-infrared radiation (NIR) signal is reported to be
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specific to the structure of the amyloid protein and has been used to study the
mechanism of the self-assembly of AP in a label-free manner (Pansieri et al., 2019).
Over the last decade, the eye has captured scientists’ attention to be used as a tool to
detect the pathologies occurring in the brain. The function of the eyes and their
movement is controlled by a diverse network of the brain stem and occipital lobe of the
cerebral cortex. The pathology of these brain regions causes a decline in ocular function
as well. Retina has been known as the extension of CNS, anatomically and
developmentally. The axons of ganglion cells in the retina form an optic nerve, whose
fibers further form CNS axons in effect. In fact, in recent neurological studies, structural
changes in the retina of AD patients have been observed, including neurodegeneration
of retinal tissue and plaque deposition in some cases (London et al., 2013).

Research on AD transgenic APP-rodents has shown that this accumulation of plaques in
their retina occurs as cerebral protein deposits. The retina mirrors the effects of CNS in
many important cases and therefore is a useful tool to detect the pathology occurring
inside the brain. There is chronic intraocular inflammation in patients suffering from
CNS lymphoma and composite ganglion thickness in Multiple Sclerosis (MS) patients.
Retinal vasculature abnormalities including decreased arteriolar and venular fractal
dimension in patients with AD. The task-evoked pupillary response is often observed in
them as well. Patients with obsessive-compulsive disorder (OCD), autism, and
schizophrenia have saccadic or smooth pursuit eye movement. Thus, the retina is an
easily accessible organ, and visual impairment after neurological disorders should not
be neglected (Onakpoya et al., 2010; London et al., 2013).

The current project is a continuation of a previous project that validated protein
aggregation in the aging retina as an early retinal biomarker. An ocular IR-emitting
device was engineered consisting of an Arduino circuiting board, with the camera
connected to both the board and computer where the reflected IR values were displayed.
Data from healthy volunteers was collected and correlated with their MMSE scores and
ages. The device validated the presence of variations in the retinal proteins in the aging
retinal and confirmed it as a promotor of AD diagnosis. In the current study, the ocular
IR-based device was tested on AD-like rodent models, and using IR radiation, the

protein accumulation in their retina was detected to see whether these plaques worked
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as a biomarker of AD. The present work was designed to achieve the following
objectives:

1. Preparation of AlCls-treated AD-like rodent models.

2 Conduction of rodent behavior to confirm induction of AD-like symptoms.

3 Validation of the presence of AB in the brain and retina by histological tests.
4. Modification of the IR device by downscaling its parameters to rodent eyes.
5

Testing the device on the retinas of AD-like rodents.
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CHAPTER 2
METHODOLOGY
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2. METHODOLOGY

The previously designed IR prototype for the detection of ocular protein was modified
for the present study to test on AD-like rodent models. The current work consists of
three major parts: the device remodeling phase, the AD-like rodents’ preparation and
testing phase during which the rodent behavioral and histological testing was conducted
to confirm the presence of plagues in their brain and retinal tissues, and finally the

device testing phase in which the hypothesis of the project was validated on rodents.

2.1. Ethical Approval

Before conducting the in vivo study, ethical approval with an IRB number 05-2023-
ASAB-02/02 was acquired from the National University of Sciences and Technology —
Internal Review Board (NUST-IRB) committee of NUST, Islamabad.

2.2. IR-Based Device

2.2.1. Mechanical Design

The materials used to fabricate the prototype were infrared — light emitting diode (IR
LED) (B615, IMP1000, TH500, SA) with 5 mm diameter and wavelength of 940 nm,
TSL 1401 linear CCD camera (Yahboom, China) with 128 pixels that was used as a
sensor, resistors (220 ohm), Arduino Nano (model: ARDOQOO5, Italy), battery (6SP
061225, China), 5V charging module, connecting wires, soldering iron, and glue gun.
The prototype consisted of two parts, the eyepiece including the camera and LED, the
mechanical design of which was 3D-printed using polylactic acid (PLA), and the
Arduino circuitry board. The PLA used was green in color, so the internal side of the
eyepiece was colored black to block the effects of any irrelevant external light. The
circuit was designed on fritzing software and the mechanical design of eyepiece and
circuitry were designed on SolidWorks 2021.

2.2.2. Circuiting

On the Arduino board, the positive arm of the LED was connected with a resistor which
was connected to the digital pin D8, and the negative arm to the ground. The VCC pin
of the sensor was connected to the 5V pin of Arduino, CLK, and SI pins were connected

to D2 and D3 pins respectively, A0 was connected to A0, and GND was connected to
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the ground of the Arduino board. A 3.7 V battery was connected to supply power and a

reset button was connected for obtaining data values.

' | TSL Camera [ ]

—> Eyepiece

Arduino
board

65P 061225
110mAh 3.7V

| Reset Button | |

Fritzing

Figure 7: Circuit Diagram. The engineered prototype consists of an eyepiece and a
circuit board. The eyepiece has an IR transmitter which is an LED and a sensor which is
a camera connected at the same end. The wires of the LED and camera are connected to

the circuit board.
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Eyepiece

Figure 8: Hardware Device Design. It consists of mainly two parts: the eyepiece and
the Arduino circuit board. The eyepiece further consists of an IR LED and a camera.

While designing the prototype, the light source and the sensor were placed at the same
end of the eyepiece as per the maximum feasibility that the device design allowed us,
and the data was collected based on the reflected values. It was made sure that nothing
obstructed the mouse's eye while taking the reading and to remove any doubt, a mean of
three readings was taken per mouse.

The camera attached to the eyepiece worked as a sensor of the reflected radiation and
the value was displayed on Arduino (1.8.18) software installed in the computer. The
camera sensor on receiving the light gave an analog reading that was a bell-shaped array
of readings. This means that every time the power switch was turned on, the reading
that the camera captured went from 0 to a full peak and fell back to 0. To exclude this
hindrance so that the camera only captures the peak value, Arduino (1.8.18) software
was coded to give only the stretch of the bell shape from each analog reading that would
give a peak value. However, every peak value was different from one another once the
reflected light hit the camera, the maximum being 1024 and the minimum value of 0 for

an 8-bit analog-to-digital converter (ADC).
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2.2.3. Device Modification and Calibration
Since the device was previously designed for the human eye, it was modified to be used

on rodent eyes. The prototype was built in SolidWorks to check its dimensions and 3D-
printed accordingly using PLA. For the human eye, the eyepiece diameter was 19 cm,
while it was downscaled for the rat’s eye to be around 6 cm. A small adjustable sheet of
aluminum was attached to the eyepiece with a diameter measuring 3 cm for even
smaller eyes of mice.

The prototype was calibrated using an already calibrated 3.2 mm UV silicon photo pin
diode whose spectral range was 200-1100 nm. The IR LED was connected with the
diode and different objects were first placed in the path of the LED and the readings
were recorded. LED was held close to the mouse’s eye while another IR LED was
connected to the TSL 1401 camera, and the same procedure was repeated to record
readings. The difference in values was corrected by adjusting the lens of the camera.
Lens adjustment was carried out until both sensor readings were in accordance with

each other.

2.3. Preparation of AD-like Rodents

2.3.1. Animal Grouping and Caging
Balb-c male mice (n = 14), and Albino male rats (n = 5), weighing on average 38 g and

220 g respectively, were supplied and housed in Animal House, NUST with temperature
and humidity maintained around 25 + 3 °C and 65 + 5 % respectively. Animals were
divided into two groups: the control group including the healthy rodents, and the
diseased group which was being chemically treated to prepare AD-like rodent models.
The current study was mainly focused on balb-c mice, however, to validate the
functionality of the device on a wide range of animals, a small group of Albino rats was
also tested.

2.3.2. Chemical Dosage

AD-like mice models were prepared by giving 20 mg/kg of AICIs in distilled water
orally for 42 days. To make the stock solution, 20 mg of AICIz in 10 ml of distilled
water was required, while 0.38 ml volume of the stock was used to administer AICl3

orally, using a mouth gauge, per mouse per day. For AD-like rats, intraperitoneal (IP)
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injection of 150 mg/kg AICIz and 300 mg/kg D-galactose was administered daily for 2
weeks (Yang et al., 2013; Xing et al., 2018).

2.4. Behavioral Testing
Once the AD-like mice models were prepared, behavioral testing was conducted on

them that helped determine whether the mice showed any AD-like signs and symptoms,
including slow learning, memory impairment, and affected spatial learning.

24.1. Y-Maze Test

The animal under study was placed in a Y-maze consisting of three arms: familiar,
novel, and the start arm. Its ability to alternate between the different arms and the time
spent in each arm was noted. Once its training phase was done, it was allowed to
explore all three arms for 5 minutes and was recorded using a video camera to calculate
the parameters that showed cognitive impairment. Percentage alteration was calculated
by using the following formula:

alterations

Percentage alterations = No. of —————— %100
total entries

If the percentage alteration comes out to be less than 22%, it is considered cognitively
impaired (Kraeuter et al., 2019).

2.4.2. Novel Object Recognition Test (NORT)

In NORT, the animals were exposed to a novel and a familiar object to assess whether
they could recognize the already-interacted object and spend more time with the novel
object. It helps evaluate the cognition of the rodents as well, particularly their
recognition memory, as rodents tend to spend more time with objects they have not
explored before. The following parameters were calculated to analyze the behavioral
abnormalities:

Difference score = time exploring novel object - time exploring the familiar object

time exploring novel object

Discrimination ratio = - - -
total time spent with both objects

Animals show good cognition if they show a positive difference score, and a

discrimination score greater than 0.5 (Lueptow, 2017).
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2.4.3. Morris Water Maze Test (MWM)
The apparatus consisted of a circular stainless-steel tank with a diameter of around 2m

and a height of walls of approximately 60 cm with four directions: North, South, East,
and West, marked on it. It was half-filled with warm water (28 °C £ 3) and a circular
platform of 10-12 cm diameter was submerged 1-2 cm below the surface in the
northeast quarter of the tank. For the first 5 days mice were trained to locate the
submerged platform from different directions and their escape latencies over the 5 days
were noted. On the 6" day, the platform was removed and the number of crossings into
the target quadrant, the number of crossings over the platform spot, and the time spent

in the target quadrant were noted (Bromley et al., 2011).

2.5.  Mice Dissection
From the same cohort groups, 2-3 mice were dissected under general anesthesia to

collect the brain and eyeball samples. An equal ratio of cold 4% paraformaldehyde and
normal saline was used to fix the tissues. 4% PFA was freshly prepared before carrying
out the dissection procedure. For its preparation, 800ml of 1x Phosphate Buffer Saline
(PBS) was taken in a beaker, and 20g of PFA powder was added to it. The mixture was
stirred at 60°C in the ventilation hood on a hot plate, but not boiled. A few drops of 5N
NaOH were added to the PFA mixture until it became a clear solution. The solution was
cooled to room temperature and filtered to remove any undissolved particles. The
volume was adjusted to 500ml with 1x PBS, and the pH of the solution was checked
and adjusted to 7 by adding a few drops of HCI. It was aliquoted into small volumes and
stored at room temperature. Once the organs were fixed, the brain and eyeballs were
isolated from the dissected animal, washed in PBS, and stored in 4% PFA at 4°C (Wu et
al., 2021).

2.6. Histological Staining of Brain and Retina

2.6.1. Hematoxylin and Eosin Staining (H&E)
The fixed tissues were sliced into 4 um thin slices and their microscopic slides were

prepared. The slides were deparaffinized for which they were incubated at 63°C for 30
minutes, immersed in xylol for 2 minutes, and washed with different concentrations of
ethanol (100%, 90%, 80%, 70%) for 2 minutes each, and then rehydrated with distilled

water for 5 minutes. H&E staining of the sliced sections on the slides was carried out by
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interaction with the following reagents: hematoxylin — 3 min, water wash — 1 min,
differentiator (mild acid) — 1 min, water wash — 1 min, bluing — 1 min, water wash — 1
min, 95% ethanol — 1 min, eosin — 45 sec, 95% ethanol — 1 min, 100% ethanol — 1 min,
xylene — 2 min; followed by a coverslip (Feldman et al., 2014; Alturkistani et al., 2015).
2.6.2. Thioflavin T (ThT) Dye Staining

After deparaffinization and rehydration of the slides as previously described, a drop of a
working solution of 0.5% ThT dye in 0.1 N HCI was placed on the slides, which were
then kept in a humidity chamber for 15 minutes. The slides were rinsed in deionized

water and then cover-slipped (Biancalana et al., 2010).

2.7. Microscopy
H&E slides were viewed under a 4X — 100X Binocular Light Microscope (USA) and

the images were photographed at 40x magnification, while ThT-stained slides were
viewed under an XDY-2 Inverted Fluorescence Microscope (China) and the images
were photographed at 10x magnification with a blue filter ranging between 420 to 490
nm wavelength. Image J (Java 8, WI, USA) software was used to count the cell
numbers in H&E slides and amyloid plague numbers in ThT-stained slides. The amyloid
to cell count ratio was also calculated to observe the number of amyloids per cell for

both the control and diseased tissues.

2.8. Device Testing on Rodents
Once the device was set up, the eyepiece was held close to the mouse’s eye, and with

the start button on the device, the readings showing the reflectance of IR radiation were
taken into the computer. An average of three readings for both eyes of each mouse was

taken. The raw readings were converted to reflectance percentage.
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Figure 9: Schematic of Ocular IR-based Device Testing on Mice. The IR radiation from the
LED in the eyepiece hit the mouse's retina, from where the reflected radiation was captured by
the camera and it sent the values to the computer.

2.9. Statistical Analysis

Statistical analyses on the data obtained were carried out using GraphPad Prism (10.01,

CA, USA). For the data sets consisting of two groups, an unpaired t-test was applied to
compare the means of the two groups and to analyze whether there was a significant
difference between them. For the data sets with more than two groups, involving two
factors, a two-way analysis of variance (ANOVA) was conducted. While performing the
statistical analyses, it was assumed that the data were independent, approximately
normally distributed, and showed equal variance within each group to be compared. The

differences with a p-value of < 0.05 were regarded as statistically significant.
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3. RESULTS

3.1. Memory Retention and Learning Behaviors of AICIlz-Treated
Mice

3.1.1. Morris Water Maze Test

Escape latency was observed over the five days of the training phase to assess the

navigation skills of the mice. Their spatial retention memory is evaluated by the number

of entries and time spent in the target quadrant and the number of times the mice

crossed the platform area in the target quadrant during the 6, probe trial day.
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Figure 10: Morris Water Maze Test. A. Escape latency over the five days. B. No. of
crossings C. no. of entries into the target quadrant, and D. the time spent in the target
quadrant during the probe trial day. The data represents mean, and SD. Statistical
analysis using a t-test was applied on no. of crossing, entries, and time spent by mice in
the target quadrant. A significant difference of **p < 0.01, and ****p < 0.0001 was
observed.
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3.1.2. Y-maze Test
Rodents tend to alter their routes and explore areas they have not before. Percentage

alterations were evaluated for both healthy and diseased groups to observe their ability
to alter their routes and to assess their memory retention of previously explored areas. A
significant difference between both groups is observed, with an increased number of
alterations in the control group. When the time spent in the familiar and novel arm of
the y-maze by both groups of mice is compared, AlClz—treated mice show a significant
decrease.
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Figure 11: Y-maze Test. A. Amount of time spent by mice in the different arms of y-
maze. B. Percentage of alterations by mice carried out in the y-maze. The data
represents mean, and SD. T-tests on percentage alteration and ANOVA on time spent
data were applied to carry out statistical analysis and a significant difference of ***p <
0.001 and ****p < 0.0001 was observed.

3.1.3. Novel Object Recognition Test (NORT)
Interestingly, in NORT, it can be seen from the results that the mice of both groups

preferred spending most of the time in the box away from the object after spending
some time exploring them. However, the control group still spent more time with the
novel object than the diseased group, but the difference is not significant enough. The
difference and discrimination scores for both groups were calculated. A positive
difference score and a differentiation ratio greater than 0.5 indicates good cognition. It
is evident from the graphs that the diseased group shows poor cognition, indicating that
the mice are showing the symptoms of AD.
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Difference Score

Figure 12: Novel Object Recognition Test (NORT). A. Difference-score showing the
difference between the exploration time with familiar and novel objects by diseased and
control mice groups. B. Discrimination Ratio showing the mice's ability to recognize
between familiar and novel objects. C. Time spent by control and diseased groups of
mice with the novel and familiar objects in an open filed box. The data represents mean,
and SD. Statistical analysis using a t-test on discrimination ratio and ANOVA on time
spent data were applied. The difference is not significant enough indicated on the time
spent chart as ‘ns’ (ns, p > 0.05), while for the discrimination ratio, a significant
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difference of **p < 0.01 was observed.

28

B

Discrimination Ratio
1.0 i
0.8
0.6

0.4

0.2

0.0~ T

mm Control Group
= Diseased Group




3.2. Confirmation of the Presence of Ap in the Retina and Brain
Histopathological tests were performed to confirm the presence of AP in the cortex,

hippocampus, and retina of mice. The H&E-stained slides were visualized under a light
microscope at 40X magnification. Using Image J software, the cells under observation
were counted for the tissues of both the control and diseased groups to compare the
differences. Thioflavin T (ThT) staining of the sliced sections was also carried out to
confirm the presence of AP protein and viewed under a fluorescent microscope. The

bright yellow fluorescence indicates the presence of amyloid plaques in the tissues.
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Figure 13: Hematoxylin and Eosin (H&E) Staining. H&E staining results of cortex,
hippocampus, and retina of diseased mice are compared with those of healthy controls.
Slides were viewed under a light microscope at 40X magnification. The diseased cortex
shows excessive neurodegeneration and multiple nuclei. The arrow in the hippocampus
compares the normal with the diseased one. The healthy retina shows visible layers:
ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer
plexiform layer (OPL), outer nuclear layer (ONL), photoreceptor layer (PRL) consisting
of rods and cones, choroid layer, and sclera. However, in the diseased retina, the arrows
point to the necrotic tissues. The graphs show cell counts in A. Cortex, B.
Hippocampus, and C. Retina of mice. The data represents mean, and SD. T-test was
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applied and a significant difference of ****p < 0.0001 in the number of cells in these

regions of the control and diseased group was observed.
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Figure 14: Thioflavin T (ThT) Staining. ThT staining of mice cortex, hippocampus,
and retina indicates the presence of amyloid plaques in the regions that fluoresce bright
yellow-green. The slides were photographed under a fluorescent microscope at 10X
magnification. the arrows in the diseased cortex show aggregated AP deposits. The
arrows in the control hippocampus show the hippocampus, while in the diseased
hippocampus, fluorescent amyloid plaques are visible along the neurodegenerative
region. The arrows in the diseased retina also point to the accumulated plague deposits.
The graphs show amyloid plaque count in A. Cortex, B. Hippocampus, and C. Retina of
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mice. The data represents mean and SD. A T-test was applied, and a significant
difference of ****p < 0.0001 was observed.

A ratio of amyloid aggregations to cell number was calculated to observe the number of

amyloid aggregations per cell. The following formula was used to calculate the ratio:

amyloid plaque number

Amyloid to cell ratio =
cell count
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Figure 15: Amyloid to Cell Ratio in Mice Cortex, Hippocampus and Retina. The
data represents the mean, and the error bars indicate SD. Statistical analysis was applied
to the data using a t-test, and a significant difference of ****p < 0.0001 between the

control and diseased groups was observed.

3.3. Validation of Protein Aggregations in the Retinal Tissue by IR

Radiation
Control and diseased mice eyes were exposed to an IR beam, and the reflectance values

were observed to validate the presence of proteins in the retinal tissue.
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Figure 16: Reflected IR. A. Reflected IR radiations values from mice retina. B.
Reflected IR radiation from rats' retinas. C. Reflectance percentage of IR in control and
diseased groups of mice. D. Reflectance percentage of IR in control and diseased
groups of rats. The data represents mean, and SD. A T-test was applied and a significant
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difference of ****p < 0.0001 and **p < 0.01 was observed.
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4.  DISCUSSION

4.1. Challenges for Developing AD Diagnostic Tools

The current work focuses on detecting the presence of ocular AP peptides to formulate a
non-invasive approach that can be a promising tool for asymptomatic AD diagnosis. IR
light is used as a medium instead of white light because of its characteristic features of
being penetrative up to the retina of the eye, and for its specificity with the structure of
AP protein as described by Pansieri et al. (2019). The device includes simple circuiting
on an Arduino board with an LED and camera attached to it, for the basic purpose of
validating IR to detect amyloid plaques in the retina. The phenomenon used for
detection follows Beer Lambert’s Law of light reflectance and absorbance, according to
which the amount of light absorbed is directly proportional to the molar absorptivity (g),
the path length, and the concentration of the constituent object that falls in its path.
Animal experiments were conducted since the research idea was novel in its nature and
confirmation of our hypothesis was essential before testing on human subjects.

With the lack of any curative method for AD and dementia, the major aim of
neuroscientists is to look for suitable biomarkers that can be a promising tool for the
early detection of AD and may help initiate early disease management and improve the
quality of life. To date, scientists still face the challenge of understanding the root cause
and factors causing brain pathologies due to the complex nervous system and limited
access to the brain. Imaging techniques for an early screening method of brain disorders
have been successful to a great extent, however, they are not regarded as stand-alone
diagnostic tests for neurodegenerative disorders including AD, and still have limitations
regarding their sensitivity and specificity.

\Volume changes in the hippocampus are considered vital for detecting the progression
of AD in patients with mild cognitive impairment (MCI) and can be measured by MRI
studies as reported by Bomasang et al., 2021. A review of a combination of cohort
studies that included patients with MCI of any age group concluded that MRI cannot be
used as an independent test for the diagnosis of AD, and it was in accordance with the
international guidelines for using MRI, according to which MRI can only be used to

exclude non-degenerative cause of cognitive impairment only (Lombardi et al., 2020).
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Robust research is being conducted on PET scans as well to prepare a promising
diagnostic tool for AD. A radioactive tracer specific to the AP protein is introduced
through a catheter in the patient’s arm. A few radioactive tracers approved by the FDA
are F-florbetapir, C-Pittsburgh Compound B (PiB), C-PiB, flutemetamol, and F-
florbetaben (Hanseeuw et al., 2019). Serums such as cerebrospinal fluid (CSF) and
blood have been used to track AP and tau traces as early detection biomarkers of AD
progression. However, they are invasive as well and require additional tests to fully
validate the presence of dementia in the asymptomatic phase (Bomasang et al., 2021).

4.2. Eye Serves as a Window to the Brain

For decades now, scientists have been using the eye, particularly the retinal tissue, as a
platform to get insights from the CNS. The retina and brain both originate in the
embryonic stages from the same layer of neurectoderm, giving rise to separate
structures eventually (Graw, 2010; Sinn et al., 2013). Developmental studies have
shown that by the 29" day of the embryo, the optic stalk and lens vesicle originate first
from the ectoderm hollow ball, and then retinal layers and neural tube start developing,
which remain connected throughout, making the eye as an extension of CNS in humans
as described by Hoar, (1982).

The cells of both the brain and retina are similar in structure, with the exception that,
unlike complex neuronal networks throughout the brain, the retinal cells work in linear,
simple-layered manner (Boycott et al., 1991; Stiles et al., 2010). The output cells of the
eye including the lens are connected to the ganglion cells, followed by bipolar cells that
are connected to the photoreceptors that extend to the cortex of the brain. Masland,
(2012) reported that retinal cells lack myelin on their axons, unlike neuronal cells. In
addition, retinal tissue, and CNS also possess similar receptor classes such as excitatory
including glutamate receptors, and inhibitory including Gama-aminobutyric acid
(GABA) and glycine is reported by several studies (Araque et al., 2001; Watanabe et al.,
2002; Eggers et al., 2011; Zhou et al., 2014). Other receptor classes that are common to
both include receptors such as serotonin, dopamine, and melatonin (Kalloniatis et al.,
2013).

36



Studies on the detailed structures of the eye and the brain have shown that both
structures share the same vascular origin as well (Pournaras et al., 2008; Gkotsi et al.,
2014). An internal carotid artery is the common blood vessel that supplies blood to both
the brain and retina, with both organs having the highest metabolic activity and in turn
the highest blood supply demand as well, as described by Ames, (2000) and Riley
(2010). Diaz et al., (2017) report that like the BBB in CNS, the retina has a blood-
retinal barrier (BRB), that regulates the transportation of ions, proteins, and other
substances through blood into the retina.

In addition to the similarity in the structures, the retina mirrors the effects of pathologies
in the brain as well (Yap et al., 2019). Many studies have reported retinopathy and
problems associated with eye movement because of neurological disorders
(Padungkiatsagul et al., 2020). For example, animal studies have shown that in PD, a
decrease in dopaminergic neurons in the retina has been seen, slow functionality of
retinal neurons due to depression, foveal thinning (140 vs. 151 um) in the cases of
anorexia, and neurodegeneration along with Ap deposition in the cases of AD (Veys et
al., 2019; Cosker et al, 2019; Zhang et al., 2022).

It has been studied that AP accumulation in the ocular tissues of AD patients initiates
parallel to its deposition in the cortical tissues (Liang et al., 2021). Retina synthesizes
AP protein by the same mechanism through which it is produced in the cortex of the
brain. Research involving animal experimentation has suggested that the pathway
involved in the aggregation of plaques in the retina may also be the same as that occurs
in the AD brain (Prasad et al., 2017). Nguyen et al, (2017) report that the amyloid
deposition occurs in all the retinal layers and the blood vessels as well. ThT staining
results of this study are in accordance with the above-mentioned facts from the previous
studies. In the present work, cortical and retinal tissues of diseased mice show a

significant number of amyloid deposits, while the controls lack Af accumulation.
4.3. Aluminum-treated Rodents Show Signs of AD

Aluminum is a well-known neurotoxin that can easily cross the BBB and interfere with
the normal physiological mechanisms of the human body (Linping, 2018). It can find a

vast number of reservoirs in the brain for its storage such as glial cells, NFTs, and
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amyloid plagues, and facilitates the deposition of AP in the cortex and hippocampus
(Viezeliene, 2022). Since it is highly associated with the development of AD, it is
commonly used by neuroscientists to induce AD symptoms in rodents (Ondreicka et al.,
1996). For the current study, performing the behavioral tests was the first step to prove
the presence of those symptoms in mice after treating them with AICI3 for 42 days.
Further confirmation was done by conducting histopathological staining of mice's brain
and retinal tissues since the behavioral tests show symptoms that overlap with many
other brain disorders and may give false validations. The prime focus of the study was
to investigate the working of the IR-based device to detect the presence of protein
accumulations.

Rodents show alteration behavior, meaning that they tend to go to places they have not
explored previously. Ideally, in the Y-maze, rodents should alternate between the three
arms. If they have been in the “familiar arm”, they should go to the “novel arm” next,
and then the “start arm”, and should remember that they have explored the previous
arms. However, in diseased cases, rodents forget that they have already explored an
arm, and do not alternate between the three arms of the Y-maze. The number of
alterations shown by the control is higher than the diseased group, with the mean being
higher than 22 percent, which indicates better cognition than diseased as experimented
by Kraeuter et al., (2019) as well. The control group also spends a significant amount of
time exploring the novel region of the Y-maze, unlike the diseased group which reflects
their passive, non-curious behavior.

In NORT, the amount of exploration time spent on the novel object during the testing
session is expected to be greater than the familiar object spent during the training
session as implicated from the studies conducted by Sarkisyan et al., (2009); Oliveira et
al., (2010), and Antunes et al., 2012). Compared to the animals in the control group,
animals with impaired cognitive function may explore both objects equally without
recognizing any difference between the familiar and novel objects. Animals show good
cognition if they show a positive difference score, and a discrimination score greater
than 0.5. While the difference and discrimination ratio turned out to be as expected for
both the groups in the present work, the time spent by control and diseased mice with

the familiar and novel objects does not show a significant difference in this case, and
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instead spent a larger portion of the time around the box. Thus, behavioral tests should
always be backed up by additional tests to validate the induction of a certain
neurological abnormality under study.

The results of the escape latency in MWM show a significant decrease in the control
group over the span of 5 days; however, the diseased group does not show any signs of
learning and takes a relatively larger amount of time to reach the platform on the last
day as well. Probe trial results indicate better memory retention of control mice since
the number of crossings over the platform, the number of entries, and time spent in the
target quadrant are significantly decreased in the diseased group, and fell in line with
the expected results from studies conducted by Brandeis et al., (1989); Gallagher et al.,
(1997). Most of the mice in the diseased group would not move at all, once placed in
the water, showing an even more decreased ability to recognize their surrounding
environment.

The results of H&E staining indicated a clear difference in neurodegeneration in the
brain and retina of AICls—treated mice. The tissues of the diseased group visibly
revealed fewer cells, indicating neuronal loss as reported by Eroglu et al., (2018) as
well. In the ThT-stained slides of AICI3—treated mice, there was an evident increase in
protein aggregates as compared to the control. The above-mentioned results could be
considered contradictory to each other, but it can be explained by the fact that protein
deposition can occur regardless of cells being intact, such as in spaces between glial
cells, around the membranes of the organelles, and deposits of liposome structures as
reported by Iwamoto et al., (1997). From our results, the ThT staining image of the
hippocampus of a diseased mouse brain shows an evident bright yellow fluorescence
lined around the degenerated area (Themes, 2017). The H&E of the cortex shows
neuronal loss at numerous spaces, however, in the ThT-stained slides, the same areas are
covered with bright yellow-green fluorescents.

Further calculations such as amyloid to cell ratio in the diseased and control mice
groups show a significantly increased number of amyloid deposits despite
neurodegeneration in the diseased cortex and retina of mice. This observation is in
accordance with the results from a study conducted on transgenic mice by Oakley et al.,

(2006) where amyloid plaque accumulation is higher regardless of necrosis. Our work
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also presents AIClz as a promising contributor to promoting AP in the brain and retina of

rodents.
4.4. Reflected IR Contributes to the Detection of Ap

The eyes of all the mice in the control and diseased groups were exposed to a low-
power beam of IR light for less than 10 seconds. The value recorded in the computer
was the reflectance value after it hit the retina of their eyes. Lomont et al., (2018) report
that a lower reflectance value meant that the radiation was absorbed by amyloid protein
accumulations and vice versa. IR radiation has been found to have specificity for the
structure of AP sheets and gets absorbed by the protein once it encounters it as
evidenced from Hadoux et al., (2019). This advancement has allowed scientists to study
the AP structure in detail and has helped in label-free in vitro detection as well (Pansieri
et al., 2019). Our data confirmed this assumption and showed a lower reflectance
percentage for the diseased mice.

The in-built ADC in the Arduino board gave the raw values from 0 to 1024, where
maximum meant that all the radiation was captured by the camera, while the lower
values meant a decreased amount. These raw values from 0 to 1024 reflected the 5 V of
the battery connected to the board divided into 8 bits. The raw values generated from
the mice retina between the range of 150 to 200 indicate the deep penetrative power of
IR radiation. The raw values above 700 indicate maximum reflected radiation. Upon
hitting the camera with full IR light by covering the eyepiece with aluminum foil to
ensure maximum reflectance, the value came out above 1000.

The reflectance percentage in both rats and mice is around 10% for the diseased group
and 20% for the control group. This indicates that a major amount of IR light penetrated
deep into their eyes. The difference in both the groups, however, means the presence of
additional structures in the diseased group where more absorbance occurred. We
predicted the presence of AP oligomer accumulation in the retina of AlCls—treated
rodents that caused additional absorbance of IR radiation.

Comparing our predictions with the results of ThT staining, it is visible that the images
show a vast number of yellow-green fluorescents that indicate AP aggregates in the

retina, cortex, and hippocampus of diseased groups of mice. Amyloid plaque
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aggregation count by Image J software gives a quantitative analysis of the difference in
aggregates in both the groups, where it is significantly higher in the diseased group than

the controls.
4.5. Conclusion

It is evident from the present study that IR plays a contributing role in detecting ocular
AP load and can be a basis for developing a non-invasive AD diagnostic approach. A
better diagnostic tool for AD dementia can help improve the quality life of patients by
managing the disease symptoms at the initial stages. However, our hypothesis has only
been tested on a small group of rodents, and the study is at its very initial stages of
animal testing.

For future experimental work, the device design can be modified to include the
absorbance spectrum as well, to help recognize the stage and extent of AP deposition in
the retinal lining of the eye. It can be tested on transgenic APP AD mice to remove any
ambiguity of the absence of the protein in the brain and eyes, and to shift complete
focus on the device functionality to detect protein level. A detailed simulation of the
functionality of the device design needs to be carried out to better understand the

possible avenues that can enhance its working.
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