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Preface

Neuroscience is a complex and important part of human physiology as it
governs all the important actions of life. The complexity of the brain makes it
challenging, yet interesting, to decode its information through different
mechanistic approaches. Scientists and researchers always remain curious in
finding out new avenues related to neuroscience. The main purpose of this
book is to bring all relevant and current advancements occurring in the field
of neurobiology and neurosciences under a single window that covers wider
horizons of the subject. The book contains topics related to subjects like neuro-
epigenetics, neuro-informatics, neurotoxicity, neurolaw, neuro-dental issues,
neuro-transcriptomics, neuro-nanotechnology and more that focus on the
current trends of neurosciences. Nearly all current aspects of neurosciences
are covered in this book, which makes it a unique and comprehensive
compilation. Chapter One defines different aspects of neuroinformatics;
Chapter Two signifies the ongoing trends related to bioinformatics in the field
of neurosciences; Chapter Three speaks about neurotoxicity; Chapter Four is
a landmark in defining the computational approaches that can be used for the
identification of novel biomarkers for neurological disorders; Chapter Five
describes in detail about the role of miRNA in neurobiology; Chapter Six
illustrates in detail the application of epigenetics in neurological disorders;
Chapter Seven covers the details of the therapies that are used for the treatment
of neurodegenerative diseases; Chapter Eight is confined to Alzheimer’s
disease and its mitophagy, autophagy and angiogenesis; Chapter Nine
discusses the role of neuro-nanotechnology in neurosurgery; Chapter Ten
depicts the dental care that should be given to patients who are suffering from
neurological diseases; Chapter Eleven signifies the current trends that are
prevalent in the field of oral neurosciences; and Chapter Twelve is focused on
the legal perspectives of neuroscience, that is, neurolaw.

Therefore, the coverage of subject in relation to the current trends is quite
wide and the book covers a holistic approach in linearity with its title and
content.
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Bioinformatics Application and Progress
in Therapeutic Interventions
of Neurological Disorders
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Abstract

The brain is concerned with the entire development and functioning of
the complex system, as well as the development of its type.
Bioinformatics is involved in the development and application of novel

informatics in the biological sciences.

This chapter will benefit the clinical domain by offering current
knowledge in the field of clinical neurosciences, such as database
construction and methods for analyzing crucial data from the massive
amount of clinical research and treatment data available to the scientific

community.
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It also offers an overview of the subjects of neuroscience,
computational neuroscience, and neuroinformatics, as well as reasonable
approaches or procedures in software tools and resources.

Keywords: neurosciences, neuroinformatics, neurological disorders,
neuroscience databases

Introduction

The brain is certainly a vibrant, adaptive organ. Throughout childhood and
adolescence, our brain grows in response to complex interactions of genetic
and environmental influences, and it has a capability for functional and
structural rearrangement even in maturity. Neuroscience research is now
providing a plethora of comprehensive information about the many
characteristics of cells and circuits that underpin mammalian brain processes
[1]. Informatics tools will be necessary to reach the scientific community's
failure to address the humongous amounts of new data collected in
neuroscience, where the physiological outcome, biochemical status,
physiological parameters, genetic data, subcellular, and cellular (along with
all advanced studies such as epigenetics, metabolomics, and transcriptomics)
must be linked in a comprehensible manner [2].

The human brain is concerned with the overall development and functions
of the complex system even for its kind. The coding and modeling for analysis
of neurons approximately 86.1 + 8.1 billion neurons and equally glial cells
along with 100 trillion connections are needed [3]. The field is very recent
advance to the area and it describes a few innovative applications in detecting
the brain network, organization, predicting disorder diagnosis, and simulation
analysis using the computer. The system is comprised of a brain-system and
system-brain interface along with a brain-to-brain interface. It also provides
an integrated overview of fields in an opposite approach for general literature
and a nontechnical way for entering this field.

Brain consists of 13% of global disease set for neurological disorders
which are far more than cardiovascular disease amounting to 5% of global
disease and 10% of different cancers constituted the global disease sets [4]. In
the present scenario, neuroscience is multidisciplinary science comprised of
bioinformaticians, doctors, molecular biologists, psychologists, computer
scientists, clinicians, engineers, theoretical and experimental physicists,
mathematicians, and philosophers among others. Therefore, it is a diverse mix
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of researchers who give a glance at the rich radiance of this field. The nervous
systems manipulate and process the information very fast. The mathematical
theory with different positions and relations is desirable for computing the
outputs from the nervous system. The computational models were needed for
hypothetical modeling [5]. The neuronal signal is a different kind of
computational signal and its not been calculated as digital or analog [6]. The
nervous system can be decomposed number of subsystems like the cortex and
brainstem. The subsystems can be further divided into smaller systems leading
to the formation of computational neurosciences. The approach leads to the
generation of highly complex data in huge capacity. Storage, information
extraction, data analysis, and quick dispersal. The computer-based data
management and presentation data are required steps in the analysis of
neurological data.

These areas finally resulted in a new integrated branch of neuro-
informatics [7]. Neuroinformatics study involved the development of
processes for data storage, infrastructure, and sophisticated tools for the
development of the superior tools for data extraction and dispersion and
methods for analyzing such data which may assist major advancements in
understanding the structural and functional aspects of the human brain [8].

The computational part is followed by analyzing applications and
challenges of neuroinformatics research along with a few data sources, tools
and software, simulation platforms, existing languages, a few innovative
applications.

Computational Neurosciences and Neuroinformatics

The study of the brain to discover the principles of the brain and mechanisms
to control the nervous system's development, processing the collected
information and mental capacities.

Computational neuroscience is dependent on biology aided with
computational tools and software, physics, mathematics, and is the answer to
a huge amount of data in form of clinical records, literature to form
neuroinformatics. Thus, it is an interface between computer science and
neuronal science. It is the study of brain connections/networks to discover the
brain network and its activities according to explicit information and structural
as well as functional properties of the brain using computational techniques

(91
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The main advantage of computational neuroscience is to explore the
process of illustration and exploitation of information in the brain using
electrical and chemical signals.

The normal activities of the brain include hearing, seeing, remembering,
and controlling by simulating neuronal systems and large brain networks with
the advancement of computational power. In an era of rapidly growing cross-
disciplinary knowledge, neuroinformatics is becoming increasingly important
to neuroscience researchers and clinicians for pursuing scientific inquiry and
practicing medicine [10].

Neuroscience Databases and Tools

There are several neuroscience databases and resources available to help
understand neuroscience and biomedicine. Neuroinformatics can be thought
of as an expanded and elaborated application of comparable methods proven
crucial for the development of bioinformatics but applied to a bigger,
heterogeneous set of data at multiple levels of function. The neuroscience
community has benefited from several attempts to develop web-based
databases. Some enable morphometric and time-series data input, as well as
linkages to compartmental modeling and scientific visualization [11, 12].

The Allen Institute for Brain Science (https://portal.brain-map.org/) takes
a novel method to generate data, tools, and information for scholars
investigating the mammalian brain's biological complexities. This portal gives
researchers throughout the world access to high-quality data and web-based
tools. The web portal contains specifically, New Data and Tools to explore
mouse patch-seq data from approximately 3600 mouse cortical neurons, and
brain observatory (Visual Behavior - 2P). Allen Brain Atlases and Data
includes a cell types database based on multimodal characterization of single
cells, as well as a database of neuronal cell types.

BrainMaps.org (http://brainmaps.org/) is an immersive, next-generation
brain atlas built on over 140 million megapixels of sub-micron resolution,
compiled, scanned images of serial sections of primate and non-primate brains
and integrated with a high-speed database for querying and retrieving data
about brain structure and function over the internet.

Mouse Brain Proteome (http://www.mousebrainproteome.com/) provides
an in-depth study of the mouse brain and its key brain areas and cell types
using high-resolution mass spectrometry-based proteomics.
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The Neurolmaging Tools & Resources Collaboratory (https://www.nitrc.
org/) is an internet resource that provides detailed information on a wide range
of neuroinformatics tools and data. NITRC has aided neuroscience research in
making discoveries by utilizing software and data generated from previously
abandoned or ignored research. It also allows for free data access as well as
pay-per-use cloud-based accessibility to infinite computing capacity, allowing
for global scientific collaboration with little setup and cost. The Resources
Registry (NITRC-R), Image Repository (NITRC-IR), and Computational
Environment (NITRC-CE) are all components of NITRC (NITRC-CE).

Several additional neural databases are open to the public and contain up-
to-date information as well as pertinent references. For example, SenseLab
(https://senselab.med.yale.edu/) is a collection of 10 databases that enable
experimental and theoretical study on the membrane characteristics that
mediate information processing in nerve cells, with the olfactory pathway
serving as a model system. Neuronal, olfactory, and diseases are the three
categories. All of the databases have the same database structure, allowing for
seamless navigation between them. The neural databases include tools for
searching for combinations of characteristics across different neuron types.
The olfactory databases are primarily concerned with olfactory receptors and
odor mapping.

Another webpage to browse and understand brain experimental data is
“CRCNS - Collaborative Research in Computational Neuroscience”
(https://crens.org/), which serves as a marketplace and conversation platform
for integrating neuroscience tools and data [13]. The Neuroscience
Information Framework (https://neuinfo.org//) is a dynamic database of
neuroscience data, resources, and tools available on the Internet. It is a meta-
database of over 100 databases including neuroscience-relevant data from
humans, mice, rats, and worms.

Computer Aided Drug Design (CADD)

CADD is a wide term that refers to a variety of theoretical and computational
techniques used in current drug development. Computational chemistry,
molecular modeling, molecular design, and rational drug design are all part of
it. CADD encompasses a wide range of computational methods such as direct
and indirect virtual screening, library design, lead optimization, and de novo
design, among others [14]. Chemical biology and computational drug design
techniques are used in drug development to efficiently identify and optimize


https://senselab.med.yale.edu/
https://crcns.org/

6 Vishal M. Balaramnavar, Deepti Mathpal, Prachi Srivastava et al.

lead molecules. CADD's success has led to its recognition as an essential
technology in the field of research and pharmaceuticals [15].

Application of CADD in Treatment of Neurological Disorders

Neurodegenerative disorders (NDs) are a group of diseases that are
untreatable, disturbing, and are defined by the progressive structural and
functional loss of neurons. NDs are generally arise with age or aging of cells
and socioeconomic burdens. Alzheimer's disease (AD), Parkinson's disease
(PD), Huntington's disease (HD), and amyotrophic lateral sclerosis (ALS) are
only a few of the major neurodegenerative conditions [16]. These disorders
are related to dementia which is a collection of symptoms associated with
impairment of cognitive specifically related to memory function and interfere
with normal functioning [17]. There are numerous examples of CADD being
used successfully for the management of NDs [16, 18-20].

Active
sety
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Figure 1. Workflow for the screening of chemical compounds for the management
of neurological disorders (NDs) [21, 22].

The computational models simplify the complexity of the disease and also
offered a bridge across species. The use of artificial intelligence (Al) models,
data-driven computational, statistical models may help in mapping the
relationships crosswise symptoms and markers but also act as a clinical verdict
to support systems by providing more objective and standardized information
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regarding status or progression. The development of a computational or
statistical model would require the availability of a huge database from
available resources. The databases like Neuroimaging Initiative (ADNI), the
National Alzheimer’s Coordinating Center (NACC), and the Dementias
Platform UK (DPUK). These open datasets now enable researchers,
particularly, those with a computational or theoretical incline, to perform
large-scale quantitative analyses to enable bigger research impact.

This approach involving the quantitative and computational methods can
be applied to address some of the previously mentioned issues. The part is
classified under the Computational Neurology section. The first section will
discuss mechanistic modeling through Computational Neuroscience, and the
second section will be on data-driven approaches. Figure 1 summarizes these
computational approaches.

Alzheimer’s Disease (AD)

Amyloid-beta (AP) is a vital therapeutic target in AD. An in-silico technique
was used to examine a series of peptides against the fibrillar form of A, and
two active compounds were found [23].

These peptides were later discovered to prevent the neurotoxic effects of
AP on neuroblastoma cells. BACE-1 is an enzyme that has been shown to be
required for the generation of AP [24]. Inhibiting BACE suppresses the
formation of AP and hence prevents NDs like AD [25], implying that BACE-
1 is an avital therapeutic target for NDs.

The structural behavior of BACE-1 has been studied using a variety of
computational methods, as well as the design of inhibitors [26]. ROCK-I and
NOX2 are two of the most appealing prospective therapeutic targets for
different NDs [27, 28], and their inhibition is used to treat neurological
disorders such as autism spectrum disease, AD, and fragile X syndrome.
CADD has been used successfully to develop dual inhibitors for these
enzymes by combining pharmacophores and utilizing a molecular docking
technique to discover chemical entities [29]. The inhibitory potential of
selected chemical entities against ROCK-1 and NOX2 was established in vitro.
Acetylcholinesterase (AChE) inhibitors have been proposed as possible
treatments for AD.

The binding of chemicals identified in Salvia miltiorrhiza extracts, such
as miltirone and salvianolic acid A, to AChE[30], as well as the binding of
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cinerin C (derived from Prosopis cineraria pods), to AChEhave been
described using molecular docking [31].

Parkinson's Disease (PD)

PD is the second most prevalent ND, characterized by tremors, muscle
rigidity, and postural imbalance [32, 33]. Catecholsare metabolized by
Catechol-O-Methyltransferase (COMT) through methylation.

COMT is considered a therapeutic target for the treatment of PD since
dopamine is one of the catechols that is decreased in the CNS throughout the
disease.

Structure-based drug design studies identified nitrocatechol-type
inhibitors (tolcapone and entacapone), bisubstrate inhibitors (thiopyridine,
purine, N-methyladenine, and 6-methylpurine), and other compounds (4-
phenyl-7, 8-dihydroxycoumarin) as possible COMT inhibitors [34].

Amyotrophic Lateral Sclerosis (ALS)

ALS is a fatal disease that causes progressive muscular paralysis and wasting.
It is caused by the loss of neurons that regulate voluntary muscles, including
upper motor neurons in the motor cortex and lower motor neurons in the
brainstem and spinal cord [35]. Variations in zinc and copper ion binding to
Superoxide dismutase (SOD1) cause misfolded enzymes, which can
contribute to aggregation and ALS-related protein instability. With the goal of
discovering lead compounds for ALS, 32,791 molecules were virtually
screened using the in silico technique for inhibitors of the abnormal interaction
between mutant SOD1 and tubulin [36]. CADD studies have indicated a
variety of inhibitors like linear tripeptides [37], the tubulin-binding site of
G85R SOD1 [36], resveratrol[38], natural polyphenols like curcumin,
kaempferol, and kaempferideas possible lead drugs for the management of
ALS [39].

Huntington’s Disease (HD)

HD is a rare, inherited condition that results in the gradual breakdown
(degeneration) of nerve cells in the brain.4-Aminobutyrate aminotransferase
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(ABAT) degrades gamma-aminobutyric acid (GABA), a key inhibitory
modulator of synaptic transmission in CNS.Many genetic abnormalities and
chronic neurological disorders such as AD, PD, and HD cause a decrease in
GABAEergic transmission. Exogenous GABA cannot penetrate the BBB, thus
it cannot be used directly [40]. An alternate method is to increase GABA levels
by reducing its breakdown by ABAT. The structures of 32 compounds from
31 medicinal herbs were collected from a chemical database, and these 32
compounds were evaluated in a molecular docking analysis, with the top-
ranked compounds being recommended for in vitro and in vivo investigations
of ABAT inhibition [41].

Conclusion

In conclusion, we can bring to a close that the drug design and discovery
process-based analysis of data will be a next-generation for computational
neuroscience, and neuroinformatics, as well as reasonable approaches in
software tools and resources. The approach will be a basement for the future
treatment of diseases like PD, ALS, HD, and AD. The new branches like
Computational Neurosciences and Neuroinformatics, Neuroscience databases,
and tools will be new needles in a haystack to discover new regimens or
treatments for neurological disorders.
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Introduction

As one of the most complicated organs of the human body, neuroscience is
primarily focused on understanding the development, function, organization
and the structure of the nervous system, irrespective of the brain being healthy
or diseased. Essentially, Neuroinformatics combines neuroscience and
information technology, or to put it differently, an area of applied knowledge
that focuses on the building and maintenance of data sets and databases that
make it easy for people to access through the use of information resources.
Beginning in the mid-1900s, neuroinformatics endeavoured to understand the
CNS in a healthy state as well as in the event of a disorder. The resulting
decade saw a betterment which was inclusive of the management of the
complicated data that is needed in the middle of the clinical study pertaining
to the nervous system. Researchers from EMBL and GenBank, two banks
operated by the European Molecular Biology research facility, began
dispatching data sets to each other in the mid-1980s.

Neuroinformatics is defined as an arena that profits from cumulative
cooperative energies among neuroscience and data innovation, for example,
manages the use of cutting edge Information technology (IT) techniques to
manage the surge of neuroscientific information by creating and applying
information investigation strategies for the investigation of the mind; by
giving both logical and mathematical instruments for hypothetically
demonstrating cerebrum work; and by abusing our experiences into the
standards hidden mind capacity to foster new IT advancements. Researchers
have examined the brain utilizing different strategies, including magnetic
resonance imaging (MRI), functional magnetic resonance imaging (fMRI),
and computed tomography (CT), to consider the capacity, availability, and
construction of the brain; microarray analysis., in situ hybridization (ISH) and
next generation sequencing (NGS) to examine the atomic condition of the
mind; electroencephalography (EEG) and magnetoencephalography (MEG)
to contemplate the electrophysiology of the brain. Along these lines,
neuroscience has become vital for the neuroscience agents and clinicians for
directing logical requests, understanding the reason and pathogenesis of a
mind issue and rehearsing medication [1].

As a practical matter, bioinformatics entails scrutinizing as well as
analysing and storing genomes (DNA), related particles (RNA, proteins), and,
in addition, displaying the structural and functional characteristics of both
existing and new (planned) proteins that the blast of action in bioinformatics
has developed past the beginning of bioinformatics. In general, bioinformatics
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can be described as a synthesis of science (life sciences) and informatics (PC
and measurable techniques). Figure 1 depicts the framework of bioinformatics
in neuroscience [2].
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Figure 1. Flowchart representing bioinformatics and neuroscience.

Bioinformatics

The fast-proliferating field of computational biology or in other words
bioinformatics encompasses mathematics, essentials of biology along with
information science and aids in answering queries pertaining to biology. The
term ‘bioinformatics’ was coined in the year of 1968 and the term was
bestowed with a proper description in the year 1978. Bioinformatics is also
widely known as computational biology. But fundamentally, computational
biology refers to the creation of artificial biological models using various
tools. The science of bioinformatics is comprised of two major parts, the first
being, the creation of algorithms and tools for using software and the other
being, the use of different tools of software and specific algorithms for the
study and elucidation of biological data [3]. Genetics, biology and medicine
have all become engrossed with computational biology, which has become
more and more exciting. We can even consider Bioinformatics as a concept
that encompasses all the primary functions of information 9 technology in the
molecular biology area [4].

In the biological analysis of recent times, bioinformatics research plays an
important factor. An integral part of the biology of the constantly expanding
biological database is bioinformatics, a multidisciplinary area within the
spectrum of life sciences which combines mathematical and computer science
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approaches. Biological data is accessed by creating methods and analytical
tools to understand, analyse, extract, store, organize, systemize, annotate,
visualize, mine, and interpret the exponential amounts of data available [5].
The primary database of computational biology is inclusive of sequences of
genes as well as complete genomes which comprises proteins made up of
amino acid sequences, three-dimensional protein formations and nucleic acid
complexes made up of nucleic acids as well as proteins. Data associated with
“-omics” has been collected on the following subjects: protein disintegration
within cells, transcriptomics, proteomics, interactomics, metabolomics, RNA
development from DNA, protein-protein interactions, and the nature of 10
molecule changing by biochemical mechanisms within cells.

There is an augmented intrigue towards the obtainment of understandable,
articulate and precise data for certain types of cells, also towards the
identification of motifs of modifications within the databases and datasets in
every possible case. For instance, there can be variance in data depending upon
the type of cell, the time of aggregation of data in the midst of the cell cycle
or in the middle of seasonal, annual or diurnal diversifications, during the stage
of development as well as varied outward conditions. Measurements like these
are augmented to a more exhaustive definition of living organisms within a
natural sample vis-a-vis in a container of oceanic water or in a sample of soil
by bringing to use meta proteomics as well as metagenomics. The prompt
development in the processes pertaining to generation of data in the field of
biology primarily drives bioinformatics. The most striking effects is seen as a
result of approaches pertaining to genome sequencing. The archives of
sequences of nucleic acids comprised nucleotides that amounted up to 3.5
billion in totality which turns out to be a little more than the expanse of a
singular human genome in 1999. In 2009, the number of nucleotides increased
to more than 283 billion which amounts to about ninety-five human genomic
lengths.

Augmenting of experimental information through predictions is the main
aim of computational biology. Another primary aim of bioinformatics is the
prognosis of the structure of a protein sequence by analysing the sequence of
amino acids. The possibility of this is depicted through the instinctive protein
folding. CASP programs also known as Critical Assessment of Structure
Prediction programs biennially measures the advancement in the growth of
approaches for the prognosis of folding of proteins which is inclusive of blind
examinations structure prognosis approaches.

Computational biology is also used as a prognostic approach for the
prediction of interactions amid varied proteins after knowledge of the separate
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structures of these proteins. This is referred to as the docking problem. The
shape of the surfaces along with the polarity of complexes that are protein-
protein in nature depict brilliant complementarity. They are further made
stable by interactions that are weak, embedding of the surface that is
hydrophobic, H-bonds as well as Van derwaals forces. Software’s work
towards the simulation of such bond interactions towards the prognosis of
proper spatial interaction amid two binding entities. A specific hurdle that
needs to be overcome is to be able to create an antibody that aids in binding
using a higher affinity to the protein body that forms the target. This challenge
if overcome would prove to be of humongous therapeutic application. Most of
the studies pertaining to bioinformatics, in the beginning had a very minute
aim of concentrating completely on algorithm creation for the analysis of
specific kinds of data, like sequences of genes or structures of proteins. In
recent times, the aims of bioinformatics have shifted towards a more
integrative approach and work towards finding out how a blend of varied kinds
of brain data could be utilized to comprehend phenomena that are natural,
inclusive of various organisms as well as disorders. [6]. Figure 2 shows the
data utilized for neuroscience by implementing various bioinformatics
applications.
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Structure Body -
Proteins

Function Physiology

Figure 2. Development process of bioinformatics in neuroscience.
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Neuroinformatics

Neuroscience forms a humongous pool of intriguing issues that are largely
computational as well as associate to informatics. A lot of predictable
bioinformatics is covered by these problems related to the area of
neuroscience, for instance, analysis of gene sequences. Additionally, the term
neuroinformatics came into play because the field of neuroscience has seen
major application of computation and bioinformatics in comparison to other
fields for the varied issues specific to the domain. Database creation of various
standards, bioinformatics tools and models, replication construction, and
analytic methodologies for the entire nervous system framework. In
neuroinformatics where there is a requirement of extensive analysis of the
sequence of gene and proteins, an extensive overlapping is usually found with
the essentialities of conventional bioinformatics. Most of the interest in the
field of neuroinformatics is brought about by the existence of the varied kinds
of studies pertaining to neuroscience in addition to their association with more
precision by bring to use the tools used in information technology [7].

Neuroinformatics endows the primary aim of conceptualizing the role of
the various brain functions in the arena of health and disorders. This is
inclusive of effective investigation of various stages of interactions that are
complex occurring within the folds of cellular biology, the global brain
networks, cortical microcircuits and cognitive mechanisms. For being able to
get past this aim, it is essential to develop huge databases wherein it is
plausible to share a plethora of uniform, data related to neuroscience,
development of strong tools for the purpose of investigation along with the
creation of models for accurate computation. The above mentioned three
requirements form the backbone of what neuroinformatics essentially focusses
on [8].

A large number of approaches have been created to augment the amount
of research in the arena of bioinformatics pertaining to neuroscience. The most
notable of these approaches is the Human Brain Project or in other words the
HBP, which also was the first of such approaches initiated in the year of 1993.
A huge number of projects in the arena of neuroinformatics received proper
guidance as well as funding from the Human Brain Project under the aegis of
National Institute of Mental Health as well as several others (National Institute
of Homeopathy) NIH institutes. The NIH Blueprint for Neuroscience research
formed the successor of the Human Brain Project as the field of
neuroinformatics has been seeing huge integration into the major fields of
neuroscience along with informatics. In case of resource development for
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generalised use towards the studies in the field of neuroscience, Blueprint for
Neuroscience research was brought forth as a huge cumulative initiative. The
major focus of informatics in the field of neuroscience can also be gauged by
the point that the newly created International Neuroinformatics Coordinating
Facility abbreviated (INCF), which is funded by the European Union and is
based out of Stockholm, Sweden, having nodes across a multitude of European
countries in addition to its nodes being spread across US as well as Japan has
set aside a goal to restore and retain international interest in the arena of
neuroinformatics. In accordance to a report by Organization for Economic Co-
operation and Development (OECD), the INCF came into emergence.

The task force of the Brain Information Group was brought together in the
year of 2003 by the Society for Neuroscience (SfN) which was later prospered
by the SfN Neuroinformatics committee. These groups and committees were
started to scrutinize the requirements of informatics in the field of
neuroscience and is also aimed at the continued promotion of remaining
resources [10]. Neuroscience database (NDB) gateway substantiated as the
best consequence. A total of 178 databases are neatly arranged into five major
categories and a whole of fifteen classes by the Neuroscience database
gateway. The Neuroscience Information Framework stands as NDB’s
successor through persistent cumulative efforts. In the phase of research and
exploration, this agenda is considered to provide easy access through links to
databases, tools along with other results, organised and clarified by bringing
to use a formally controlled vocabulary known as the BrainML (Brain Markup
Language).

The BIRN or Biomedical Informatics Research Network backed up by the
NIH, is a project on a huge scale largely known for the scale along with its
scope when it comes to the fields of neuroscience and informatics. BIRN
focusses mainly on neuroinformatics and puts major emphasis on the brain
imaging of essentially human beings and mice. In case of primary and medical
research, BIRN also emphasizes on hardware creation, software and protocols
for proper sharing and mining data in a more site independent manner. BIRN
makes use of work being conducted in about 12 laboratories spread across the
USA as well as the UK [9].

Computational neuroscience can be largely referred to as the systems
biology of neuroscience and essentially involves the creation and subsequent
application of bioinformatics models of the nervous system as well as their
other constituents. There is a plethora of resources that further work towards
creation of models pertaining to single neurons, sensory processing,
information processing and networks. A more focused form of the research is
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inclusive of a study of the functioning memory; sensorimotor changes object
identification as well as visual attention. Top-down and bottom-up are the
categories given to modelling approaches. In the approach that is bottom-up,
deeply analysed information of the system, for instance, neuronal network is
utilized in the creation of a model. Likewise, in case of top-down approaches,
the systems inputs as well as outputs are considered first, for instance, a firing
motif involving the behaviour and neurons to interpret strategies for proper
computation that the system working behind this may bring to use. Both of the
two methods are meant to create hypotheses that can be tested pertaining to
the working of the neuronal systems.

We possess very minute knowledge of the systems which hinders our
capability to model and understand nervous systems, especially when it comes
to the approach that is bottom-up. Very few neuronal systems are present that
can be comprehended at that level, leading to a continued expectation in the
systems biology study of the networks of the biochemical pathways. The
continued effort to incorporate omics into the field of neuroscience is
supposed to create a huge impact. Computational biology includes the
enhanced approaches of computer software’s to evaluate and comprehend
various issues in the medical as well as biological field. The functioning of
bioinformatics in the area of neurosciences is known as neuroinformatics or in
other words NI. The field of biomedicine underwent major evolvement due to
databases, data mining along with modelling of data. The Human Genome
Project (HGP) is the primary undertaking pertaining to computational biology.
Each and every area of neuroscience has witnessed some chief revolutions
because of the rise of bioinformatics. However, the arena of neuroinformatics
is yet to be properly explored in the area of neuropsychology. Neuro-
informatics has to offer huge amount of potential to the field of
neuropsychology through proper gauging of cognitive behaviour and drawing
a relation between the cognitive abilities along with the neural systems [10].

During the initial phase of the 1990’s utilization of neuroinformatics as an
area primarily aimed at the establishment of databases along with
comprehension tools for the nervous system was brought into emergence. In
the following decade, enhancement was initiated towards working with
complicated data types that pertained to the examination of nervous system.
To deal with the constantly increasing number of databases as well as tools
certain websites or databases are required. SfN in 2004 and Neuroscience
Database Gateway in 2007 were brought into emergence to cut across this
challenge, after which a more enhanced framework known as the
Neuroscience Information Framework 2007 proved to be more fruitful [11].
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The understanding of the complicated arena of neuroinformatics can be
eased out by initially comprehending the associated field of bioinformatics.
During the latter part of 1970’s the initial collections of the data of proteins
were done. Research analysts understood that to keep a tab on the letter
sequence for instance GCAT that shaped the base sequence representation that
is involved in the creation of nucleic acids or the sequence of amino acids that
are behind the making up of proteins, computer is an essentiality. In the initial
part of 1980s, European Molecular Biology laboratory’s EMBL-Bank,
National Centre for Biotechnology along with Databases for genes, were
brought into emergence [12].

The field of neuroscience and the biomedical field is supported by a pool
of databases as well as tools pertaining to neuroscience (Figure 3). An
augmented version of tools that are analogous in nature than those found
before can be perceived as the field of neuroinformatics. The various parts of
neuroscience data are starting to be organised using databases within
databases. Assessment and modelling of nervous systems at scales that are
more spatial could be done through neuroinformatics [13].

Acquisition

Archiving

Data tool of
neuroinformatics

Figure 3. Data tools of neuroinformatics.

Neurogenomics

There have been a huge number of contributions made towards enhancing our
conceptualization of the functioning, development as well as the evolution of
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the nervous system, along with the variance found within species as well as
the diversity in them through recent and innovative genomic techniques.
Although, majority of these advancements in research have been part of
nations that have modern and enhanced scientific resources and firm and
reliable support systems for funds. In contrast, not much is known about the
plausible interaction amid varied genetic factors, elements that are non-coding
in nature along with environmental aspects in analysing disorders pertaining
to neurology amid the people belonging to countries which are not very rich
which particularly is inclusive of a multitude of African countries. Populations
indigenous to Africa possess a one-of-a-kind ancestry which brings to light
that the betterment in the inclusion of people from this area in gene analysis
that are associated to neuroscience would largely aid in the acknowledgment
of first-hand and innovative factors which will help in the development of the
future of the field of neuroscience and healthcare pertaining to neurology.

Imaging
studies
(data)

Develop
mental
patterns

Model
organisms

Neurogenomics

Next
generation Microarray
sequencing data
data

Figure 4. Areas of focus in neurogenomics.

This assumption is hugely backed up by the latest finding which points
that patient with disorders and their respective kins from certain populations
belonging to the sub-Saharan Africa do not possess the specific gene
mutations associated to the neurological disorders. This suggests that certain
neurological illnesses may be linked to population specificity, highlighting the
need for more research into the role of other currently unidentified genetic
variables [14]. Figure 4 shows the systemic representation of focused areas of
neurogenomics.
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Database for Neuroinformatics

During the ensuing decade improvement began on managing the unpredictable
sorts of information that describe investigations of the sensory system.
Neuroinformatics compile web-available data sets of trial and computational
information, along with inventive programming apparatuses, which is basic
for comprehending the nervous system in its ordinary capacity and in
neurological  issues.  Neuroinformatics  incorporates  conventional
bioinformatics of quality and protein groupings in the mind; map books of
cerebrum life systems and confinement of qualities and protein molecules;
imaging and recognition of synapses; mind imaging done through positron
discharge tomography (PET), functional magnetic resonance imaging(fMRI),
electroencephalography (EEG), magnetoencephalography (MEG) and
different strategies; numerous electrophysiological recording techniques; and
clinical neurological information, among others. Building neuroinformatics
information bases and instruments presents troublesome difficulties since they
length a wide scope of spatial scales and sorts of information put away and
dissected. Conventional bioinformatics, by examination, centres
fundamentally around genomic and proteomic information (which obviously
likewise presents troublesome difficulties). A lot of bioinformatics
investigation centre around arrangements (DNA, RNA, as well as protein
atomic bodies), as the kind of information which have been put away,
analysed, and once in a while displayed. Bioinformatics is going through
unstable development with the expansion, for instance, of data sets that
inventory associations between proteins, of data sets that track the
advancement of qualities, and of frameworks science data sets which is
inclusive of prototypes of all parts of creatures.

Neuroinformatics exploratory information bases may store capacity and
life structures explanations of sensory system qualities, pictures (procured
with various strategies, for example, primary as well as functional magnetic
resonance imaging (MRI as well as fMRI respectively), staining of tissues at
spatial scales from subcellular electron magnifying instrument pictures to
many centimetres cuts however brains of monkeys, optical accounts of voltage
and synthetic actuated colours, so on and so forth), and chart books of focal
and fringe sensory systems. A few activities handled the troublesome issue of
open finished information offering to heterogeneous information [15-18].
Exploratory and unmistakable data, in the open finished case, has been
reported with meta-information which depicts its substance and configuration
for effective sharing. Different ventures endeavoured to progress new
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exploratory strategies (wavelet investigation in fMRI [19] and information
examination instruments for MRI planning of cerebrums to surfaces for
correlation between minds from similar species (in people this has clinical
applications, and furthermore correlations between various species sensory
systems [20]. Further devices permit the acknowledgment of items inside the
fMRI informational indexes, improve the nature of fMRI pictures and
frameworks to store and share fMRI informational collections. Different
undertakings were intended to arrangement data sets of in-situ hybridization
information to give a perpetual available file to assets at risk for vanishing (a
lot of this information exists in slides in singular examiners research centres)
(Interactive y Multiple Gene Expression Maps 2008). A few activities made
online map books and guides of human, macaque (monkey), rodent, and
mouse cerebrums (see information bases having chart books as classes in SfN
Neuroscience Database Gateway 2007). A few tasks consolidated data sets of
pictures with explanations of quality articulation.

Hypothetical neuroinformatics projects handled assorted subjects:
displaying cortical guides, putting on display the olfactory bulb and putting
away models based on computational neuroscience in a web available
information base, growing new wavelet based and source partition
examination apparatuses for fMRI information, itemized devices for
neuromorphological displaying, programmed cortical surface remaking
planning and instruments for indicating a 2-D arrange framework for the
planning, and making sensible computational models equipped for
anticipating human hear-able reactions to a wide scope of acoustic boosts
including acoustic injury. There is a wide assortment of neuroscience
information bases and devices that help neuroscience and biomedicine. The
field of neuroinformatics may be witnessed as an all-including and expounded
use of closely resembling apparatuses to those discovered before to be basic
for the advancement of bioinformatics, however applied to a more extensive,
heterogeneous sorts of information at numerous degrees of capacity. The
profundity and broadness of neuroscience data is starting to be coordinated
through data sets of information bases. These, and the data in the information
bases they contain, will help looking in, contrasting, and displaying sensory
systems at spatial scales from the degree of atoms to conduct, in typical,
unhealthy, or harmed people and creatures. Neuroinformatics is getting crucial
for neuroscience agents and clinicians for leading logical request, and
rehearsing medication presently of quickly growing cross-disciplinary
information [21].
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National Centre for Biotechnology Information (NCBI)

A neuroscience search that exhibits a cover in customary bioinformatics and
neuroinformatics begins with an “All data set” search at PubMed (National
Centre for Biotechnology Information 2007). This amazing web index at the
same time look through 28 data sets which remembers sections for the assorted
subjects of writing (articles in diaries and books), grouping data or information
bases and metadata (depictions of the information or organization in which the
information is put away), data sets on Journals (themselves, not the articles in
them) and jargon, and bibliographic information pertaining to the National
Library of Medicine property of books, programming, and different assets.
This is valuable to at the same time discover data about qualities and
furthermore the writing that depicts discoveries about the quality. An inquiry
on the Parkinson’s connected quality PINK1 brings about 114 articles found
in PubMed, anyway utilizing the Medical Subject Heading (MeSH) (National
Library of Medicine 2007) terms (chose “significant words,” for example
words whose definitions are unequivocally indicated, the hunt “PINK1 AND
PARKINSON’S[MeSH]” discovers 67 articles which are then known to be
pertinent to PARKINSON’S sickness. The MeSH expressions aids the client
in discovering the things in the sets of data that have the right setting, for
example the Nucleotide grouping information base (incorporates GenBank)
discovers 41 hits in the unlimited PINK1 search, notwithstanding, when the
PARKINSON’S expression is added the quantity of hits drops to 2 and the
reports related with the passages are focused on to Parkinson’s clinical
exploration. This model exhibited how designated look through an assortment
of data sets produces outcomes that are of quick premium to the agent of
neuroscience [22].

Neuroscience Database Gateway (NDG)

Permit us to visualize that we are a specialist hunting for sites that contain
human cerebrum map books to rethink some aspect of sensory system life
structures. Beginning at the NDG (SfN Neuroscience Database Gateway
2007) landing page click on the “Search” interface in the left-hand section and
enter “Map book” under classifications and “Human” under species and press
the “Search” button. In the event that the hunt terms are not known the
“watchword” catches for each field can be squeezed which spring up a window
where numerous pursuit terms can be chosen [23].



elep 10jdxa AjaAlleloge)[0d pue

108l01d
((NENELZe)ESIEIRSINEN
-3 10} A1oyisoday pue

yn-610°usw.ed ferod;/:sdny aseys ued siasn yalym ybnouyy wioyeld jeuiod paseg-gam e sapinocid 3] | Bul|spon ‘sisAfeuy apod 6
'sadA1 UoINau $s040. AJISISAIP JO 8]0J 3y} puelsIapun 0} sadAl uoinau

/B10"011981304n3U//:sdNYy JuaJaIp Jo saruadoud ABojoisAydouraaa syl Buiqriosap aseqelep e Si i 0/398]304N8N 8
“eJep |euoinau o buljjapow
pue UOIIeZI[eNsIA ‘SISA[eue 10} pasn aq Ued J1"eJepelall pajeloosse pue

/610 oydiowoinauy/:dny uoIoNJISU0dal feuoinau [enbip g -¢ Jo Alonsodas o1jgnd 1sebue] sy si 610 oydiowoinaN /
‘Urelq ayewid-uou pue ‘sayewlid Y1og JO SUOII8S [1IaS JO Sabewl pauueds
‘paleIouUe ‘UoIIN|0Sa) UJdIWANS JO S|axidefaw uoljjiw gz J9A0 Uo

/Biosdewurelgy:dny | paseq si 1ey: sejie urelq uolielaush 1xau UOIIN|OSaJINW SA1IJRIBIUI L. S1 1| 1o sdewuresg 9
's10algns paseasip pue Auyyfeay ul ainjanis
puUe UOIOUNY UTRIQ UBLINY JO SBIPNIS JO SISAJeur-elaW 3|qeua pue s}nsal

/610 dewiurelq mmmy;:sdny BuiBewi0inau areys 01 S|O0] pue 1eMYO0S JO Juswdoanap ay) SSAJOAUI 1] Bio-dewureig S
‘Sulelq JO UOIIIPUOD Paseasip pue yijeay ul
(AydeisBowoy pazusindwoa uoissiws uojoyd ajbuis) 193ds pue (Buibew
Wiy awoy 39ueuosal anaubew) YN ‘(Aydelbowoy paindwo)) 1D Buipnjoul

/q1juee/NPa° preAtey’ paw MAMA//:sdnY Buieubis [euo110as ss01 UIBpOW Jo uole(idwiod abny e surejuod 3| | Sejle urelq ajoym preaseH ¥
‘suewny Buipnjoul
S|ewwew Jo $a19ads QOT JAA0 JO Suleiq Paulels pue pauoioas ‘paniasald

/610" wnasnwiurelq Mmmm//:dny | (1am 4o uorrewsogul ayl pue sabewi ayl sapiao.d Jeyr 8IS gam a1jgnd e si B10 wnasnwureig €
‘safew
pajybiam Qd pue z anssi T anssil $azijin yaiym s1aslgns Auyieay

/610 uswdojanap-urelqy/:sdny 10 sabew Buifew| aoueuosay d118ube|Al 009 J9AO0 JO S19SBIRP SUILIU09 B1o-uswdojansp-urelg 2z
sanbiuyoa) BuiBewi jeuonouny pue anbiuydas Buibew

/B10°SureIg-S1Se0° MW //:SANY [eJn1onIs ‘seale JUaIaLip 0M) Ajurew ojul papiAlp st BuiBewl ureig aseqelep Huibewi-ureig T

NuI uonduasag JaAJIBS gap/asegeIed | ON 'S

SoIjeW.oUI0INaU oy suoledrjdde od1fis-ul 4o 1817 T 9|gel




“Urelq UewNy auy} Jo sejie
uoissaidxa ausb [epow-ninw anbiun pue 1s11y 8y st YoIym suoibal urelq

/610 dew-ureiq jeniod;/:sdny 3]0yM Uewiny wo.j uoissaldxa auab sapiaoid sepy urelg uewinH us||y sefie ureiq us||v 81
‘swioyreld Aelreoloiw
11e wo.j elep pjoy 0} paubisap aseqerep uoissaidxa auab olausb
/ssaidxakerrepin-oe’1ga’ mmmy/:sdny ® SI YoIym eyep uolssaldxa aush Aelreoloiw Jo aseqelep aijgnd mau e st 3| ssaldx3Aelly /T
‘[92] swawniadxa uoirezipligAy o1woush
pue uolssaldxa auab wo.j s19s elep snoausbolalay JO [eAsalIal pue abelols (0739)
03B/A0B"Y1u WU’ 1gou MAW/:sdny ‘uolssiwigns aenf1oe) yeyy ubisap uado ue pue a|qixas e sapiaoid l] | sngiuwo uoissaidxa aus9 9T
$oBIS/13 24 QLY "010SAS//:dny | "90.1S [R4(8130 UBLUNY 10§ 324N0SaJ UoITewWIoul 91auab payesBajul ue si aseq SOPIS ST
‘sutelq Jo |9A3] [ealbojoisAyd pue [aAs] Jejndsjow Jo
uone|nBial usamiaqg diysuoiiejal e Buipuelsiapun J0j uoirewoul uenodui uolew.oul
aUaB/A0B yIu WU 1gou MM/ :sdny ale sadA) |99 SNoLIBA pue suoifal Ulelq SNOLIBA Ul SUOISSaIdXa auas o118uab Joy saseqereq ¥T
'suolfal ureiq Jo ABOJOIUO UR pue aseqelep ALIAIIDBULOID Ule.q (wasAs 1uawabeuew
/B1o Tsweq/:sdny ‘AI1IN219 [eAN3U BY) INOge UoIeWLIoUI 3y} BuiAey aseqerep auljuo ue si}| | aindalydie ureld) SINVSG eT
¢dyd-xapuljurew;B10°spou ‘X81109 [elgalad anbeaew ay) ul AJIAIDBUUOD [BIIWOlRUR
-6 oew0209//:dny o SaIpNIs BuIdeJ] WY BIEP SUILIUOD pue aseqeiep urew ay si 2B\0D0D 1
's3
1PISOZY%0UIRN0Z%PEYSIIgNd0ZY%Pe
1puUNYQZ9%4IN04‘ss909802%3UI|U00Z%
San1602940.10 08N\ 0D0D=1Xa):~ #/Ie ‘Urelq ay} Jo [apow d€ Ay} 1oNJIsuodal saseqelep
w0209/5198(04d/B10 231U M y//:sdny 01 SI Wie ajewnln ay) pue sabew [ea1woyeureolnau syl sepinoid 1 A1AndsUU09 urelg 1T
(SON¥D) 29uaI9s0INaN
“e1ep BulieyS Ul PAAJOAUI SE [|aM [euoneIndwo)
/B10suo19//:sdny se sjaselep [e2160]01sAydoi109]9 JAA0 UOISSNISIP JO WNJOJ B sapiAoid 3] | Ul yoleasay aAleIoqe||0D 0T
NuI uonduasag JaAIBS gapn/asegeIed | ON 'S




28 Aishwarya Banerjee, Arunima SenGupta, Haritha K. Haridas et al.

Neuroinformatics Database (NiDB)

NiDB was created at Hartford Hospital for the Olin Neuropsychiatry Research
Centre to store and deal with various kinds of information investigations.
NIDB is an incredible, simple to introduce neuroimaging data set intended to
permit basic bringing in, looking, and sharing of imaging information. NIDB
relates any methodology imaging or other parallel information (MR, CT, US,
EEG, and so forth) with a subject through quite a few imaging studies or
activities. Information is kept at your site, constrained by you, to be imparted
to different locales at whatever point you need. NIDB likewise gives
computerized pipelining bringing of results once more into NIDB which can
be looked alongside imaging meta information [24, 25].

There are various other databases or web applications that can be used for
neuroinformatics analysis (Table 1).

Conclusion

Bioinformatics is undergoing explosive advancements with the addition, of
databases and web servers that catalogue interactions between proteins, of
databases that track the evolution of genes, and of systems biology databases
which contain models of all aspects of organisms. The understanding of the
brain requires the development and application of suitable electronic tools to
handle, represent, transform, analyze, and synthesize digital neuroscience
data. In turn, such a challenge is the key solution to preventing, diagnosing,
and treating brain diseases. Hence, neuroinformatics is a chief illustration of
the current speeding up energizing development in traditional bioinformatics
where data sets, are fundamental for understanding the sensory system in its
ordinary capacity.
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Abstract

Food products are artificially coloured to make attractive mixtures of
basic ingredients of the food products to lure consumers. Food colourants
are important food additives that enhanced the appearance of food and
appetite. Studies suggested that azo food colourants cover about 65% of
the total commercial market volume in the food colour industry and are
injudiciously used in the food industry which imparts serious health risks
to the exposed individual. The use of colourants in food products is
subjected to a wide range of toxicity tests including acute, sub-chronic,
chronic toxicity, carcinogenicity, mutagenicity and teratogenicity.
Children are at a higher risk of toxicity as they consumed alluring food
products such as cotton candy, soft drinks, flavoured chips, cereals, cake
mixes, soups, sauces, ice cream, chewing gum, jam, jelly, etc. Studies
have also suggested that exposure to these food colourants founded to be
associated with the increased risk of attention deficit hyperactivity
disorder (ADHD) and other motor dysfunctions in children. Keeping in
view the exposure pattern of azo food colourants, the present book
chapter is aimed to provide brief and systematic knowledge about the
neurotoxicity induced by the azo food colourants in exposed individuals.
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Introduction

The food colourants are any dye, pigments, or chemical substances that impart
colour or formed colours added to food, drink, pharmaceuticals, etc.
(Newsome et al., 2014). As the quality of food is an aesthetical appeal issue
thus colourants have been employed to improve food organoleptic
characteristics for thousands of years. A wide variety of food colourants have
been employed either from natural or synthetic sources; among them, azo dyes
are very common. Up to now, more than 3000 azo dyes have been reported in
the world, and in the food industry, among all the synthetic colourants, azo
dyes constitute about 65% of commercial market volume (Li et al., 2018).
Food products are artificially coloured for making attractive food mixtures to
lure consumers because they not only attract but enhance appetite. Natural
food colourants have limited application in food industries because of many
disadvantages including high cost, poor colouring ability, ease of
discolouration and many more. On the other hand, synthetic food colourants
are brightly coloured and stable and thus are extensively employed over
natural food colourants. Different countries and regions have strict legislations
for types, application scopes, and standard limits of the synthetic food
colourants that are approved for human consumption. Because of the few
varieties and relatively high price of the approved natural and synthetic food
colourants, industrial food colours with the features of strong colouring ability
and low price have been illegally added in food products by some of the vile
food manufacturers, and their uses are continuously reported by the
researchers (Dixit et al., 2013; Ashok et al., 2017; Li et al., 2018).

The use of colourants in food products is subjected to a wide range of
toxicity tests including acute, sub-chronic, and chronic toxicity,
carcinogenicity, mutagenicity, teratogenicity, etc. (Mittal et al., 2007). To
evaluate the potential toxicity of food colourants, preclinical studies were
conducted by the investigators to determine the no observed adverse effect
level (NOAEL) (Amchova et al., 2015). For this reason, food safety authorities
summarize all possible data which concern from the health point of view and
suggests whether it is permeable or not. The toxicological data on food
colourants must be confirmed in six animal species and three out of them must
be mammalian which are close to the human body physiology. Pre-clinical
data from animal studies confirm the NOAEL. NOAEL quantity is then
divided by safety factor, which is usually 100 to determine the acceptable daily
intake (ADI) (Bhatt et al., 2018). Such precautions and care cannot eliminate
the risk of possible adverse reactions to a particular substance, especially
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concerning vulnerable populations or hypersensitive individuals. Concern
rises regarding human health effects especially in children when the
consumption of visibly alluring food products such as cotton candy, soft
drinks, flavoured chips, cereals (corn flakes, muesli, etc.), cake mixes, soups,
sauces, some rice, ice cream, chewing gum, jam, jelly, and curry is higher in
the younger population.

A study reported by Goldenring et al. (1982) proved that biotransformed
products (amines) of synthetic food colourants can cross the blood-brain
barrier and alter brain physiology. The free radical production resulting from
exposed chemicals generally increased chemical and enzymatic oxidation of
dopamine and this has been evident from postmortem and clinical
investigations. Aromatic amines can enhance the production of reactive
oxygen species through interfering in antioxidant defense mechanism which
is well established by several studies and generally showed an increase in lipid
peroxidation and decline in the activity of superoxide dismutase (SOD) and
catalase (CAT) in the brain tissue (Bhatt et al., 2018). Several preclinical, as
well as some clinical studies, reported that azo food colourants can cause
neurotoxicity and altered the behaviour of humans and animals (McCann et
al., 2007; Amchova et al., 2015).

It has long been suggested that synthetic colours and other additives may
affect children's behaviour (Overmeyer and Taylor, 1999). In this regard, a
study involving 3 and 8-9-year-old children were conducted, which has the
greatest impact on the existing legislation and published in 2007, in which six
synthetic food colours: Sunset Yellow, Azorubine, Tartrazine, Ponceau 4R,
Quinoline Yellow, and Allura Red were used to evaluate the effects on
changes in the behaviour of children. The results showed that the intake of
these colours harmed children's activity and attention (McCann et al., 2007).
Since then, several countries; Irish study (Connolly et al., 2010) focused on
the exposure of food colourants to the children, India (Dixit et al., 2011),
Kuwait (Husain et al., 2006), and the US (Doell et al., 2016) began to explore
more to determine the effects of food colours on humans with special emphasis
on whether it can cause attention deficit hyperactivity disorder (ADHD).

To construct systematic knowledge on the neurotoxicity of azo food
colourants, it is obvious to gather which described the neurotoxicity of azo
food colourants. So, recent literature with a brief description on the
neurotoxicity of azo food colourants; neurobehavioural (ADHD, learning and
memory and motor), oxidative stress, neurochemical changes, effects on
apoptotic and other proteins, and histopathological changes in the brain has
been extensively reviewed. Keeping in view the exposure pattern of azo food
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colourants, the present book chapter is aimed to provide brief and systematic
knowledge about the neurotoxicity induced by the azo food colourants in
exposed individuals.

Behavioural Abnormalities

Cognition is the ultimate function of the brain and is broadly defined as the
sum of mental processes of acquiring knowledge through problem-solving,
memory, perception, and planning (Robbins, 2011). It is estimated that at
present more than 47 million people have cognitive impairments and this
percentage is continuously rising and could be tripled by 2050, shockingly,
60% of 47 million people are from low to middle-income countries (WHO,
2015). Cognitive impairments occur across a range of processes such as
attention, learning, and memory and executive functions such as planning and
problem-solving. It can lead to a decrease in quality of life, a loss of
independence which impacts individuals, their families, the healthcare system,
and society as a whole. Furthermore, cognitive impairment can also occur in
‘healthy' individuals under certain conditions such as sleep deprivation,
malnutrition and through other sporadic factors like environmental pollutants,
food additives especially artificial food colourants, etc. which affects both
function and economy (Colten and Altevogt, 2006). Azo food colourants
induced neurobehavioural alteration in clinical and pre-clinical studies has
been summarized in Table 1.

Attention Deficiency Hyperactivity Disorder (ADHD)
and Other Motor Dysfunctions

For survival, organisms evolve to detect changes in the environment. Due to
limited neural resources, all the information cannot enter conscious awareness.
ADHD is one of the most common behavioural disorders in children, affecting
3-7% of school-aged children (Pashler, 2016). As defined by the Diagnostic
and Statistical Manual of Mental Disorders of the American Psychiatric
Association, the essential features of ADHD include a pervasive pattern of
hyperactivity-impulsivity and/or inattention, which is observed before the age
of 7 years and occurs for a minimum of 6 months. Hyperactivity and/or in-
attention must occur in two or more settings (e.g., school and home), and there
must be evidence of developmentally inappropriate social, academic, or
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occupational functioning. In day-to-day life, these features translate into
children facing difficulties on focusing tasks, sitting still, listening to and
following instructions, organizing tasks, and processing the information as
quickly and accurately as others. Children with ADHD may also be impatient,
often interrupting others' conversations, blurting out inappropriate comments,
and displaying their emotions without restraint.

Table 1. Azo food colourants induced neurobehavioral alterations

Name of azo food Type of study Neurotoxicity Reference
colourants
. - . Irritability, restlessness, Rowe and
Tartrazine Clinical trial and sleep disturbance Rowe, 1994
Sunset yellow, tartrazine,
e - . Bateman et al.,
carmoisine, and ponceau Clinical trial ADHD
2004
4R
Tartrazine Pre-clinical Hyper.actlvny and Tanaka, 2006
Learning and memory
Sunset yellow, carmoisine,
tartrazine, allura red and Clinical trial ADHD %%c;ann etal.,
ponceau
Tartrazine Pre-clinical Learning and memory Gaoetal., 2011
- L L Tanaka et al.,
Brilliant blue Pre-clinical Hyperactivity
2012
Ponceau 4R, allura red AC,
) . . Doguc et al.,
sunset yellow, tartrazin, Pre-clinical Learning and memory
R 2012
amaranth and azorubin
Allura red, tartrazine and Pre-clinical Hvneractivit Erickson et al.,
sunset yellow P y 2014
. . Noorafshan et
Allura red Pre-clinical Learning and memory al., 2018
Tartrazine Pre-clinical Locomotors activity ggl;gsher etal,
Metanil yellow, malachite pre-clinical Locomotors activity Pronit et al.,
green and sudan 111 (Balance and coordination) | 2021

ADHD,; attention-deficit hyperactivity disorder.

Artificial food colourants have long been suggested to adversely affect
behaviours, especially overactive, impulsive, and inattentive behaviour (i.e.,
hyperactivity). Ben Feingold made his initial claims of the negative effect of
synthetic food colourants on childhood behaviour about 45 years ago and
hypothesized that hyperactivity might be a child's adverse reaction to food
additives including synthetic colours. Since then different kinds of synthetic
food colourants including azo food colours have been studied separately or in
mixture form for behavioural changes in experimental studies (Arnold et al.,
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2012). In this regard, Tanaka and his group give extensive scientific
experimental contributions for pre-clinical analysis of behavioural alterations
on exposure of azo food colourants (Tanaka et al., 2012).

Initially, Feingold suggested that the food additive (including artificial
food colours) might be the reason for hyperactivity in the children; even his
study results conclude the hypothesis. During 1970 to 1980s his claims had
potential in the scientific community and most of the studies supported
Feingold's original findings. However, the observation made by the clinician,
parents, teachers, and researchers were expected the finding. To eliminate the
expectation of Feingold's study, a diet replacement study in which two diets
with one contained food colour additive were applied. Subjects responded
positively when the diet with food additive was given after the control diet.
Several researchers have also been engaged in the review of past literature
with artificial food colours a meta-analysis and suggested ADHD in their
conclusion (Kanarek, 2011). A report of two European studies in which diets
that eliminated artificial food colour suggested a significant increase in
hyperactive behaviour with the artificial food colourants (Schab and Trinh,
2004; Bateman et al., 2004). McCann reported that when azo food colourants
were administered to the children (3 years and 8/9 years) for a 1-week, a small
significant composite of overactivity in all children has been noticed (McCann
et al., 2007).

To evaluate the effect of prenatally exposed tartrazine on motor behaviour
of mice offspring, Albasher et al. (2020) treated mice during pregnancy and
15 days after birth. The result of the study suggests that prenatally exposed
mice offspring showed increased locomotion in the locomotor activity test.
There were no such studies that suggested the effects of azo food colourant on
gender but Tanaka, (2006) reported that male offspring showed a higher
significant effect on the exploratory behaviour in juvenile male mice in a dose-
related manner. Recently Biswas et al. (2021) reported that when rats were
treated with azo food colourants, the stride length, forelimb and hindlimb
overlap, and maximum difference between shortest and highest stride length
has been significantly changed and concluded that the treatment group faced
balance and coordination problems.

Learning and Memory Deficits

Memory is defined as the process by which experienced-based information is
encoded, stored, and retrieved. It is one of the most fundamental mental
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processes that support all of our daily functions beyond simple reflexes and
stereotyped behaviours; it is largely what makes each human unique. It is one
of the most important forms of higher cognitive processing required for
survival. Loss of memory (dementia) not only has distressing personal
consequences, but it is also a major social and financial burden on society. It
is a key symptom in numerous neurodegenerative diseases (Hippius and
Neundorfer, 2003). These diseases are typically associated with the
dysfunction of certain neuromodulatory systems; the cholinergic system in
AD and the dopaminergic system in schizophrenia and PD (Nagpure and Bian,
2015). Short-term memory is the capacity to temporarily hold a limited
amount of information in a very accessible state (Lukacs et al., 2016). Spatial
memory refers to the storage and retrieval of information about one's
surroundings and its spatial orientation, vital for navigation (Olton, 2018). As
an animal navigates its environment and landmark cues are used to construct
a coherent spatial representation of the environment in memory.

When rats are treated with a high dose of Allura red, results of novel
objects recognition and eight-arm radial maze test for memory suggests
impairment (Noorafshan et al., 2018). Gao et al. (2011) suggested that
tartrazine (permitted food colourants) when treated to the rat and mice, there
have been an increase in the escape latency and decrease in the retention
latency in the Morris water maze test, indicated that deficits in learning and
memory. When a mixture of Erythrosine, Ponceau 4R, Allura Red AC, Sunset
Yellow FCF, Tartrazine, Amaranth, Brilliant Blue, Azorubin, and Indigotin
before and during the gestation, special and working memory have been
reduced in the offspring (Doguc et al., 2012). N-methyl- D-aspartate receptors
(NMDARSs) and nicotinic acetylcholine receptors (hnACHRs) have important
for learning and memory and Ceyham et al. (2013) established that the
neurogenesis of nAChR B2 and nAChR o4 receptor have been altered in rat's
offspring on exposure in gestation.

Oxidative Stress-Induced Toxicity

Inhibition of Complex I or Il of the mitochondrial electron transport chain
causes an increase in the release of electrons from the transport chain into the
mitochondrial matrix which then reacts with oxygen to form reactive oxygen
species (ROS) such as -O2-, hydroxyl radicals (-OH) and nitrogen species
(NO-). Leakage occurs by blockage of electron movement along the chain to
the next acceptor molecule (Lambert and Brand, 2004). The formed ROS can
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act as signaling molecules by causing lipid peroxidation or can promote
excitotoxicity and both can lead to modification of proteins and eventual cell
death of a cell. There has been evidence explained this mechanism of cell
death in azo food colourants induced toxicity and can alter biochemical
markers (MDA, GSH, SOD, and catalase), mitochondrial complex enzyme (I
and II), and neurotransmitters (gamma-aminobutyric acid, dopamine, and
serotonin) in the brain. Azo food colourants induce oxidative stress through
free radical production, disrupts the mitochondrial respiratory chain, and ATP
production via depletion of intracellular NAD+ stores (Bhatt et al., 2018;
Mohamed et al., 2015; Biswas et al., 2021; Albasher et al., 2020).

The most common mechanisms of protein damage caused by ROS are
oxidations in which carbonylation and nitration of proteins take place. ROS
can readily oxidize amino acids of various cellular proteins to form carboxyl
groups which can disrupt the physiological function of the affected protein and
lead to cytotoxic protein aggregates followed by activation of cell death
pathways and impairment of neuroprotective pathways (Esrefoglu, 2009). An
increase in these carbonyl groups has been reported in the basal ganglia and
prefrontal cortex suggesting a role in the disease. Peroxynitrite is formed by
the reaction of ROS with nitric oxide and can nitrate tyrosine residues on
proteins (Reiter et al., 2000), damaging them and leading to cell death. ROS
(Smit and Anderson, 1992) can also oxidize sulphydryl groups on glutathione,
leading to depletion of antioxidant defenses and other thiol-containing co-
factors, disrupting various cellular processes and structures. The detailed
mechanism of oxidative stress-induced neurotoxicity is represented in Figure
1.

Lipid peroxidation is another main type of cellular damage caused by
ROS when reacting with the hydrogen of the lipid and leading to the formation
of lipid radicals. This radical can form further lipid radical via an intermediary
reaction with hydrogen leading to a chain reaction. Cell membrane
phospholipids are susceptible to this damage due to their polyunsaturated
nature and leading to damage of both cell and organelle membranes. There has
been a strong link between increased lipid peroxidation in the brain with
increased levels of malondialdehyde which represents the cause of neuronal
cell death and suggests a role for it in the mechanisms of neuronal death (Bhatt
et al., 2018; Biswas et al., 2021).

This oxidative damage could be exacerbated in azo food colourants
toxicity by the discovery of reduced antioxidant defenses in rats. The mainline
of evidence relates to reduced GSH, which is selectively decreased in the brain
regions (Rafati et al., 2017), leading to a decline in cellular capability to
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inactivate H,O, and peroxynitrite. There have been consistent reports of
changes in the levels of most of the other major antioxidant systems; SOD and
CAT (Bhatt et al., 2018; Biswas et al., 2021). Iron is an integral component of
all respiratory chain complexes and its uptake by the brain is linked with
mitochondrial energy demand. It has been reported that iron involved in the
production and propagation of oxidative stress and increased iron levels in the
brain have long been associated with neurodegenerative pathology. Although,
increases might be the effect of normal pathological clearance of iron during
cell death which occurs in neurodegenerative disease. ROS can increase the
release of reactive ferrous iron from this ferritin so leading to the creation of
more ROS via the Fenton reaction and increasing oxidative stress and cell
damage. The evidence in which abnormal iron homeostasis in several
neurodegenerative diseases is clear but the role of iron either as an initiator or
a consequence of pathology remains to be elucidated (Gille and Reichmann,
2011).

Neurochemicals Changes

Neurotransmitters play unique trophic roles in the development of the brain.
Accordingly, many drugs and environmental toxicants that promote or
interfere with neurotransmitters at production levels induce neurodevelop-
mental abnormalities by disrupting the intensity of neurotrophic activity (Xing
and Huttner, 2020). Acetylcholine (Ach), gamma-aminobutyric acid (GABA),
dopamine (DA), glutamate, and serotonin (5HT) are considered to be the most
important neurotransmitters and control the behaviour. ACh and glutamate
control cognitive functions; GABA is an inhibitory neurotransmitter that
slows down the actions of the neurons; DA appears to control the voluntary
movements of the body and 5HT controls the mood, emotion, and anxiety of
the subjects (Lovheim, 2012). Mohamed et al. (2015) reported that treatment
of tartrazine reduced the levels of neurotransmitters (GABA, DA, and 5HT)
in the brain tissue. When a sub-lethal concentration of basic red (an azo dye)
is treated to the zebrafish in their early-life stages, the activity of
acetylcholinesterase enzyme (AChE) has been downed compared to control
and affects locomotors activity (Abe et al., 2018). When rats treated with
metanill yellow, malachite green, sudan 11, and their mixture to the activity
of monoamine oxidase B (MAO-B), (responsible for the metabolic fate of
dopamine in dopaminergic neurons) significantly changed compared to the
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control. Also AChE activity has been found higher in the treatment group
compared to the control (Biswas et al., 2021).

Mitochondria

o phospholipid membrane damage
O

oo O°

Presynaptic neuron (4

Postsynaptic neuron (

Figure 1. Schematic representation of azo food colourants induced free radical generation,
oxidative damage and cholinergic neurotransmitters alteration. Azo food colourants
enhance the free radical production, leaked electron reacts to oxygen to form superoxide
radical (O2-) which then converted to hydrogen peroxide (H202) by the SOD. H20: then
react with ferrous iron (Fe?*) to form hydroxide radical (OH). These ROS damages the
mDNA, protein and lipid membrane, increasing further mitochondrial ROS production in
a vicious cycle. Mitochondria contain several antioxidants enzymes that safely scavenge
these ROS. Manganese superoxide dismutase, dismutase Oz~ into oxygen and H202 which
is then oxidized into the water by mitochondrial glutathione peroxidase (GPx1), leading to
the oxidation of reduced GSH into glutathione disulfide (GSSG), GSSG then reduced back
into GSH by GSH reductase. Within the mitochondrial respiratory chain, electrons are
sequentially transferred to different polypeptide complexes (numbered from | to IV)
embedded within the inner membrane. The final transfer of the electrons to oxygen takes
place at the level of complex IV which oxidizes cytochrome c. The flow of electrons within
the MRC is coupled with the extrusion of protons (H*) from the mitochondrial matrix to
the intermembrane space, which creates the mitochondrial transmembrane potential. When
energy is needed (i.e., when ATP levels are low), these protons re-enter the matrix through
complex V, thus liberating energy that is used to phosphorylate ADP into ATP. In
cholinergic nerve synapses, Acetylcholinesterase enzyme (AChE) activity is enhanced thus
post synapse Acetylcholine neurotransmitter (Ach) is shorted for cognitive signals
transmission. nAChR; nicotinic acetylcholine receptor.
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Apoptosis and Other Molecular Markers

Immunohistochemical staining of the cerebral cortex of rat's brain shows
higher anti-ssDNA antibody (an apoptotic cell marker) in the tartrazine treated
group compared to the control (Mohamed et al., 2015). Another study in which
tartrazine has been treated to rats for investigation of histopathological,
immunohistochemical on proliferating cell nuclear antigen (PCNA), and glial
fibrillar acidic protein (GFAP) showed intense expression of GFAP PCNA in
the nuclei of the acinar in the cerebellum in the treated group compared to the
control (El-sakhawy et al., 2019). N-methyl-D-aspartate receptors (NMDARS)
and nicotinic acetylcholine receptors (nACHRS) are effective in the learning
and memory generating process. To investigate the effects of a mixture of food
colourants; Erythrosine, Ponceau 4R, Allura Red AC, Sunset Yellow,
Tartrazine, Amaranth, Brilliant Blue, Azorubin, and Indigotin on the
expression of NMDARs and nACHERs in fat rats showed higher expressions
of NR2B and nAChR B2 whereas expression of nAChR a4 has been
significantly decreased in the male experimental group compared to control.
In the case of females, the mixture caused a decrease in NR2B expression
compared to the control group (Ceyhan et al., 2013). On the neurological
safety aspect, an In vitro pathological study on mouse NB2a neuroblastoma
cells line revealed that neurite inhibited with the involvement of N-methyl-D-
aspartate (NMDA) receptors (Lau et al., 2006).

Histopathological Changes

The high dose of azo food colourants can induce a reduction in the volume of
the medial prefrontal cortex and its subdivision, number of neurons and glial
cells, and enhanced the mushroom and thin spines per dendrite length with
numerous apoptotic cells (Rafati et al., 2017; Mohamed et al., 2015). It has
been observed that when rats administered azo food colourants, numerous
pyknotic nuclei in the cerebral cortex and neuronal damage in the cerebrum,
medulla, and degenerative Purkinje cells with morphologic abnormalities in
cellular architecture (El-sakhawy et al., 2019; Albasher et al., 2020; Biswas et
al., 2021). Prenatal exposure of azo food colourants to the offspring results in
characteristic motor activity and anxiety-like behavioural changes which
indicates that development and ageing can be vulnerable with those periods in
the life of offspring (Erickson et al., 2014). Allura red, tartrazine, sunset
yellow, amaranth are permitted food colourants but the preclinical study on
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neural progenitor cell toxicity express quite a contrast results. Neural
progenitor cells; a biomarker for developmental stage, and neurogenesis
indicative of the function of the adult central nervous system (CNS) have been
changed on exposure to azo food colourants. Exposure to these food
colourants in mouse developing CNS model shows reduced neural progenitor
cells and viability and decreased in newly generated cells in the hippocampus
of adult mice indicates the potential adverse effects on hippocampal
neurogenesis (Park et al., 2009). When Allura red was treated to the rat, it
induced damages to the medial prefrontal cortex structure, loss of the cortex
volume, and dendrites (Noorafshan et al., 2018). Recently, Biswas et al.
(2021) reported that when rats were treated with Metanil Yellow, Malachite
Green, Sudan I11 and the mixture of these three non-permitted food colourants,
the cellular architecture of Purkinje cells; responsible for motor coordination
and balance have been deformed in the shape, shrunken and degenerated.

Conclusion

The use of food colourants has been a long practice in food products and
industrial revaluation makes a huge impact for use of artificial food colours.
Although most azo dyes are carcinogenic, other toxicities cannot be neglected.
With the gradual accumulation of scientific data on toxicities, the scientific
community forces to put these colourants under prohibition and regulation
guidelines. Behavioural impairments especially ADHD due to the
consumption of food colourants come to light more than 40 years but the South
Hamptons studies put a great impact on the scientific community. In recent
years, it has been observed that data on neurotoxicity research in food
colourants induced toxicity continuously growing and strengthen to rethink
the use of food colourants. The patterns of neurotoxicity reported in most of
the literature are around oxidative stress, but with this, it is hard to deduce a
broad knowledge that very specifically concludes on neurotoxicity. Hence,
there is a strong mechanism-based study need to be carried out associates the
findings of behavioural abnormalities with mitochondrial dysfunction and
oxidative stress, and their biogenesis, neurotrophic factors, receptors and
neurotransmitters involved in behavioural alterations and their neurogenesis.
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Abstract

Neurological disorders are the significant arena among the health care
researchers worldwide, as illnesses like Parkinson’s, Alzheimer’s,
Dementia, Schizophrenia, Motor neuron disease and Huntington’s
disease, people have to live out with the disability throughout their life.
Neurological disorders are multifactorial diseases such as genetic,
environmental chemicals like pesticides and metals, etc. Biomarkers can
be useful on early detection and invigilation of the disease progression as
well as sensitivity to environmental chemicals and reaction to therapeutic
interventions. Various biomarkers for neurological disorders have been
identified in laboratory and translated with the clinical studies.
Computational and bioinformatics approaches have also been used by
some of them. Up to now, no perfect biomarker is available, which can
help in early detection, follow up on treatment and identifying the
vulnerable populations. Therefore, an effort has been made to review
study the advancements in computational approaches for finding the
novel biomarkers and their validation. Computational methods have
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potential to make available rapid and accurate approach to get novel
biomarkers.

Introduction

Neurological disorders is the second leading cause of death after heart disease
with 9 million deaths and with 276 million disability-adjusted life-years
(DALYS), itis the leading cause of disability, worldwide (GBD project, 2020).
WHO reported that neurological disorders affect more than 450 million people
globally from 1990 to 2016. In India 30 million people suffers from various
forms of neurological diseases and the average prevalence rate is as high as
2,394 per 100,000 of the population. In human it includes a wide range of
disorders like Alzheimer disease (AD), Parkinson disease (PD), Dementia,
Motor neuron disease (MND), Schizophrenia and Huntington’s disease (HD),
etc. Most of them shares common symptom & neuro-pathological conditions.
Therefore, it becomes quite challenging to diagnose a particular disorder
(Ward et al. 2010). Hence, it is necessary to understand the molecular
mechanism and pathological symptoms of disease to foresee the same. A
WHO report estimated that in 2015 neurological disorders contributed to 95
million disability-adjusted life-years (DALY which was projected to reach to
103 million in 2030 worldwide.

Biomarkers are helpful in the early diagnostics and follow-up of disease
advancement and also vulnerability to environmental chemicals and response
to therapeutic interventions. The term “biomarker,” was making known in
1960s regarding biochemical and metabolites irregularities allied with several
ailments. According to Naylor’s definition “A characteristic that is objectively
measured and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a therapeutic
intervention” is biomarker (Naylor 2003). The ‘Bence Jones’ a protein in urine
was identified as cancer biomarker in 1847, which was the first biomarker
tested in lab (Jain 2010). In simple language biomarker is a measurable
biological entity that associates with a physiological, pathological or clinical
opinion. It could be genes, gene products, hormones, enzymes, specific cell,
etc. Alterations in biological structures and organ’s functions could also be a
biomarker. Besides, some biomarkers with therapeutic effect are also
accessible (Ransohoff 2003; Riesterer 2007; Kim et al. 2008). Novel
biomarkers are required to define the stages of disease progression to
comprehend the disease pathology in detail. For disease progression
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sensitivity, specificity and inconsistency of biomarkers should be described
appropriately and also validated as risk predictor (Ward et al. 1996).

With the recent advances the computational approaches assimilate multi-
omics data to understand new underlying disease mechanisms that leads to
biomarker discovery and their clinical validation. The application of
computational biology in neurological disorder helps to collect information
regarding structure and function of control against diseased brain by
obligingomics data like genomics, proteomics, metabolomics and
transcriptomics. This will provide deeper insight mechanism of the complex
feature of CNS that affected by various factors. It is well known that nervous
system is a complex sophisticated system, also making the study of biomarkers
of neurological diseases complicated. Hence computational methods may
rapid up the search of potential biomarkers. Therefore, the current study
focused on computational approaches in novel biomarker discovery associated
with neurological disorder based on knowledge driven approaches.

Computational Approaches for Biomarker Identification

Rapid advancements in molecular and information technologies have jointly
generated significant data associated with molecular biology of any disease.
The key goal of bioinformatics is to better understand of biological processes
(Raza 2010). It plays a vital role to point out the clinical dares in early
diagnosis, prognosis and effective therapies in neurological diseases.
Computational tools/software and databases could be helpful to explore the
molecular machines of any disease and identify the authentic as well as
specific biomarkers.

It can be able researchers and clinicians to response the important queries
based on the details of individual patient like characteristics of the disease,
laboratory testing results, multiomics information, etc. Computational
methods have an important role in drug discovery via correlation study of the
individual findings such as experimental design, study implementation and
biochemical analysis. It also helps in translational research for transforming
data into medical practice and inspires the development of new drugs and
biomarkers through providing critical tools. Advancement of cost-effective,
offensive diagnostic tests after their validation will aided both the medical
practitioner and patients using bioinformatics approach (Suh et al. 2013). Only
few of the neurological biomarkers identified through computational
approaches have been validated in clinical trials (Table 1).
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Table 1. Biomarkers identified using computational approaches

Disease Biomarker Reference

Parkinson’s Disease HLF, E2F1 and STAT4 Diao et al. 2012
NUCKS1 Sarita et al. 2019

Alzheimer’s Disease SEC22B, RAB10, FLT1 genes Zhao et al. 2016,
SNPs i.e., rs7530069, Sherif et al. 2015,
rs113464261, rs114506298, Greco et al. 2012
rs73504429, rs7929589, Yuetal. 2021
rs76306710, rs66813
BDNF and WWTR1

*Choline acetyltransferase
*Urokinase-type plasminogen
activator receptor

Huntington’s disease (HD) FNDC3A, BCLAF1 and Chakraborty et al. 2021
ALCAM
Neurodegeneration ULK1 Garg et al. 2020

*Biomarkers clinically validated

Numerous databases and computational methods are available for novel
biomarker identification which utilize the multi-omics data and identified the
appropriate marker for disease progression. The flow chart of the study is
given in Figure 1.

A. Multi-Omics and Neuroimaging Databases

Various public repositories with huge data related to neurological disorders
are available (Table 2). PubMed, PubMed central and Medline have research
articles published by researchers. Sequential data like DNA/gene,
RNA/mRNA, Protein, whole genome, ESTSs, etc. are available at NCBI and
UniProt. Similarly GO database have gene ontology data and Gene Omnibus
and Array Express contains gene expression data. KEGG database
systematically integrates genomic and chemical information while PANTHER
provides a structured representation of protein function in the context of
biological reaction networks. Alzheimer’s disease Neuroimaging Initiative
(ADNI) and Biomarkers for Alzheimer’s and Parkinson’s disease database
(BIOMARKAPD) databases are being used, to test the magnetic resonance
imaging (MRI), positron emission tomography (PET), and other biological
markers which helps in prediction of AD and PD in early stages. Besides,
GOBIOM, the world’s largest Biomarker database contains over 74,000
biomarkers for 18 different disorders, has been developed by GVK
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Biosciences, Hyderabad, India. These databases are significant resources for
retrieving anticipated datasets for biomarker identification.

Table 2. Multi-omics and neuroimaging databases for neurological
biomarker discovery

Name of Database

Source Link

National Centre for Biotechnology
Information (NCBI)

www.ncbi.nlm.nih.gov

UniProt WWW.uniprot.org

PubMed/ PubMed central www.ncbi.nlm.nih.gov/pubmed
Medline www.medline.com

Gene Ontology (GO) www.geneontology.org

Gene Expression Omnibus (GEO) www.nchi.nlm.nih.gov/geo
WebArrayDB www.webarraydb.org/webarray
ArrayExpress www.ebi.ac.uk/arrayexpress/

KEGG (Kyoto Encyclopedia of Genes and
Genomes)

www.kegg.jp

PANTHER (Protein Analysis Through

www.pantherdb.org

Evolutionary Relationships classification
system)

Alzheimer’s Disease Neuroimaging Initiative
(ADNI)

Biomarkers for Alzheimer’s disease and
Parkinson’s disease (BIOMARKAPD)
Global Online Biomarker Database
(GOBIOM)

adni.loni.usc.edu

www.neurodegenerationresearch.eu

gobiomdb.com

B. Literature Mining

A lesser effort has been made to document the information in spite of
availability of huge significant information about the disease, technologies
developed and prospective drugs for managing the disease, etc. For
systematically scrutinize the information warehoused in scientific articles and
comprehend their associations with disease progression, the literature mining
techniques are progressively advanced. These techniques have enabled the
expansion of association networks among numerous biomedical entities such
as genes, proteins, drugs and diseases, etc. (Jenssenet al. 2001; Chun et al.
2006; Jensen et al. 2006; Agarwal et al. 2008; Baker et al. 2010; Frijters et al.
2010; Zhu et al. 2010). These computational efforts have been motivated by
the vast data generated by high-throughput experiments and its storage in the
databases.
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Figure 1. Flow chart for computational methods used for Biomarker identification

The information from literature mining and high-throughput technologies,
like microarrays, proteomics, and metabolomics assembled together to
support in bio-ontologies construction (Bard et al. 2004; Bodenreider et al.
2006). These ontologies could be assisting in the narration of scientific
concepts and their associations like connotation of an existing biomarker/
exposure/drug with a novel diseased condition can also be predictable by

passing through ontology (Qu et al. 2009).

Table 3. Tools for literature mining

Text mining tools

Source Link

BioReader

www.cbs.dtu.dk/services/BioReader

Semantic MEDLINE

skr3.nlm.nih.gov/SemMed/index.html

Pubnet

pubnet.gersteinlab.org/

Quertle www.quertle.com/

Nexthio www.nextbio.com/

Coremine www.coremine.com/

LitVar www.ncbi.nlm.nih.gov/CBBresearch/Lu/Demo/LitVar
Dnorm www.ncbi.nlm.nih.gov/research/bionlp/Tools/dnorm/
Gnormplus www.ncbi.nlm.nih.gov/research/bionlp/Tools/gnormplus/
Tmvar www.ncbi.nlm.nih.gov/research/bionlp/Tools/tmvar/

NegBio

www.github.com/ncbi-nlp/NegBio




Identification of Novel Biomarkers for Neurological Disorders 55

Several text mining methods like machine learning or artificial
intelligence have also been in use to study the ontologies. The algorithms of
the machine learning help to explain the relationships between the features in
the data. Consequently, several text mining tools are available to assist in
mining appropriate gene or protein data from literature, and these together
with manual search have been often found compulsory for functional omics
data analyses. Several tools are available for biological data mining as given
in Table 3.

C. Gene Expression Analysis

It is a systematic approach with remarkable influence on biological research,
pharmacology, and medicine to biological findings. This approach is able to
acquire measurable information like the comprehensive transcription profile,
to explore the basic biology, disease diagnosis, assist drug advances, alter
therapeutics to particular pathologies, and create databases with information
related to monitoring procedures of any living individual (Young 2000).

These methods have been supportive in satisfying the gap between DNA
sequence and their annotations by dissevering biochemical pathways into
intermediary components at genotype and phenotype level. These studies have
offers new ways to identify intricate disease genes and biomarkers for disease
diagnosis and/or for assessing the efficacy and toxicity of the drug.
Application of gene expression analyses in biomarker identification has
remarkable role, for disease risk assessment, early stage detection, prognosis,
assessing therapeutic response and preventative measures.

Several biomarkers are available for various diseases which have been
identified using gene expression analysis methods. Like, PD initiation
expression has been identified, using bioinformatics analysis of 1004
differentially co-expressed genes in PD patients compare to controls and
pathway enrichment study recommended that protein turn over process were
impaired in PD. A regulatory impact factor analysis revealed that some
transcription factors like HLF, STAT4 and E2F1 have shown altered
expression level in PD patients. Therefore HLF, E2F1 and STAT4 may be
used as significant biomarkers after validation (Diao et al. 2012). Also,
proteins with tissue-specific expression have also been predicted as cancer
serum biomarkers using gene expression analysis (Prassas et al. 2012). Several
online tools/software are available for gene expression data analysis. (Table
4)
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Table 4. List of some selected tools for gene expression analysis

Gene expression analysis tools Source Link
BRBArray tool brb.nci.nih.gov
GEO2R www.ncbi.nlm.nih.gov/geo/geo2r
CIMminer discover.nci.nih.gov/cimminer
GEDA gedas.bizhat.com/gedas.htm
Expression Profiler www.ebi.ac.uk/expressionprofiler
ArrayQuest WwWw.proteogenomics.musc.edu/arrayquest
Arraypipe www.pathogenomics.ca/arraypipe
ASIAN www.mrc-Imb.cam.ac.uk
CARMAweb www.mrc-Imb.cam.ac.uk
CARRIE www.zlab.bu.edu/CARRIE-web
BABELOMICS www.babelomics.org
DEEP www.bioinf.med.uni-goettingen.de/services/deep
EagleView wwsw.hiehs.nih.gov

D. miRNA Analysis

MicroRNA (miRNA), is a small nucleotide sequence that regulate the gene
transcription, and aid as indicator for identification and advancement of
several diseases. miRNAs have been authenticated in clinical studies of
several neurological disorders like, Alzheimer’s disease, multiple sclerosis,
traumatic brain injuries, Parkinson’s disease and CNS tumors as diagnostic
markers. miRNAs have numerous features to become a promising candidate
biomarkers like stability in body fluids, function in multiple tissues, in
pathogenesis, and also the ability to be distinguished initially in the disease
progression. Cerebrospinal fluid (CSF) is a favorable source of miRNA in the
identification of many neurological disorders due to its cell-free environment,
direct contact with the brain and spinal cord and collection process that
minimizes tissue damage (Stoicea et al. 2016).

Numerous miRNAs have been recognized as biomarker for diagnosis and
treatment of several of diseases using computational approaches. The finding
of Cogs well et al., in Alzheimer’s disease patient has revealed expression of
a different miRNA profiles in the medial frontal gyrus, hippocampus, and
cerebellum (Cogswell et al., 2008). miRNA-AD/PD connotations in domestic
animals i.e., cow, pig, horse and chicken using computational methods have
been reported which offers researcher to generate AD/PD models using
domestic animal for further studies (Wang et al. 2016). 11 miRNAs, have been
identified as candidate biomarkers for autism using a knowledge-guided
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bioinformatics model and validated through literature mining and functional
enrichment analyses (Shen et al. 2016).

Several freely accessible virtual databases and tools are available for
identification of miRNA for various diseases progression. Some selected
mMiRNA prediction/miRNA target identification tools are mentioned in Table
5. Deregulation in early disease stage, miRNA could be considered a
consistent biomarker due to their incidence and stability in body fluids.

E. Systems Biology Approaches

The approaches used to comprehend the mechanism of biological systems to
identify specific biomarkers for a certain ailments along with new diseased
targets employing computer software, “omics”-based finding tools and
progressive concert computational techniques. This method effort to
comprehend the interface between several constituents of a specific system via
study the relationships within a biological system (Kitano 2002; Hood et al.
2004; Fang et al. 2011; Lucas et al. 2011; Karsenti 2012).

Table 5. List of some selected miRNA analysis databases/tools

miRNA analysis databases/tools Source Link
MiRBase www.mirbase.org
MiPred www.tools4mirs.org
MiRDeep www.tools4mirs.org/mirdeep
MiRNAFold www.EvryRNA.ibisc.univ-evry.fr/miRNAFold
mirAnalyzer www.web.bioinformatics.cicbiogune.es/microRNA
miRanda www.mirandatools.in
TargetScan www.targetscan.org
TargetFinder www.bioit.org.cn/ao/targetfinder
miRWalk www.zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
miRTarBase www.miRTarBase.cuhk.edu.cn/.

The progressions in the high-throughput tools and accomplishment of
human genome sequencing endorsed gathering and analysis of huge data sets
like genomics, proteomics, transcriptomic, etc. (Ideker et al. 2001; Kitano
2002; FDA 2011; Ori etal. 2011). It is assumed that the intricacy of biological
systems and datasets acquired by HT techniques could be better understood
by using this approach. The development and advancement of new diagnostic
tools and therapeutics for several complex diseases, especially neurological
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disorders, is constrained due to such complexity (Hood et al. 2004; Robeva
2010; Fang et al. 2011; Westerhoff 2011).

In schizophrenia, the lethal effects of GABA that interrupt both the
glutaminergic and dopaminergic transmission have been emphasized via
application of systems biology. Besides in Bipolar disorder, systems biology
revealed the association of several genes CACNA1C, ANK3, and ITIH3-4
genes via interaction study. Likewise systems biology emphasized a
connection between synaptic perturbations and cognitive impairments in
autism (Vattikuti et al. 2010).

To model biological systems, the systems biology approach utilizes
publically available or innovative computational tools and resources (Alawieh
et al. 2012). It empowers a superior aptitude to recognize the inter-
dependencies between the pathways of disease, and the intricacy of the
systems. This approach may possibly be valuable tool for determining specific
biomarkers for a particular disease. Some specific system biology tools are
listed below (Table 6).

Table 6. List of some popular data resources and tools for systems biology

System biology tools Source Link

Cytoscape WWW.cytoscape.org
Reactome WWw.reactome.org
Network Analyst www.networkanalyst.ca
MiRNet WwWw.mirnet.ca
GeneMANIA WWW.genemania.org

Kyoto Encyclopedia of Genes and Genome
(KEGG)

www.kegg.jp

Protein Analysis Through Evolutionary
Relationships classification system(PANTHER)

www.pantherdb.org

Search Tool for the Retrieval of Interacting
Genes Proteins (STRING)

www.string.embl.de

Pathway Analyser

sourceforge.net/ projects/ pathwayanalyser

WikiPathways

wikipathways.org

Ingenuity Pathways Analysis (IPA)

WwWw.ingenuity.com

Institute of Medicinal Molecular Design
(KeyMolnet)

www.immd.co.jp

F. Neuroimaging

Neuroimaging data has been analyzed using in-silico algorithms, also for
identification of genetic biomarkers. For example, the polymorphisms in the
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genes associated with AD exploiting different Bayesian network structure
learning algorithms for detecting the causal ADSNPs and gene-SNP
interactions was studied and new SNP biomarkers were perceived to be
considerably allied with AD (Sherif et al. 2015). Several neuroimaging
software/tools are available to study the structure and function of the normal
vs. diseased brain (Table 7).

Table 7. List of preferred neuroimaging tools

Neuroimaging Tools Source Link
3DSlicer www.slicer.org
Analysis of Functional Neurolmages (AFNI) | www.afni.nimh.nih.gov
FMRIB Software Library (FSL) www.fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL
Multi-Image Analysis GUI (Mango) www.ric.uthscsa.edu/mango
CONN (functional connectivity toolbox) www.web.conn-toolbox.org
LONI Pipeline www.pipeline.loni.usc.edu

Computational methods employing above listed databases, investigation
tools and techniques offer an exceptional prospect to evaluate markers
distinctly for prognostic, diagnostic and response predictive values for
neurological disease, rapidly. Platform based techniques that used entail
several years to complete, but now it will take a few weeks or months by a
trained bio informatician. Now sets of markers that might characterize
regulatory pathways or other molecular functions can be assessed rather single
biomarker. The compound data sets also make available a prospect
optimization of marker in a data set and liberated validation in several others.
Besides the efficacy and accuracy of the biomarker is also important for the
clinical viewpoint. It helps us to know whether the new biomarker is safe for
clinical use or not. The key parameter for evaluation includes area under the
curve (AUC) of receiver operating characteristics (ROC) curve, sensitivity and
specificity. There are several computational tools are available for the
assessment of newly identified biomarker based on the above said statistical
parameters like Stata 8 (www.stata.com), Decision Curve Analysis
(www.mskcc.org) and Risk Prediction Package (www.research.fhcrc.org),
etc. At present in India, several research laboratories are focusing on
computational biomarkers identification for numerous cancer types like
Institute of Bioinformatics, Bangalore, National Institute of Immunology,
New Delhi and many others.
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Limitations

Each procedure or methods have their own limitations. A significant constraint
to computational method is that consistency of the outcomes produced by
computational analysis using publicly accessible data is reliant on the
reliability of the source data. It is also challenging to authenticate the precision
of clinical explanations. Inconsistencies in measurements can be vital and
logical variances in the investigative procedures affect the assessments among
datasets. Hence, a biomarker revealed completely through computational
methods is implausible to acquire widespread clinical approval. If there is
difference between high throughput platform and anticipated clinical methods
then authentication of the new analyses alongside the inventive outcomes is
needed. Likewise, however miRNA analysis gain advantages, presently
investigative tools are so far expensive as a clinically feasible for analytical
process and require standardization (Stoicea et al. 2016). Mining of literature
is also a significant aspect of the data analysis workflow and several literature
mining tools are available for the assistance of appropriate data mining from
literature manually, while none is incorporated with omics system in a way
that data extracted using computational methods can be used for functional
exploration, directly (Hu et al. 2011). However, different types of biomarkers
like genetic, epigenetic, biochemical, environmental which used as primitive,
prognostics, diagnostics markers, etc. have been recognized using
computational methods but a drug responders and non-responders biomarker
to identify computationally, is still a dare. Consequently it is another constraint
of computational technique and it can only be done in-vivo at present.

The biomarker has presumed a great significance and will be more by
researchers and clinicians both in academia and industries, in future. The
application of computational methods for identification of biomarker, are
assured to advances the understanding of disease pathway and factors
affecting them. Specificity and validation of the biomarkers, in future may also
be predicted using computational approaches which will diminish the
dependencies on wet lab.

Conclusion
Fast progression in computational algorithms and high throughput data is a

good prospect to identify the novel cost effective biomarkers, rapidly. These
could be further employed for probable validation of clinical data. This chapter
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describes that computational technology, with limitations, have advantages
above other approaches. Keeping in view the complexity of nervous system,
biomarker prediction particularly for neurological diseases, these
computational methods gains noteworthy advantage. Several new algorithms
based on biological data extracted from available databases with improved
biomarker selection measures should be developed to get novel biomarkers
with high specificity and sensitivity.
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Abstract

Circadian clocks are endogenous oscillators that regulate behavior and
physiology across a 24-hour cycle in order to accomplish time-dependent
balance with the external environment. Transcription—translation
feedback loops, along with post-transcriptional and post-translational
modification, are being used to generate the systems. Current findings
reveal that additional non-coding RNA-based processes are necessary to
keep the clock functioning efficiently. MicroRNAs are a critically
essential element in the regulation of circadian rhythm and many other
physiological activities. Circadian inequality not affects our sleeping
cycle and periodic physiological activity, but it also correlates with the
development of conditions such as insomnia and neurodegenerative
diseases. MicroRNA dysfunction is rapidly being documented as a
source of sporadic neurodegenerative disorders via unregulated genes
involved in neurodegenerative disease pathogenesis, and involvement of
some genes are also found in the development of inherited neuro-
degenerative disorders. Here, we explore possible ways of unlocking
microRNAs’ usefulness as effectors of circadian physiology and
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pathology based on recent research indicating a critical role for
microRNASs in neurodegenerative disease and clock physiology.

Introduction

Physiology and behavior in mammals and other animals are regulated by an
innate molecular clock that is synchronized with the 24-hour solar day
(Lowrey and Takahashi 2004). The ability to accommodate to the rotation of
our planet by relying on the sun’s cycles is an ancient characteristic (Tosches
et al. 2014). This phenomenon illustrates why the proper circadian clock’s
operation is extremely important for physiological activities in any of our
body’s tissues, and why disruptions in the latter can significantly contribute to
chronic multifactorial diseases. Circadian rhythm has far-reaching
implications that go beyond neuronal activity, hormonal release and feeding
behavior (Pivovarova et al. 2016). This pace-making system has an effect on
every cell in our body, so each tissue or organ maintains its circadian rhythm
despite metabolic or environmental stressors that occur throughout our lives
(West and Bechtold 2015). The highest hierarchical unit, which is located on
the bottom of the anterior hypothalamus and represents a tiny region named
the suprachiasmatic nucleus (SCN), commands these tissues to reset their
internal clock. It responds to environmental and physiological changes in
order to keep and synchronize the clocks all over our body (Eckel-Mahan et
al. 2013). All mammals, including humans, have a circadian clock that
regulates their sleeping and feeding patterns (Preussner and Heyd 2016).

Non-coding RNAs (ncRNAs) are a popular topic in science right now.
Several non-coding RNAs are extremely valuable in living systems and use
different ways to compensate for their incapability to be translated into
proteins. MicroRNAs (miRs) are a type of non-coding RNA that acts as a post-
transcriptional regulator. miRs have a role in the control of a broad range of
factors important to the body’s biological processes (Cora’ et al. 2017). It is
evidential through current findings that miRs regulate gene expression
circadian rhythms and inversely (Cheng et al. 2007). The circadian clock’s
molecular mechanism is tightly controlled by post-transcriptional and post-
translational regulation, which is centered on a disciplined transcription and
translation response loop.

Clock gene (s) govern the circadian clock, further expression, and
oscillation of most of these genes are also regulated. There are numerous
physiological functions stay governed by circadian regulation, which is
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achieved by the recurring of gene expression regulation. Experimental animals
missing the clock gene (s) are alive and reproducible, indicating that a
malfunction of the circadian clock is not lethal to living species (Tsang et al.
2017). The circadian clock system’s failure has been connected to a number
of health problems. Neurological issues for example sleep disturbances and
neurodegenerative disorder might result from a central nervous system
breakdown. Sleep disruption is a typical initial indication of disease of the
nervous system; as a result, it could play a role in the beginning and
development of the disease. Furthermore, improperly expressed miRNAS in
the blood, body fluids, and/or some tissues are frequently seen in individuals
with sleep disturbances as well as patients with illnesses of the nervous system
(Pileti¢ and Kunej 2016). These findings suggest that miRNAs, through
modifying the genes expression associated with or contributing to disorders,
might perhaps be used as biomarkers for disease pathogenesis as well as
effective therapies.

Circadian Rhythm and Neurodegenerative Diseases:
Is There a Link?

The slow degradation of the nervous system’s structure and function is defined
by neurodegenerative illnesses such as amyotrophic lateral sclerosis (ALS),
Parkinson’s disease (PD), and Alzheimer’s disease (AD). No neuro-
degenerative disease is currently curable; the present therapies merely address
the symptoms or reduce the disease’s development. The global increase in life
expectancy and the subsequent growth in the older population increased the
percent ratio of neurodegenerative diseases and illnesses as compared to
others. These diseases primarily affect people in their later years of life.
Circadian irregularities have long been thought to be a consequence of
neurodegeneration. According to new studies, circadian disturbance might be
a factor in the neurodegenerative process (Kondratova and Kondratov 2012).
The circadian clock may have a straighter part in the initiation of neuro-
degenerative disorders, according to many research. (Videnovic and Zee
2015).

There are different factors that contribute to the beginning and
development of neurodegenerative disorders, oxidative stress is one of them
(Niedzielska et al. 2015). Most of the genes that govern the antioxidant
system, interestingly, have a circadian rhythm (Kinoshita, Aoyama, and
Nakaki 2018). BMAL1-deficient mice also reveal greater levels of reactive
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oxygen species (ROS) and age quicker, indicating the involvement of the
circadian clock in ROS control (Kondratov 2006). Imbalance of reductant and
oxidant (Redox) situations are classified as oxidative stress in which the
formation of reactive oxygen species outpaces the antioxidant systems’
capacity to control it (Henchcliffe and Beal 2008). miRs are one of the most
essential RNA-processing factors, and they regulate post-transcriptional
processes (Bartel 2009). Patients with neurodegenerative disorders have
abnormal miRNA expression in their brains, cerebrospinal fluid, and blood
(Renoux and Todd 2012).

Amyotrophic Lateral Sclerosis (ALS)

Itis a chronically progressive disease distinguished by particular motor neuron
degradation in the spinal cord and motor cortex that typically leads to death
within 3-5 years of onset (Gordon 2013). ALS patients, the cortisol cycle is
disrupted; specifically, cortisol values in the evening are much greater in ALS
patients than in healthy people. (Patacchioli et al. 2003).

Abundant genes have been revealed to contain mutations that might be
hereditary factors that might cause ALS, according to a study. Some of them
comprise mutations in the TAR DNA-binding protein 43 (TDP-43), Cu/Zn
superoxide dismutase 1 (SOD1), chromosome 9 open reading frame 72
(C9orf72) and fused in sarcoma/translated in liposarcoma (FUS) (Taylor,
Brown, and Cleveland 2016). Circadian variations in SOD1 expression and
activity are drastically reduced in Perl/Per2 double-knockout (DKO) mice
(Jang et al. 2011). TDP-43 also controls the circadian clock by maintaining
CRY proteins (Hirano et al. 2016). The new FUS modulator for circadian gene
expression has recently been identified to have positive control on REV-ERB
(Jiang et al. 2018). Circulating miRs may have a function in the ALS
pathology’s linkage of central and peripheral organs since ALS appears to
affect not just neurons in the CNS but also peripheral muscle tissues. The most
promising circulating miRNAs that are affected in ALS patients are miR-206
and miR-133a/b. In ALS patients, expression of both of these miRs are
significantly noticed in myocytes and are raised in muscle and brain (Ricci,
Marzocchi, and Battistini 2018).

Other miRs have been proven to target particular genes associated to ALS
development, such as miR-142 and miR-132 (Ricci, Marzocchi, and Battistini
2018). In sporadic ALS patients, miR-142 levels are elevated in the spinal cord
(Figueroa-Romero et al. 2016). MiR-142 has been associated to TDP-43 and
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C9orf72 and regulates the expression of Nrf2, a transcription factor that affects
the expression of antioxidant-response genes (Matamala et al. 2018, Nguyen,
Nioi, and Pickett 2009). Both miRs, miR-133a and miR-133b, are very much
expressed in ALS patients and contributed to muscle proliferation, repair, and
regeneration (Figueroa-Romero et al. 2016, Raheja et al. 2018, Tasca et al.
2016). Based on the major differences discovered between a clock mutant and
wild type fly, it has been proven that miR-133, which is highly conserved,
leads to core circadian gene expression (Xia et al. 2019). ALS patients have
been shown to have higher levels of miR-206, and it is thought to contribute
to the reinnervation process (Ma et al. 2015). MiR-206 also has a substantial
influence on the mammalian circadian clock’s dynamic mechanism, affecting
both the amplitude and frequency of gene expression changes (Zhou et al.
2011). These findings imply that ALS-causing genes and circadian genes and
miRs are closely connected.

Parkinson’s Disease

Following Alzheimer’s disease, it is the most prevalent neurodegenerative
disorder, as well as being clinically distinct by resting tremor, stiffness,
akinesia, and postural instability (Hayes 2019). A progressive, late-onset
mobility disability is caused by dopaminergic neurodegeneration in the
substantia nigra (SN). Eosinophilic neuronal inclusions containing both -
synuclein and ubiquitin are pathogenic indicators of Parkinson’s disease
(Ascherio and Schwarzschild 2016). Diurnal variations in dopamine and
certain of its metabolites have been documented in several studies. Dopamine
content fluctuations could be linked to cycles in dopamine producing enzymes
and transporters, whose activity alter throughout time (Sleipness, Sorg, and
Jansen 2007). The circadian clock can govern rhythmic dopaminergic activity,
which could in turn regulate the clock’s activity (Mendoza and Challet 2014,
Sleipness, Sorg, and Jansen 2007). Dopamine may potentially play a function
in the circadian retinal input regulation (Witkovsky 2004). In many recent
studies, several miRs were discovered to be dysregulated in the entire blood,
serum, and CSF of patients with PD. According to a recent study, people with
Parkinson’s disease had lower levels of miR-30c expression (Roser et al.
2018). Patients with narcolepsy exhibit greater levels of miR-30c, and in
juvenile narcoleptics, alteration in MiR-30c expression in response to lack of
sleep have been discovered (Holm et al. 2014, Weigend et al. 2018). Despite
the fact that the precise targets of miR-30c have yet to be discovered, an
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analytical method indicated a number of target genes implicated in neuronal
autophagy, mitophagy, and dopaminergic cell death regulation (Vallelunga et
al. 2019). Furthermore, circadian PER proteins are predicted to be miR-30c
target genes (Figueredo et al. 2013), albeit the exact mechanisms by which
miR-30c influences PD pathogenesis and circadian rhythm remain unknown.

Furthermore, the members of the miR-29 family are particularly
remarkable in this regard, since together miR-29a and miR-29c transcripts are
down-regulated in Parkinson’s disease (Terrinoni et al. 2018). Interestingly,
blood miR-29a is upregulated in levodopa-treated PD patients (Serafin et al.
2015), and Overexpression of miR-29¢ in the SN of Parkinson’s disease mice
decreased dopaminergic neuron loss and accumulation of synuclein, according
to research (Wang et al. 2019). The miR-29 family’s targets also include PER
proteins, albeit the miR-29 family’s rhythmicity has yet to be discovered
(Chen, D’Alessandro, and Lee 2013, Figueredo et al. 2013). miR-29 family
members have been hypothesized as crucial participants in neurodegeneration
and clock gene dysregulation because their expression is changed in
Alzheimer’s patients.

Patients with Parkinson’s disease are compared to healthy control groups,
they also have substantially lower amounts of miR-221. miR-221 protects
against Parkinson’s disease by targeting an apoptosis-related gene and is
regulated by DJ-1, whose impairment variation are connected to recessively
inherited PD (Li et al. 2018). Furthermore, the expression of miR-221 in
salivary has been discovered to oscillate throughout the day, suggesting that
circadian dysregulation of anti-inflammatory actions via miRNAs may play a
role in PD pathogenesis (Hicks et al. 2018). These findings point to a link
between PD etiology, oxidative stress, and miRNA dysregulation in the
causation of Parkinson’s disease.

Alzheimer’s Disease

Alzheimer’s disease (AD) is an irreparable age-related neurodegenerative
disease distinguished by progressive dementia that manifests later in life or in
middle age. Pathological indicators in the brain include amyloid (A) plaques
and neurofibrillary tangles generated by tau protein that has been
inappropriately phosphorylated (Stakos et al. 2020). Insomnia, nighttime
arousal, numerous wakefulness and awake too early morning, and drowsiness
naps are all prevalent Alzheimer’s disease symptoms. In people with
Alzheimer’s disease, obstructive sleep apnea is also frequent (Brzecka et al.
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2018). These problems are also present in patients with moderate cognitive
impairment, implying that sleep difficulties may be basic signs before to the
diagnosis of Alzheimer’s disease. Due to a straightening of the melatonin
rhythm, there are minor changes between daytime and nighttime bouts of
activity and sleep in extreme situations. Cortisol release patterns have also
been seen to change.

There have been reports of aberrant BMAL1 methylation and
transcription in Alzheimer’s disease patients’ brains, resulting in altered
BMAL1 expression and neuronal circadian rhythms, which lead to sleep and
behavior disorders (Cronin et al. 2017). Furthermore, Bmall controlled the
activity of the APOE gene in an Alzheimer’s disease animal model, and Bmall
omission resulted in a loss of oscillations in the hippocampus, subsequent in
large elevations in amyloid plaque burden (Kress et al. 2018). ApB,
surprisingly, exhibits a diurnal rhythm, with a raised amount during waking
and a lower level during sleep (Huang et al. 2012). AP circadian pattern
decline with age and amyloid accumulation have also been documented.

It’s worth mentioning that mutual miRs are linked to the gene expression
involved in circadian rhythm, sleep disorders, and Alzheimer’s disease
pathogenesis, implying a strong relationship. miR-219 expression has been
reported to be higher in the Alzheimer’s patients’ brains, and miR-219 is
recognized to have a contribution in the suppression of Tau phosphorylation
via targeting GSK-3p (Arnes et al. 2019). Through the CLOCK and BMAL1
complex, this miRNA has been shown to modulate the circadian clock (Cheng
et al. 2007). In Alzheimer’s disease, MiR-132 is substantially downregulated
in neurons (El Fatimy et al. 2018). GSK-3 and Tau mRNA are targets of miR-
132, which may be triggered by photic entrainment cues through a
MAPK/CREB-dependent pathway. miR-146a, on another side, is upregulated
in numerous brain areas in Alzheimer’s disease patients (Cheng et al. 2007,
Smith et al. 2015, Swarbrick et al. 2019). miR-146a has been connected to
insufficient sleep, and its expression has been found to be rhythmic (Davis et
al. 2007, Hijmans et al. 2019, Saus et al. 2010, Wang et al. 2014). By altering
genes implicated in neuroinflammation and cerebrovascular dysfunction, this
miR may also contribute to the development of Alzheimer’s disease (Janelidze
et al. 2018, Wennstrom and Nielsen 2012). The deregulation of miR-210 in
brain tissues, cerebrospinal fluid, and serum has also been linked to the
pathogenesis of Alzheimer’s disease. Patients with Alzheimer’s disease had
higher levels of miR-34a in their temporal cortex (Sarkar et al. 2016). miR-
34a has been found to have a rhythmic expression pattern in tumor cell lines,
and its overexpression causes aberrant expression of the clock genes Perl and
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Per2, as well as genes that have a role in memory development, APP
metabolism, and tau phosphorylation states (Han et al. 2016, Hasakova et al.
2019, Sarkar et al. 2019). Despite the fact that miR-125b and miR-29b have
been identified as the top-ranking AD biomarkers in numerous clinical
investigations, the reason of dysregulation in the blood of AD patients is
unclear (Fransquet and Ryan 2018, Liu, Cali, and Lee 2017, Nagaraj et al.
2019). These findings imply that circadian rhythm problems and miRNA
dysregulation are significantly linked to AD pathology, etiology, and
pathophysiology.

Conclusion and Future Outlook

Circadian changes have recently been linked to the onset of neurodegenerative
diseases and may even play a role in disease development, according to new
research. As mentioned in the chapter, a growing amount of available data
suggests that numerous circadian-related miRNAs are changed in
neurodegenerative disorders. Such findings suggest that anomalies in
circadian miRNA expression might serve as biomarkers for the development
of neurodegenerative diseases in the future. Furthermore, manipulating
miRNA expression early throughout the progression of a disease might be
utilized to treat neurodegenerative disorders. To discover treatments for
neurodegenerative disorder that are now incurable and progressing, further
research is required. There is a slew of issues that must be solved before these
techniques may be adopted. The inability of RNA constructs (such as
antagomirs and sponges) to pass the blood-brain barrier, e.g., is a major
roadblock for minimally invasive treatment methods. Additionally, concerns
such as antisense administration timing and organ-specific therapeutic
targeting will need to be addressed.
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Abstract

According to emerging findings, epigenetic mechanisms are essential for
the creation and maintenance of neural networks in the brain, as well as
higher-order brain processes such as cognitive functions and behaviour.
Defects in epigenetic pathways are now known to alter illness
susceptibility, the aetiology or pathophysiology of numerous conditions,
and treatment response. According to a large body of research, epigenetic
dysfunctions have been linked to neurodevelopmental disorders such as
Rett syndrome (RS), Fragile X syndrome, and Rubinstein-Taybi
syndrome, as well as neurodegenerative and psychiatric conditions such
as Alzheimer’s disease (AD), frontotemporal lobar degeneration
(FTLD), depression, and schizophrenia. Epigenetic pathways are also
involved in the transgenerational impacts of the environment on brain
and body functions, as well as the subsequent inheritance of disorders
across generations.

This chapter investigates the function of dysregulated epigenetic
pathways in the aetiology and pathophysiology of neurodevelopmental
and neurodegenerative disorders using RS and AD as examples. It also
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explores the function of epigenetic mechanisms in the development of
depression and their involvement in mediating antidepressant effects,
highlighting the importance of the epigenome in psychiatric illnesses.
The chapter finishes with a brief discussion of how early life trauma-
induced epigenetic changes may impair adult brain functioning and how
these effects are thought to be handed down through generations via
epigenetic pathways.

Introduction

Neurological disorders are disorders of the nerve system. The worldwide toll
of these illnesses is increasing. According to the Global Burden Disease Study
2015, Alzheimer’s disease is one of the most frequent neurological disorders,
accounting for nearly 10 million DALY's (Disability Adjusted Life Years) [1].
In the United States, Alzheimer’s disease has been listed as one of the most
burdensome neurological diseases in the Global Burden of Disease study of
2017 [2]. Since the nervous system acts like a “relay system” of the body, its
impairment leads to an increased susceptibility to develop other diseases like
cardiovascular diseases, metabolism-related diseases etc. [3]. The develop-
ment of neurological illnesses cannot be traced back to a single factor, such as
the genome, but must be traced back to a complex interplay of multiple
variables that influence the genome. The regulation of the functioning of
unmutated but modified DNA sequences and histones is known as epigenetics
[4] and the altered genome is termed as epigenome. Epigenetics plays a major
role in determining interaction of a gene with other genes as well as the
environment which in turn impacts its expression [5]. The epigenome being
dynamic varies with age [6], internal factors [7] and external environment [6].
Epigenetic mechanisms such as abnormalities, and disordered chromatin play
a role in the pathogenesis of various neurological illnesses [6-8].

There is plenty of evidence to support the existence of epigenetic
modifications in neurological disorders. Few studies suggest that the APP
gene is hypomethylated in Alzheimer’s disease [9] However, according to
Sanchez-Mut et al., genes such as TBXAZ2R, F2RL2, SORBS3, and SPTBN4
are hypermethylated [10]. Frontotemporal lobar degeneration (FTLD) patients
suffer from hypermethylation of CpG units in GRN promoter which
negatively affects the transcription and translation of GRN gene [11]. In
depression, genes like BDNF, NR3C1, PPFIA4 etc. depict altered patterns of
methylation whereas histones vary in acetylation patterns [12]. Expression of
a glycoprotein Reelin and a transcription factor SOX10 is also affected by
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methylation in case of schizophrenic patients [13]. Rett syndrome, which
mostly affects females [14], is associated with defects in MECP2 (methyl-
CpG binding protein 2) gene [15]. Another X-linked illness, fragile X
syndrome, is connected with chromatin organisation flaws produced by FMRP
depletion (fragile X syndrome retardation protein) [16]. Dysregulated lysine
acetytransferase enzymes obstruct chromatin remodelling and can cause
Rubinstein-Taybi syndrome [17].

Epigenetics when applied in the field of medicine has numerous
applications. Epigenetic modifications in circulating nucleic acids [18] serve
as efficient and stable biomarkers for diagnosing various neurological
disorders [19]. Epigenomes can be inherited (transgenerational epigenetics)
[20] like the genome which aids in forecasting the susceptibility of offspring
to develop a particular medical condition. Detection of epigenetic
modifications also leads to identification of pathways and parts of the nervous
system involved in neurological disorders. Techniques for detection include
methylation-sensitive digestion [21], whole genome bisulfite sequencing
(WGBS), reduced representation bisulfite sequencing (RRBS) [22],
methylated DNA immunoprecipitation (MeDIP), MNase (Micrococcal
Nuclease) digestion followed by high-throughput sequencing, microarrays,
chromatin immunoprecipitation (ChIP) assays etc. [23]. Epigenetic drift
happens as we age, and epigenetic therapy could be a viable option for treating
disease-causing changes caused by epigenetic drift [24]. This book chapter
deals with various aspects of epigenetics that not only contribute to seven
neurological disorders (Alzheimer’s disease, FTLD, depression,
schizophrenia, Rett syndrome, fragile X syndrome and Rubinstein-Taybi
syndrome) but can also be applied for their therapy.

Neurological Disorders

Some epigenetic changes may differ amongst neurological illnesses, while
others are ubiquitous. Several techniques are used for detection of epigenetic
modifications. The most common techniques are the ones used to determine
methylation patterns. Methylation sensitive digestion is one such technique
that is carried out using Methylation Sensitive Restriction Enzyme (MSRE).
MSRE cleaves DNA with unmethylated CpGs but has no effect on DNA with
methylated CpGs. In the former case, Polymerase Chain Reaction (PCR) is
disrupted as the DNA is fragmented but in the latter case, PCR proceeds
normally [25]. Bisulfite conversion method relies on the difference in the
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ability of cytosine and 5mC (5-methylcytosine) to undergo deamination
reaction. The inability of 5mC to get deaminated rapidly ensures that they
retain their identity and are detected as 5mC in PCR. But cytosine is
deaminated rapidly and at the end of bisulfite conversion process, it gets
converted to uracil. During PCR, uracil is amplified as thymine. Here, PCR is
performed as a part of sequencing [26]. In RRBS method, restriction
fragments of DNA are subjected to bisulfite conversion process. These
fragments are then amplified using PCR, cloned and finally sequenced to
determine methylation status of DNA [27]. ChIP assays are based on
immunoprecipitation. Treatment of a biological sample such as cells with
formaldehyde causes fixation of cells by cross-linking protein and DNA. Cells
are lysed to liberate the chromatin which is then fragmented. Exposure of these
fragments to an antibody specific to a protein cross-linked to DNA causes
immunoprecipitation of the protein-DNA complex. This is followed by de-
cross-linking of DNA from the complex and its amplification through PCR for
analysis of histone modifications [28]. MeDIP is another technique based on
immunoprecipitation but it is only applicable for the detection of methylated
DNA, particularly, 5mC. In MeDIP, genomic DNA is extracted from a
biological sample, purified, fragmented and denatured. Anti-5-methylcytidine
antibody is used for immunoprecipitation of methylated DNA [29, 30]. This
can be further subjected to microarray analysis [29]. The property of MNase
(in the presence of calcium ions) [31] to cleave 3’-5’ phosphodiester bonds
linking adjacent nucleotides in A-T rich regions [32] of DNA is exploited in
MNase digestion method [31]. This approach is used to analyse chromatin
abnormalities since MNase cleaves the linker DNA that connects adjacent
nucleosomes, leaving the nucleosome core particle and the DNA wrapped
around it intact. This DNA can be sequenced after it has been purified [33].

Neurodegenerative and Psychiatric Conditions
Alzheimer’s Disease (AD)

AD is a neurodegenerative disorder characterized by amyloid plaque and
neurofibrillary tangles (NFTs). Early Onset AD (EOAD) comprises cases of
AD patients less than 61 years of age whereas Late Onset AD (LOAD) deals
with the rest. The onset of pathogenesis is usually marked by brain damage
produced by oxidative stress [34]. Amyloid plaques are particularly composed
of (AP)42 isoform of amyloid-P (AP) peptide which is mainly formed through
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the amyloidogenic mechanism of APP processing. The presence of excess AP
leads to neuronal deaths by activating apoptotic pathways [35, 36]. NFTs are
composed of protein tau (hyperphosphorylated state) and formed in the
cytoplasm of neurons in hippocampus and cortex regions [37]. Hindered
transmission of nerve impulse leads to cognitive disablement [36]. Decreased
cerebral blood flow is observed in AD patients [37]. APOE4 (&4 allele of
apolipoprotein E) is less efficient in AP clearance from the brain [38]. Along
with aging and trisomy of chromosome 21 [37], it also serves as a risk factor
for AD. Certain environmental factors may promote initiation and/or
progression of AD by triggering epigenetic processes. Formaldehyde, in
elevated levels, can lead to hyperphosphorylation of tau protein and may even
promote cross-linking of Ap molecules [39]. Few studies have stated about the
existence of altered methylation patterns in genes ANK1, NEP, RPL13,
CDH23, HOXA3 and BIN1 [40, 41]. CpG sites’ methylation upstream of the
promoter of NR3C1 in children has been associated with LOAD dementia
[42]. Non-CpG methylation or hypomethylation of genes like PSEN1, APP,
PP2A, S100A2 and CREBS5 is linked to their overexpression while
hyperphosphorylation of MTHER, APOE, SORB3, MAPT and Neprilysin
switches off their expression. Demethylation of 5-methylcytosine is another
factor in which decreased levels in various parts of the brain have been
associated with late stage AD [41]. Acetylation events impacted during AD
elicit in the form of low levels of H4K16Ac in brains of AD patients [43]. An
increase in the levels of hippocampal HDAC?2 and class Il HDACG in the
cortex and hippocampus, but a decrease in the levels of cortical SIRT1
(sirturinl) have been recorded [44]. The upregulation of HDAC6 and excess
methylation of DDR1 (Discoidin Domain Receptor 1) have been associated
with tau hyperphosphorylation and A accumulation respectively [45]. In
layer Il of the entorhinal cortex, NFTs are attributed to neurons with low levels
of DNMT1 (DNA methyltransferase 1). Amongst the microRNAs that are
involved in the pathophysiology, miRNA-101 and miRNA-107 have attracted
attention of researchers because their decreased levels lead to loss of regulated
expression of APP and BACE-1 respectively, which contributes to their
overexpression [44]. Promoters having high levels of H3 acetylation [45] and
enhancer elements of Down syndrome cell adhesion molecule like 1
(DSCAML1) with low methylation are other factors for BACEL
overexpression [46].
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Frontotemporal Lobar Degeneration (FTLD)

With heterogeneity in disease courses, FTLD is characterised by
neurodegeneration of frontal and temporal lobes of the brain [47]. This
incurable disorder arises because of deposition of either tau protein or
transactive response DNA-binding protein 43. If tau inclusions are present,
FTLD is identified as tauopathy. Else, it is identified as non-tauopathy [48].
Genetics accounts for the heritable nature of familial FTLD which is linked
with mutations in genes like microtubule-associated tau (MAPT), progranulin
(GRN), and chromosome 9 open reading frame 72 (C9orf72) [49].
Ventromedial prefrontal cortex (vmPFC) is more prone to FTLD [50]. In one
of the studies conducted in 2018, it was observed that FTLD symptoms usually
begin to appear at an age over 50 years [51]. Dysfunction of social cognition
is one of the disabilities faced by patients. Personality changes are also
common. Some also experience atrophy of cortex [50]. Patients usually speak
less than normal. Gray matter density is decreased in the frontal region.
Hypermethylation of GRN promoter is associated with FTLD. The presence
of a promoter of C9orf72 gene in hypermethylated condition alleviates
damage to neurons as well as degeneration of gray matter in frontal cortex [47]
but marks a more aggressive disease course [52]. C9orf72 suffers a loss of
function when there is low expression of C9orf72 mRNA due to erroneous
transcripts produced by repeat-containing RNAs [53].

Depression

Depression develops as a result of chronic stress, sleeplessness, and a variety
of other conditions. Recurrent stress leads to degeneration of hippocampal
CA3 pyramidal neurons [54]. High levels of corticosteroids, low levels of
BDNF (Brain-Derived Neurotrophic Factor) [55] and GABA (gamma-
Aminobutyric acid) [56], glutamate toxicity [54], excess production of ROS
and RNS [57], impaired synaptic transmission, lack of functional
monoaminergic transmitters, altered receptors’ sensitivity[58], low grade
inflammatory state maintained for prolonged time with activated immune
system etc. are some features associated with depression [57]. It has been
observed in experiments that when cytokines like IL-1, IL-2 and IFN-a are
administered, humans develop behavioral changes and other symptoms of
depression [58]. In various studies, elevated levels of IL-6, 1L-10, CRP (C-
Reactive Protein), TNF-a and complement protein C3 have been reported in
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individuals suffering from depression [59]. Sometimes, hormonal imbalance
such as problems with secretions of cortisol, melatonin, growth hormone, TSH
(thyroid stimulating hormone) and prolactin may also lead to depression [60].
The norepinephrine (NE) and serotonin (SHT) systems don’t function properly
[61]. Sleep disturbances [62] and abnormal subgenual anterior cingulate
cortex are observed.[63] In general, depression is marked by a rise in
expression DNMTs and reduction in expression of DNA demethylases. Either
of the promoters | and VI of BDNF are hypermethylated [64] while promoter
KLF11 (Kruppel-like factor 11) is hypomethylated [65] in patients. Nucleus
accumbens (NAc) shows elevated levels of DNMT3a but reduced levels of
acetylated H3K14 [64]. Some genes which exist in hypomethylated condition
in MDD (Major Depressive Disorder) include CAPRIN1 (Cell Cycle
Associated Protein 1), CITED2 (cAMP-response element binding
protein/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal
domain-2), DGKH (DiacylGlycerol Kinase), GSK3B (Glycogen Synthase
Kinase 3 Beta) and SGK1 (Serum/Glucocorticoid Regulated Kinase 1) [66].
The peculiar acetylation pattern of H3K14, a drop in levels of HDAC2 in the
NAc region and hike in HDAC2 mRNA levels in WBCs has been reported in
MDD patients [67]. Hypomethylation of MET and its overexpression in
cortex, hippocampus brain and frontal cortex regions has also been observed
together with overexpression of HGF gene in cortex (BA24 region), frontal
cortex as well as in whole blood. In people suffering from depression, mMRNA
levels of MET and HGF in the hippocampus deviate from normal levels and
GABRAL levels are low in the anterior prefrontal brain region. PSORS1C3
suffers from methylation problems in BA11 and BA25 regions of the brain.
Altered DNA methylation patterns have been reported in GRIK2, ELOVL5
and BEGAIN genes in depressed patients committing suicide [68].
Overexpression of the ZBTB20 gene has also been recorded [69]. Absence of
phosphorylated S421 MeCP2, methylation of H3 [67], reduction in expression
of NR3C1 in HPA center and FKBP5 demethylation [66] are other
contributing factors to depression.

Schizophrenia

Schizophrenia arises out of impaired communication among neurons.
Transcription process for Myelin-Associated Glycoprotein  (MAG),
transferrin, 2°,3"-cyclic nucleotide 3"-phosphodiesterase (CNP) and quaking 1
is negatively impacted. Besides this, ADAM12 is altered. Certain genes are



86 Suyash Agarwal, Munmun Banerjee, Anurag Singh et al.

overexpressed like myelin-associated oligodendrocyte basic protein (MOBP),
prohibitin, syntaxin binding protein 1 (STXBP1) and DISC1 (Disrupted in
Schizophrenia 1). Lowered oligodendrocytes’ density but increased density of
astrocytes may be observed in different brain regions. Level of Glial Fibrillary
Acidic Protein (GFAP) protein, expression of glutamine synthetase [70] and
flow of blood in the prefrontal cortex is affected [71]. The NR1 subunit of AT-
methyl-D-aspartate (NMDA) receptor has altered glycine binding site and
may be overexpressed. Deficit of functional NR1 subunit is linked with
dopamine activity problems in schizophrenia [72]. Overexpression of the
NR2D subunit has also been reported [71]. Abnormal membrane structure and
its dysfunction, Essential Fatty Acids (EFA), a drop in Poly-Unsaturated Fatty
Acids (PUFAS) levels and elevated concentrations of Superoxide Dismutase
(SOD) in RBC, malondialdehyde and pentane in blood, lipofuscin-like
material depositions in oligodendrocyte [73] and low hippocampal
synaptophysin concentration have been observed [74]. Oxidative as well as
reductive stress contribute to redox imbalance and the free radicals so
produced are routed to interrupt various cell signalling pathways [75]. All
these factors including genetics [76] are responsible for development of
symptoms peculiar to schizophrenia.

Several epigenetic processes are involved in schizophrenia. Increase in
enzymes called DNMT1 and TET1 (ten-eleven translocase methylcytosine
dioxygenasel) but decrease in the number of mRNA variants of BDNF has
been seen in mice expressing schizophrenic behaviour after prenatal stress
exposure. In humans suffering from the disease, BDNF mRNA and protein
levels are low in the prefrontal cortex of the brain. There exists
hypermethylation of promoters for genes RELN and GAD1 (Glutamic acid
decarboxylase 1) whereas MB-COMT gene exists in hypomethylated
condition [77]. RELN and SOX10 are downregulated [78]. Polymorphic 5-
HT2A receptor (5-HT2AR) gene with C allele, is frequently observed in
schizophrenic patients. It possesses such CpG sites which are capable of
getting hypermethylated in patients. Other genes which are hypermethylated
include CERS3, DPPA5, REC8, PRDM9, LYBG5C and DDX43. Some
histone modifications include hypermethylation of PRDM9, low levels of
acetylation of H3K9K14, low levels of HDAC2 [79] and high levels of
HDacl. In the dorsolateral prefrontal cortex, H3K27ac levels are elevated in
fetuses and infants inheriting schizophrenia [80]. NR3B and GRIA2 have been
found hypomethylated in the frontal cortex portion of the brain while FOX2
is hypermethylated in parahippocampal gyrus and superior temporal gyrus.
Some genes show gender-specific altered methylation patterns such as
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hypermethylation of MARLIN-1 in females and KCNJ6 in males. Some
MiRNAs (miR-132, miR-132-3p, miR-212, miR-544, miR-1307, miR-7 and
miR-154-3p) that are known to be underexpressed in schizophrenic patients
while miR-17 is overexpressed [81].

Neurodevelopmental Disorders
Rett Syndrome (RS)

This neurodevelopmental disorder is predominant in females as compared to
males. This is because the MeCP2 gene which in mutated form significantly
contributes to the development of this syndrome, is located on X-chromosome.
Over 500 mutations in MeCP2 gene have been reported [82]. In fact, persons
with the same mutation may experience varying levels of disease severity
because of the phenomena of X-inactivation which itself takes place to
variable extent amongst individuals [83]. RTT can be inherited in an X-linked
dominant pattern and this happens in only 0.5% of the total RTT cases as
majority of the cases (99.5%) are sporadic in nature [84]. Besides MeCP2,
other genes that are known to contribute to development of syndrome include
CDKL5 (cyclin-dependent kinase-like 5) and FOXGL1 (forkhead box G1).
There are chiefly three stages of RTT- onset, regression and plateau.
Sometimes, a fourth stage characterised by motor deterioration is also
considered [85]. Problems with brain development begin 6-18 months after
the birth of an individual. Rett syndrome (RTT) patients experience breathing
difficulties, sleep disturbances, scoliosis, gastrointestinal tract diseases,
osteopenia [82] and apraxia [85]. Breathing problems are primarily grouped
into two categories, namely, hyperventilation and breath-holding. In a study
conducted by Tarquinio et al. in 2018, some patients also reported air-
swallowing. In the same study, it was observed that breathing difficulties
surface during early childhood itself in patients [86]. Gastrointestinal tract
abnormalities include gastroesophageal reflux, bloating, gastroparesis,
constipation. Though biliary tract disease is not common in RTT patients, it is
lethal to those patients who develop this and currently, its incidence is rising.
This disease has been usually identified in RTT females of older age and the
ones with heredity of this disease [87]. Level of Cx3crl mRNA can get
lowered in many parts of the brain as a consequence of RTT. Microglial cells
may reduce in number [88]. Emotional, behavioural and autonomic
dysregulation (EBAD) is observed in patients [89].
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Fragile X Syndrome

Also known as Nonsyndromic Autism Spectrum Disorder, [90] this
monogenic disorder caused by mutated Fragile X Mental Retardation-1 gene
(FMR1) [91]. FMR1 gene suffers trinucleotide (CGG) repeat expansion and
methylation at CpG dinucleotides, which is an epigenetic modification. When
the number of this repeat in FMR1 allele ranges from 55 to 199, the allele is
termed as premutation (PM) allele [92]. PM allele can convert into a fully
mutated form in an individual only when the individual receives that allele
from his mother [93]. FMR1 transcriptional start site is surrounded by a 3.8
kb long region which is hypermethylated [94]. Hypermethylation of the
promoter [94] and H3 dimethylation [95] have been associated with silencing
of genes. As a result of these biological events, the RNA-binding protein
called Fragile X Mental Retardation Protein (FMRP) is either produced in low
quantities or completely lacking which leads to fragile X syndrome [96].
Incidence of FXS in males and females is 1 in 5000 and 1 in 4000 to 8000
respectively [95]. FMRP is crucial for RNA biology, development of dendrites
[97], regulating MBP and translation [98], potassium channels’ activation,
responding to DNA damage [95] and synaptic plasticity [99]. Dendritic
development is affected in FXS because of lack of suppression of FMPR2-
Cofilin pathway by FMRP which is deficient. Hikes in dendritic spine density
with less spine maturity have been reported in cortex and hippocampus [100].
Proper cortical connectivity is absent [99] and size of caudate nucleus as well
as lateral ventricles increases. Volume of frontal, temporal, parietal and
occipital lobes is also impacted [100, 101]. Negative impact on GABA [100]
and glutamatergic signaling [95] has been noticed. In astroglial cells, FMRP
loss leads to reduction in mGIuR5S receptors [102]. Oxidative stress in
mitochondria is high and the antioxidant system malfunctions. ROS
contributed by it to the brain may be considered as another reason for
intellectual disability of patients [103]. Auditory hypersensitivity due to
insufficient FMRP is observed in patients. Other symptoms include anxiety,
language disorder, seizures, learning [97] and social deficits, mental
retardation [104], distractibility [105], restricted [90] and reiterative behavior
[106] and mitral valve prolapse [104]. The extent of mental retardation is
usually greater in males as compared to females [107]. Sometimes, patients
even suffer from autism simultaneously [106] because of the same mutated
gene [105]. The physical appearance of patients is different from normal
individuals and includes elongated face, wide forehead, large ears, extremely
stretchable finger joints [100], abnormally high and narrow palate, pes planus,
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macroorchidism [104], dislocated joints. However, such characteristics are
present in only patients with changes in connective tissue [95].

Rubinstein-Taybi Syndrome

Also known as broad thumb-hallux syndrome [108], this rare autosomal
dominant disorder is mainly caused by abnormal CREBBP and EP300 genes.
In the former case, it is categorised as RS type 1 while in the latter case, it is
categorised as RS type 2 [109]. Incidence of this syndrome varies from 1 in
100,00 to 1in 125,000 [110]. Development of cardiac complications in RS has
been associated with loss of function mutation and polymorphism in ADCY9
(Adenylate cyclase type 9) gene [111]. Mental deficiency, speech
impediments, visual impairment, seizures etc. are caused by failure of corpus
callosum development [108]. Another set of complications experienced by RS
patients are gastrointestinal disorders which include dysphagia, gastro-
esophageal reflux, Hirschsprung disease and constipation [109]. Congenital
malformations (cardiac, renal, spinal, ophthalmic) [112], facial deformities
(eyebrows and palate arched greater than usual, long eyelashes, sloping
palpebral fissures, crooked nose, wide nasal bridge, mandibular hypoplasia)
[113] and respiratory infections are common to patients [114]. Behavioural
disorders such as mood swings, inattentiveness, impulsivity, mental handicap
etc. have also been observed. Abnormalities in hand and feet can be identified
in patients and these encompass radial deviations of thumbs and halluces,
widened fingers’ phalanges, fetal finger pads tenacious even after birth and
curved fifth finger [113]. Cardiac problems include septal defects, patent
ductus arteriosus, stenosis, aortic coarctation, abnormalities in conduction,
vascular rings etc. Ophthalmic complications include RT-associated infantile
glaucoma, enophthalmos, degeneration of iris and optic nerve, nystagmus,
crossed-eyes and high myopia [115]. Although many studies state that prenatal
development of children with RT is normal, in a recent report, it has been
stated that even prenatal growth may be hampered in some cases [116]. Slow
growth leads to improper height and weight. At puberty, males are more likely
to develop obesity earlier than females [117]. Patients are also susceptible to
formation of various tumours [114].
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Epigenetic Mechanism

The process of attaching a methyl group to the 5-position of a cytosine
nucleotide, resulting in 5 methylcytosine (5-mC), is known as DNA
methylation. For decades, scientists have known that there are considerable
quantities of 5-mC in the genome, and research into 5-mC metabolism and
control, DNA methylation-mediated gene-regulatory effects, and associated
physiological activities has been continuing. As a result, these types of
“methylomic” techniques are currently being used to investigate how genes
are regulated in the nervous system, providing new insights into important
neurobiologic processes like brain evolution, neural stem cell maintenance and
differentiation, neurogenes etc.

The production of 5-mC is catalyse by members of the DNA
methyltransferase (DNMT) family of enzymes, which use S-adenosyl-L-
methionine as the methyl group donor for this biochemical reaction.
DNMT3A and DNMT3B are principally engaged in de novo methylation,
whereas DNMT1 is important in methylation maintenance by acting on
hemimethylated DNA generated during DNA replication (i.e., a methylated
parent strand with an unmethylated daughter strand). In the past, DNA
methylation was assumed to be irreversible. However, it is now known that
DNA methylation profiles are dynamic and vulnerable to demethylation,
particularly in the brain [118].

NGS Based Applications in Epigenetics
Whole Genome Bisulfite Sequencing (WGBS)

Whole genome bisulfite sequencing (WGBS) is a next-generation sequencing
technique that uses sodium bisulfite to detect the methylation status of single
cytosines before sequencing. Unmethylated cytosines are converted to uracil
by sodium bisulfite, a chemical molecule. Cytosines that do not convert to
uracil are methylated. Unmethylated cytosines show as thymines after
sequencing [119].

The widely used tool for methylation analysis is Bismark. Firstly, FASTQ
files are quality-filtered and adapter contaminations trimmed using
Trimmomatic. Secondly, a bisulfite-converted reference genome file is
generated using Bowtie, and the epigenome sequence data is aligned on to the
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reference genome. Methylation information is mined from the *.sam file, and
the output is utilized for visualization and reporting of downstream differential
methylation calculations. There should be minimal bias as depicted in the M-
bias plot in the methylation extraction report, which depicts the methylation
percent across positions in the read. A perfectly horizontal line would
represent an unbiased sequencing run. Integrative Genomics viewer (IGV) can
be used for the visualization of methylated sites of the genome. The methyIKit
R package can be used for the calculation of differential methylation and
homer can be used to annotate differentially methylated sites.

Epigenetic Modifications
in Brain

/ Neurodevelopmental \ ( Neurodegenerative & \
\ Disorders J \_ Psychiatric Conditions
T | Alzheimer’s disease (AD)
Ret Syndrome (RS) (Brain damage by oxidative siress
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Figure 1. Diagrammatic representation of various neurodevelopmental and
neurodegenerative disorders associated with epigenetic changes in the brain.

Advantages of Whole Genome Bisulfite Sequencing
e This technique is highly integrated single-base resolution DNA
methylation patterning.
e It provides insights into reprogramming and gene cell-fate
commitment, as well as gene regulation.
e |t helps in the identification of novel epigenetic markers and targets
for the disease.
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MeDIP Sequencing (MeDIP-Seq)

MeDIP-seq is a NGS application which combines methylated DNA
immunoprecipitation with the next-generation sequencing to carry out
epigenetic studies at the genome-wide levels or at any specific regions of
interest. MeDIP can detect methylated cytosines in mC and mCG contexts,
and possibly hmC, 5-formylcytosine, and 5-carboxylcytosine as well. MeDIP-
seq makes use of anti-5-methylcytosine antibodies coupled to magnetic beads
to select for genomic fragments that are methylated. The fragments obtained
are sequenced using Illumina and the read coverage can be a parameter, which
could be used to estimate the methylation level of the region that they map to.
The genome-wide 5-hydroxymethylcytosine (hmC) can also be detected by
making use of a hydroxymethylated DNA immunoprecipitation (hMeDIP)
procedure coupled with a 5hmC-specific antibody. MeDIP-seq neither
requires uracil-tolerant DNA polymerase nor it introduces any mutations.
MeDIP-seq technology is widely used to profile genome-wide DNA
methylation when low amounts of DNA samples are available. It provides the
resolution of several hundred base pairs in minimal selection bias and at a
competitive cost.

Advantages of MeDIP Sequencing

e |t cantarget mCG, mC or hmC
It can be applied to whole genome or any regions of interest
It is near-unbiased and hypothesis
It helps in Epigenetic biomarker discovery
It provides single-nucleotide resolution and is cost-effective
Low input DNA requirement

ChIP-Seq

ChlIP-Seq (chromatin immunoprecipitation sequencing), refers to the binding
site analysis, is a way to analyze DNA-protein interactions. The technique
combines NGS with chromatin immunoprecipitation (ChlP) to decipher where
the DNA binds to the associated proteins. It can be used to reveal the binding
sites of any protein of interest throughout the genome. ChIP-seq is often used
to figure out how chromatin-related proteins and other transcription factors
affect phenotypic mechanisms. Determining how proteins interact with DNA
to regulate gene expression is essential to fully understand many biological
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processes and disease states. ChIP-Seq is a widely used tool to discern and
quantify the specific DNA sequences where proteins bind or epigenetic
modifications exist. This technology has played valuable roles in applications
including studies on gene regulation, transcription complex assembly, DNA
repair, histone modification, developmental mechanisms, disease progression
and modifications.

Advantages of ChIP-Seq

e Exceptionally high-resolution and high quality sequencing: Millions
of sequence tags can be obtained along with rare protein binding sites
in the genome; it has the ability to mine novel enrichment sites.

e Cost-effective technique: efficient and rapid genome-wide profiling
using multiple samples in one run and only using 1/100 of the amount
of DNA required for ChlIP-chip.

e Comprehensive analysis: Utilizing widely accepted software and
latest programs for peak annotation, motif prediction, data
visualization and functional analysis of ChIP-Seq.

Conclusion

The epigenetic community is rapidly focusing on the combined NGS with
established DNA methylation capture methods, which would enable the
improvement of the methylome analysis in context to neurological disorders
and various other sectors . Hence, in the last few years, NGS based techniques
have seen a boom and became an effective tool for DNA methylation profiling
at a single-base level and at relatively affordable price. Furthermore, the
involvement of NGS has significantly contributed to the increased knowledge
on deciphering the differentially methylated DNA regions and the discovery
of novel gene regulatory elements associated with the epigenetic machinery.
These massive-parallel technologies provide great strength to decode the
patterns and nature of DNA modifications, as well as their implications in the
various physiologic and pathologic processes.
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Abstract

Parkinson’s disease (PD) is one of the most common neurodegenerative
disorders due to the loss of dopaminergic neurons of the substantia nigra
pars compacta (SNpc). The neuronal loss in the brain leads to motor and
non-motor indications which in later stages aggravate with cognitive
decline. Treatment options available to date only provide symptomatic
relief by focusing on the restoration of dopamine in the brain and could
not prevent the disease progression, suggesting the need of novel
interventions that can solve the suffering and improve the quality of life
of the patient. Research studies and technology development has
suggested new dimensions to be targeted in search of a novel therapeutic
alternative for PD patients. Among those, stem cell therapy is one that
opens up a new window in treatment in which the progenitor cells are
grafted into patients to regenerate dopaminergic neurons in the brain.
Advancement in the neurosurgical procedures also offers the same, like
deep brain stimulation (DBS) being used to treat the advanced stages of
PD and brings hope in the future of PD treatment. This chapter discusses
different therapeutic approaches that influence the quality of life of PD
patients.
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Introduction

Parkinson’s disease (PD) is one of the most common neurodegenerative
disorders which is characterised by motor symptoms including bradykinesia,
resting tremor, rigidity and postural instability (Tarakad et al., 2017). Several
non-motor symptoms like hyposmia, REM sleep behaviour disorder,
depression, and constipation precede the motor symptoms of PD (Tarakad et
al., 2017). Sporadic PD that occurs randomly in a population is the most
common form of PD. However, genetic defects can also be a reason for PD
pathogenesis, which include mutations in genes like SNCA, LRRK2 (leucine-
rich repeat kinase 2), Parkin, PINK1, and DJ-1. Mutation in SNCA gene
results in the aggregation of a-synuclein to form lewy bodies, a well-known
pathological hallmark in PD pathology (Borsche et al., 2020). A long-term
exposure to pesticides like rotenone, paraquat and organophosphates,
dysregulated iron metabolism, infection (post-encephalitic PD) and drugs
(antipsychotics) can be secondary causes of PD (Singh et al., 2007, Goldman,
S. M., 2014). In regard to PD diagnosis, only clinical symptoms and scoring
procedures are available and investigations are on-going to search for
peripheral diagnostic marker for PD. The degeneration of the dopaminergic
nigrostriatal pathway results in the reduction of dopamine level, a
neurotransmitter which sends messages between nerve cells to regulate the
motor activities (Segura-Aguilar et al., 2014). During physiological conditions
if the dopamine content is in excess in the cytosol then it is degraded by the
two enzymes monoamine oxidase (MAO-B) and catechol ortho-
methyltransferase (COMT) (Segura-Aguilar et al., 2014). However, under
pathological conditions, the decreased level of dopamine further reduced by
the action of these two enzymes and worsen the conditions. As a therapeutic
option the dopamine supply to body was considered. However, this was not a
successful strategy as dopamine could not cross the blood brain barrier
therefore, the precursor of dopamine i.e., levodopa is administrated along with
carbidopa, inhibitor of dopa decarboxylase enzyme therefore prevent the
conversion of levodopa to dopamine in periphery and facilitate the increased
level of levodopa in brain. Once levodopa enters the brain, it is converted into
dopamine by dopa decarboxylaseenzyme. The peripheral decarboxylase
enzyme may also break down levodopa before reaching the brain results in the
lesser availability of dopamine in the brain (Calne, D. B., 1993) and such
degradation could be lessened by carbidopa. Anticholinergic drugs like
trihexyphenidyl and benztropine is also used for PD treatment that can block
the acetylcholine production and reduce the muscle stiffness. Amantadine is
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another drug that has some similar effects in PD patients (Calne, D. B., 1993).
Ergot derivatives like bromocriptine and pergolide are dopamine receptor
agonists that act on D1 and D2 receptors and increase the receptor activity
(Calne, D. B., 1993). Selegiline and rasagiline are inhibitors of MAO-B
whereas drugs like entacapone, tolcapone are COMT inhibitors that can
protect the dopamine from metabolism inside the brain (Calne, D. B., 1993,
Singh et al., 2007). These agents are still less effective and are inadequate to
subside the disease totally and in-depth investigations and repurposing may be
one of the quick strategies for research and development. Such repurposing
strategy may involve the molecule having interference in any of the
neuropathological mechanisms of PD pathogenesis. Recent study shows that
in experimental PD model, the metformin, a well-known hypoglycaemic
agent, exerts its cytoprotective effects by activating nuclear factor erythroid 2-
related factor 2 (Nrf2)/heme-oxygenase (HO)-1 pathway, which in turn, is
dependent on AKT activation and it also upregulates PGC-1a that helps in
mitochondrial biogenesis and reduce the ROS levels (Katila et al., 2021)
which can be a pronounced drug of choice for PD. Drug repurposing have
been preferred as a choice for PD treatment and clinical trials are continuing
in this area (Table 1).

Table 1. Repurposing of drugs in the clinical trial for Parkinson’s disease

Drugs Clinical outcomes Number of |Reference
patients
Zuranolone Adjunct therapy has improved tremor, motor and |14 Bullock et
non-motor experiences in PD patients. al., 2021
Multi-strain Improved bowel opening frequency and whole gut|55 Ibrahim et
probiotic (Hexbio) [transit time in PD patients with constipation. al., 2020
Nilotinib Shows stable UPDRS scores over 27 months 63 Pagan et al.,
2021
Pioglitazone Lower incidence of PD among diabetic patient 8396 Brakedal et
al., 2017
Febuxostat and Significantly improved MDS-UPDRS Part 111 29 Watanabe et
inosine scores al., 2020
combination
Lovastatin Decreasing motor symptom progression and 77 Linetal.,
slowing the dopaminergic neuronal decline 2021
measured by ®F-dopa PET
Glycopyrrolate Significant reduction in the severity of PD-related |28 Mestre et
sialorrhea al., 2020

Abbreviations: MDS-UPDRS, Movement Disorder Society-Unified Parkinson’s Disease Rating Scale;
PET, Positron Emission Tomography.
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Therapies Targeting Intracellular Mechanism
Oxidative Stress

Neurons are postmitotic and high energy requiring cells which is fulfilled by
mitochondria via process called oxidative phosphorylation. The movement of
electrons through different protein complexes from complex | to complex IV
promotes a proton gradient between mitochondrial membrane and matrix
which will generate a potential difference that helps in the production of ATP
(Puspita et al., 2017). Reactive Oxygen Species (ROS) is generated inside the
mitochondria during this process preferably when complex I and complex 11
protein becomes leaky and has been regulated by different antioxidative
mechanisms involving glutathione (GSH) and superoxide dismutase
(SOD) (Dorszewska et al., 2021). If such generated ROS like hydroxyl
radical, peroxides, superoxide accumulates it causes the oxidative stress
capable to damage the cell through initiating various degenerating events.

Table 2. Antioxidants under research for treatment of Parkinson’s disease

Drugs Mechanism involved References
Caffeic acid Metabolic and mitochondrial alterations observed in | Deus et al., 2021
fibroblasts from PD patients
Curcumin Pre-treatment helps in improving maximal Abrahams et al.,
respiration and ATP associated respiration in 2021
paraquat induced model of PD
Coreopsis lanceolate Inhibits H202-induced ROS generation and caspase- | Kim et al., 2021
flower extract 3 activation in PC12 Cells
Polyphenols Inhibits neuroinflammation Singh et al., 2020
Hydroxytyrosol and Increased survival of C. elegans after heat stress, Brunetti et al.,
oleuropein aglycone improved locomotive behaviour 2020

During physiological conditions such generated ROS could be neutralized
with cellular antioxidants like GSH, which remains in abundance in
mitochondrion however, the dysfunctional mitochondrion is the major cause
of oxidative stress and one of the neurodegenerative mechanism in PD
pathology (Puspita et al., 2017). Both ROS and Reactive Nitrogen Species
(RNS) have been accumulated in the dopaminergic neurons. RNS includes
nitroxyl anion, nitrosonium cation, higher oxides of nitrogen, S-nitrosothiols,
and dinitrosyl iron complexes derived from nitric oxide (NO). The NOS (nitric
oxide synthase) catalysed reaction of L-arginine produce NO intracellularly in
neurons which acts as messengers in CNS (Nathan et al., 1994). The NO react
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with ROS and generate the peroxynitrite that promote nitration and later
produce the hydroxyl radicals (Tipton et al., 1993) and jointly these free
radicals induce the oxidative stress in neurons. In view of considerable role of
oxidative stress in PD pathology various antioxidants have been suggested to
be used in PD therapeutics (Table 2).

Protein Aggregation

Lewy bodies are the pathological hallmark of PD pathology and suggested the
role of protein clearance mechanism in PD pathology. Lewy bodies consist of
filamentous material, a-synuclein which is translated from SNCA gene. The
a-synuclein form oligomers that interact with the membrane phospholipids
and disrupt the membrane and makes the synaptic vesicles leaky. The
interaction of a-synuclein with dopamine interferes in the release of dopamine
from the nerve ending and also renders the dopaminergic neurons more
sensitive for cytotoxicity and collectively contributes to the PD pathology.
Cellular protein homeostasis is maintained through regular synthesis of
proteins and degradation of misfolded/unfolded proteins utilizing protein
clearance mechanism. The ubiquitin-proteasome system (UPS) is one of the
considerable protein clearance mechanism in PD pathology as recently we
have reported the depleted proteasome activity in PD pathology. UPS
essentially require the tagging of ubiquitin through three enzymes involving
ubiquitin activating enzyme (E1), ubiquitin conjugating enzymes (E2) and
ubiquitin ligases (E3)a process called polyubiquitination. This process gives
the protein a specific identity to be recognised by the 26S proteasome for
degradation. The depleted tagging of ubiquitin to target protein or depleted
UPS will cause the accumulation of misfolded/unfolded proteins and cause
protein aggregation. The evidence from the post mortem brain of PD patient
reveals that SKpl protein, a component of E3 ubiquitin ligases levels have
been reduced considerably in SNpc region suggesting its pathological role.
The preclinical studies are now going on restricting the propagation of o-
synuclein by developing antibodies using passive and active immunisation
(Fields et al., 2019). Anti-sense oligonucleotide and ribonucleic acid (RNA)
interference techniques are also under consideration for disrupting a-synuclein
synthesis (Sapru et al., 2006, McCormack et al., 2010). In a recent study,
CRISPR tool is used to enhance the transcription factor EB (TFEB) and
metalloprotease 17 (ADAML17) genes in HEK293T cell lines. These genes are
meant for lysosomal biogenesis and have secretase activity to cleave the
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insoluble proteins respectively thus to decrease the protein aggregation
(Siddiqui et al., 2021). In the cells, a-synuclein oligomerization and
conformation were measured by fluorescence resonance energy transfer
(FRET) with fluorescent a-synuclein biosensors which gives a hope for the
early detection of the mistranslated protein (Braun et al., 2021). Prasinezumab
or PRX002, a monoclonal antibody that is undergoing phase Il clinical trial
has reduced the serum a-synuclein by 97% in the phase I clinical trial by
targeting the C-terminus of aggregated a-synuclein (Schenk et al., 2017,
Jankovic et al., 2018). Another antibody B11B054 (Biogen) that targets the N-
terminal portion of a-synuclein reduces the propagation of a-synuclein
pathology improves the motor implications in mice model of PD (Weihofen
et al., 2019). Another approach was to design the a-synuclein fragments or a-
synuclein-mimicking epitopes (AFFITOPE PDO1A) to induce the immune
response and these are in phase I clinical trial (Fields et al., 2019).

Neurotransmitter Targeting

Deficiency in the neurotransmitter systems in the brain other than dopamine
also experienced the clinical symptoms of PD. Safinamide, selective,
reversible monoamine oxidase-B inhibitor which has both dopaminergic and
non-dopaminergic (glutamatergic) properties. In the EU, safinamide is
approved for the treatment of mid to late stage PD patients as an add-on
therapy with a stable dose of levodopa (Caccia et al., 2006). A recent study
proved that the nanoparticles with multiple enzymatic activities purified from
ground water can enhance the synaptic transmission by increasing
neurotransmitter production and activating the nicotinic acetylcholine
receptors (nAChRs), activate the antioxidant enzyme system, and increase the
number of mitochondria and ribosomes in cells (Guo et al., 2021). The
cholinesterase inhibitors, rivastigmine and donepezil are clinically being used
for Alzheimer’s disease and been tested for the improvement of gait in PD
patients. Observation suggested the positive implications of both in gait
improvement (Henderson et al., 2016). Clinical trials are now being conducted
on noradrenaline reuptake inhibitors, methylphenidate and atomoxetine to
assess whether these drugs have any satisfactory effect on gait, balance and
motor function (NCT02879136) and results yet to be declare.
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Inflammation

The neuroinflammatory responses are also one of the neurodegenerative
events in PD pathology as reviewed previously (Joshi and Singh, 2018). The
immune responses in the CNS are primarily initiated by the microglia and are
crucial for the proper regulation of homeostasis and tissue structures. If the
inflammation persists due to the failure in the termination mechanism or due
to increased stimuli like secreted signalling factors from the neurons, then the
condition will be complicated and chronic. Reports have suggested the critical
role of neuroinflammatory responses in PD pathology (Hirsch et al., 2012;
Joshi and Singh, 2018) and PET quantification done in PD brain also affirm
the hypothesis, as prominent microglial activation was observed (Bartels et
al., 2010).

Studies suggested that NLRP3 inhibitor, MCC950 suppressed the
microglial inflammasome activation, improved the neuronal physiology and
reduces the a-synuclein aggregation in PD model (Gordon et al., 2018)
suggesting a new approach for development of novel therapeutic target for PD.
Agents utilised for preclinical trials includes 7-nitroindazole (improves striatal
dopamine depletions) (Yokoyama et al., 2008), Minocycline, NSAIDS (anti-
inflammatory action), Pioglitazone (Reduction of dopaminergic cell dead and
microgliosis) (Pajares et al., 2020) have showed the anti-inflammatory and
neuroprotective activity. Semaglutide, a glucagon-like peptide 1 (GLP1)
synthetic analogue is also in phase Il clinical trial due to its neuroprotective
and anti-inflammatory activity (NCT03659682). Kv1.3, a voltage-gated
potassium channel, upregulated in response to a-Synuclein aggregation and
has an ability to augment the neuroinflammation. A recent study demonstrated
that Kv1.3-specific small-molecule inhibitor PAP-1(5-(4-phenoxy butoxy)
psoralen significantly inhibited the neuroinflammation and neurodegeneration
in experimental animal model of PD (Sarkar et al., 2020).

Therapies Promoting Neuronal Regeneration via Stem Cell

Regeneration therapy for the replacement of the lost dopaminergic neurons
became the area of interest nowadays. A study demonstrated the
differentiation of mesenchymal stem cell (MSC) into dopaminergic neurons
and its settlement in SNpc regionby the stimulation of electromagnetic field
(EMF) in rat model. MSCs that were exposed to EMF with 400 uT increase
the BDNF in brain and subsequently lead to increased tyrosine hydroxylase
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neurons in SNpc (Jadidi et al., 2016). This proposes the impact of stem cell
therapy in PD. A recent study was based on excavating the mechanism behind
the action of adipose-derived human mesenchymal stem cell which can
protects the dopaminergic neurons and it was found that pentraxin 3 is the key
factor involved in it. Pentraxin 3 is a human mesenchymal stem cell secreted
protein. The experiment using human recombinant pentraxin 3 treatment on
PD mice prevented the apoptosis, neuronal degeneration and increased
neuronal terminals in SNpc and striatum that proved the same (Lian et al.,
2021). A clinical trial has been initiated by the physician of Kyoto University
Hospital in partnership with Center for iPS Cell Research and Application on
dopaminergic progenitors generated from induced pluripotent stem cells
(iPSCs). In this trial, seven patients have received the bilateral grafts of
allogenic iPSC-derived cells (https://www.cira.kyoto-u.ac.jp/e/research/find
ing.html). An embryonic stem cell derived neural precursor cells are under
clinical trial now to assess its efficacy on Parkinson’s Disease
(NCT03119636). Gene therapy techniques are also under phase I clinical trial
to increase the dopamine level in the striatum by manipulating two genes
tyrosine hydroxylase (TH) and aromatic L-amino acid decarboxylase (AADC)
which are crucial for the dopamine production. An adeno-associated virus
therapy which carry AADC gene is introduced into the putamen of PD patient
who are in advanced stage of disease. The preliminary results suggested an
increased enzyme activity in the brain regions (Christine et al., 2019) and
further studies are on-going.

Deep Brain Stimulation (DBS)

DBS has been used and being well established for solving the motor features
of PD. Electrodes have been implanted inside the brain to stimulate the sub
thalamic nucleus (STN) and globus pallidus internus (GPi) through surgical
procedure. It is preferably used when the available treatment regime is not
sufficient for the improvement of quality of life of a patient. DBS has several
adverse effects too. An open label trial using DBS is beneficial for PD patients
by improved tremor score in their early days after diagnosis (Grabli et al.,
2013). The pedunculopontine nucleus has been trialled as a new target in DBS
for gait problems (Stefani et al., 2007). A transcutaneous magnetic spinal cord
stimulation (SCS) study has also been done to demonstrate its safety and
efficacy on freezing the gait in PD patients and the results proved that the SCS
is safe, improved the gait and UPDRS-I11 score by 17% (Menezes et al., 2020).
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Conclusion

The drug interventions available in the market are not enough to reverse the
progression of PD. The number of patients suffering from the disease is still
increasing due to the increasing geriatric population. Extensive research is on-
going in this problem to rescue the patient from the disease pathology.
Therapies not only for curing the disease condition but also measures for
prevention are under consideration like antioxidants, PD vaccines etc. A
greater understanding of the disease pathway is crucial for finding out the
perfect solution for it and the researchers had won in this scenario up to some
extent and still the in-depth investigations in regard to multidimensional
neurodegenerative signaling are required.
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Abstract

Neurodegeneration is a process of losing the structure and/or
functionality of neurons and their death causing inefficiency in the
working of the brain. It’s an umbrella term for the pathology of various
diseases such as Parkinson’s disease (PD), Amyotrophic lateral sclerosis
(ALS) and Alzheimer’s disease (AD). Although increasing age is the
most common factor for developing AD or PD, there are several causes
that remain unexplored. Genetic and environmental factors also
contribute to the etiology of these diseases but the mechanism of their
contribution to the initiation of these diseases is a topic of debate. For
Alzheimer’s disease, beta-amyloid plaques are the primary pathological
lesion but mechanisms behind the formation of these plagques need to be
elucidated. Genetic polymorphism, brain inflammation, cerebral
hypoperfusion and heredity are suggested as potential mechanisms
behind the onset of this disease. In 1991, Blass and Gibson proposed
mitochondrial dysfunction and disrupted neuronal metabolisms as the
early features of AD. After that, a lot of studies have documented the
dysfunctional mitochondria in the AD affected neurons due to impaired
mitophagy. Dysfunctional mitochondria widely enhance the ROS
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production that exacerbates mitochondrial damage further leading to
aberrant processing of amyloid precursor proteins and pTau proteins
causing amyloid beta plaques and neurofibrillary tangles. Recently it was
also proposed that AD is mediated by pathological angiogenesis. Post-
mortem studies have also revealed enhanced angiogenesis in the
hippocampus, midfrontal cortex, substantia nigra pars compacta, and
locus coeruleus of AD brains as compared to normal brains. Risk factors
such as hypertension, smoking, apolipoprotein E (APOPE), etc. are
common for both cardiovascular diseases and AD suggesting a link
between the two. Pathological angiogenesis in the AD brain can be
caused as a result of inflammation and oligaemia due to vascular injury
and cerebral perfusion respectively. This results in the deposition of
amyloid Beta plaques and secretion of a neurotoxic peptide that Kill
neurons worsening the disease. The objective of this chapter is to explore
the relation between mitophagy and angiogenesis in the pathology of
Alzheimer’s disease. Exploring this will help in the development of new
and more effective interventions for treating pathology as well as
cognitive impairments related to AD and other neurodegenerative
diseases.

Keywords: Alzheimer’s disease, neurodegeneration, autophagy, mitophagy,
angiogenesis, inflammation

Introduction

Nervous system is an essential system for an efficient working of human body.
It plays a critical role in perceiving our surroundings through sensory neurons
and performing motor as well as vital functions through motor neurons. This
implies that effective working of neurons is very important for our survival.
Loss of structure, function or both of neurons results in a very devastating
class of diseases termed as “Neurodegenerative diseases.” Neurodegenerative
diseases consist of Alzheimer’s diseases (AD), Parkinson’s disease (PD) and
Amyotrophic lateral sclerosis (ALS) (Vissers, Ming, and Song 2019).
Neurodegeneration causes inefficiency in the working of the brain thereby
leading to problems in the functioning of day-to-day routine work. These
diseases have become very common due to increased life expectancy as ageing
is considered the most common cause for them. According to 2017 report on
Alzheimer’s disease around 5.5 million Americans are suffering from this
disease. By mid-century this number is proposed to grow to 13.8 million.
Dynamics of this disease indicates that a new case generates every 66 seconds
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that will decrease to 33seconds by the year 2050. These estimates make this
diseases one of the most common diseases in the coming years (Association
2017).

In 1907, AD was firstly reported but it got recognition as the most
common cause of dementia and death after 70 years (Katzman 1976, Wilson
et al. 2012). Dementia is a syndrome with number of causes and its symptoms
consists of difficulties with memory, language and cognitive skills. These
symptoms occur when neurons are damaged in the areas related to these
activities. This is why AD is ultimately fatal because after a point of time nerve
damage occurs in areas related to bodily functions such as swallowing,
walking etc (Barker et al. 2002). In 1960 invention of electron microscopy
resulted into getting new insights about ultra-structural changes underlying
lesions (senile plaques and neurofibrillary tangles) related to AD (Selkoe
2001). During 1970s the neurochemical cause behind dementing symptom of
AD was discovered. It was observed in AD patients that acetylcholine
producing neurons were undergoing severe damage resulting in the dementing
symptoms of AD. Till date the FDA approved drugs for AD are based on the
inhibitors of acetylcholine degradative enzymes acetyl transferase and
acetylcholinesterase. It is implied that inhibiting these degradative enzymes
will help in enhancing levels of acetylcholine in the synaptic cleft. In the early
1980s it came to knowledge that in AD various neurotransmitter systems are
altered thereby decreasing the efficiency of acetylcholine-based drugs. The
advancement of symptoms from mild to severe varies from person to person
depending on the degradation rate of neurons. Diagnosis of AD is not a single
step process. It requires comprehensive medical examination by physicians
and neurologists. Dementia can be identified but deciding on the cause of
dementia is a time taking process.

Pathology of Alzheimer’s Disease

In an adult healthy brain there are about 100 billion neurons and around 100
trillion synapses that are formed by the axon terminals and dendrites of the
neurons (Association 2017). Synapses allow information to travel rapidly
through the neuronal circuit. This creates the cellular basis of sensations,
movements, memories, emotions, thoughts and skills. Pathology of AD is
characterized with the accumulation of fibrous protein known as “Beta-
amyloid Plaques” (AP Plaques) (Villemagne et al. 2013). Outside the neuron,
fragmented protein amyloid beta gets accumulated while inside neurons there
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is accumulation of abnormal form of Tau protein termed as Tau tangles
(Bateman et al. 2012). These plaques were initially observed in the post-
mortem of AD brains. This led to a long-term debate that these pathological
features can be tombstone of the disease and not the initiators. Pathology of
AD can be divided into three phases: Biochemical, Cellular and Clinical. In
the biochemical phase, Amyloid beta plaques and tau tangles contribute to the
pathology of AD by interfering with neuronal communication at the synapses
and blocking nutrient and other essential molecules transport within the cell
respectively, thereby causing cell death. They exert “proteopathic” stress not
only on neurons but also on other cells such as microglial and endothelial cells.
They also interacts with Ap and Tau and disrupt their normal functionality
(Palop and Mucke 2010). Temporal sequence of these disruptions is undefined
but the age-related deficiencies mark the hallmark of AD. Age related
deficiency in the proteostatic network of cell results in accumulation of protein
aggregates which in turn disturbs molecular network of protein folding
(Labbadia and Morimoto 2015). The lysosomal/endolysosomal system,
specifically autophagy and mitophagy are key regulators of protein
aggregates. Dysfunction of autophagy and mitophagy causes accretion of
Amyloid beta plaques and tau tangles (Nixon 2013, Fang et al. 2019, Kerr et
al. 2017). Contribution of autophagy and mitophagy will be further discussed
in the chapter. Initial response effects of proteopathy are reversible as brain
cells deal with this for long time through maintenance of homeostasis in the
proteostatic network and through synaptic plasticity mechanisms (Labbadia
and Morimoto 2015). This is the critical point when stresses of biochemical
phase lead to cellular phase of AD. Inflammatory pathways play an important
role in maintaining homeostasis but when they turn into chronic and
irreversible pathological process, the disease progression becomes inexorable.
This state is the clinical phase of AD where cellular network is no longer able
to maintain the cellular homeostasis (De Strooper and Karran 2016).

As discussed above, pathology of AD is directed through various
mechanisms or various cell specific effects of the same mechanism. Amyloid
beta plaques and tau tangles interact with proteins and receptors of cellular
populations in the brain, in a cell-specific manner and exert multiple or same
effects on the functionality of cells. For instance, Amyloid beta plaques
interact with receptor for advanced glycation end products (RAGE) on
neurons thereby causing oxidative stress while interacting with RAGE on
microglial enhances its inflammatory response. In case of endothelial cells, it
leads to reverse transport of Amyloid beta across the blood brain barrier
(Deane et al. 2012). Dramatic inflammation in brain and brain shrinkage
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together with lot of debris has been observed in the brains of the advanced AD
patients (Association 2017). Neuroinflammation plays a critical role in the
pathophysiology of AD. Interaction between neurons and microglia are
evident through transcriptomic and epigenomic studies (Mathys et al. 2019).
These studies reveal down-regulation of neuronal functions while innate
immune response is up-regulated in the brains of AD patients.

Effective CNS functioning is a result of regulated transport across the
blood brain barrier (BBB) and optimum coupling between cerebral blood flow
(CBF) and neuronal activity (Benarroch 2007). Optimal Performance of these
two critical functions require the synchronized activity of neurovascular unit
of brain. This neurovascular unit consists of endothelial cells, perivascular
neurons, astrocytes and vascular smooth muscle cells (VSMC) (Benarroch
2007). Role of neurovascular unit in pathology of AD has been discussed in
various studies.
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Figure 1. Pathology of Alzheimer’s disease. Phases of Alzheimer’s disease
consisting of cellular changes, neurovascular and neuronal dysfunction are shown.
These pathological hallmarks are responsible for symptoms such as dementia

of Alzheimer’s disease.
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Neurovascular Unit Functioning in Normal Brain

The functioning between regional CBF and neuronal activity is termed as
functional hyperemia which is elicited by enhanced synaptic activity.
Enhanced energy consumption by astrocytes and active neurons leads to high
metabolic signal that contributes to hyperemia (ladecola 2004, Koehler,
Gebremedhin, and Harder 2006). Activity associated upsurge in CBF is caused
by release of several vasodilators such as extracellular potassium (K*) and
hydrogen ions (H*), adenosine, nitric oxide (NO)s, prostanoids and
neurotransmitters (Koehler, Gebremedhin, and Harder 2006, ladecola 2004,
Filosa et al. 2006). These vasodilators are released by endothelial cells,
perivascular neurons and astrocytes. Glutamate released from active
excitatory synapses is not a vasodilator, but it induces the release of various
vasodilators such as NO and prostanoids. Perivascular astrocytes are important
player in neurovascular coupling that occurs as a result of excitatory synaptic
activity (Benarroch 2007). Contact between pericytes of capillaries or smooth
muscle cells of parenchymal arterioles and astrocytic end foot is essential for
signalling mechanism caused by synaptic activity. Excitatory synaptic activity
causes release of glutamate that stimulates metabotropic glutamate receptors
in astrocytes. This causes release of intracellular Ca*? signal through astrocytic
end feet towards the astrocytic network. This enhanced level of Ca*? leads to
release of several signals such as K*, derivative of arachidonic acid and NO
(Rossi 2006, Filosa et al. 2006, ladecola 2004). These factors elicit relaxation
response of smooth muscle in parenchymal arterioles. Increase in perivascular
K* leads to activation of inward rectifying K* channels present in smooth
muscle cells in arterioles. This results in vasodilation and cell hyper-
polarization (Koehler, Gebremedhin, and Harder 2006). Neurons are also
known to play role in regulation of CBF through synthesis of various
neuropeptides such as Neuropeptide Y (NPY) and Calcinonin gene related
peptide (CGRP) (Suzuki et al. 1989). Vasoactive neuropeptides secreted by
brainstem cholinergic neurons, cortical GABAergic interneurons and
monoaminergic neurons are send through processes that ends onto cerebral
micro-vessels and astrocytes thereby regulating local CBF (ladecola 2004,
Hamel 2006). Along with neurons, pericytes that are present on the exterior
side of the basement membrane of the capillary endothelium also regulate
local CBF. They also contribute towards maintenance of vascular integrity,
vascular remodeling and angiogenesis (Zlokovic 2005).

The neurovascular unit efficiently regulates chemical composition of
neuronal microenvironment not only through maintenance of local CBF but
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also through maintaining molecular transfer across BBB. The structural
integrity of BBB is due to presence of tight junctions between capillary
endothelial cells but astrocytes are majorly responsible for its maintenance and
functionality (Abbott, Ronnb&ck, and Hansson 2006). BBB is an extremely
metabolic unit that consists of specialized transport systems present at its
luminal (blood-facing) as well as abluminal (brain-facing) sides. Function of
luminal side transporter is to carry nutrients such as glucose, nucleosides and
amino acids towards the brain whereas abluminal side transporters perform
function of elimination of toxic substances that includes metabolic waste
products, excitatory neurotransmitters and amyloid p peptides (Deane, Wu,
and Zlokovic 2004, Zlokovic 2005). BBB also performs the function of
maintaining pool of amyloid B peptides in brain as compared to plasma and
cerebral spinal fluid (CSF) which in normal conditions is in equilibrium.
Interaction of soluble amyloid  peptides with RAGE regulates its influx while
low density lipoprotein receptor present on endothelium regulates its efflux
across the brain. Apolipoproteins (apo) E and J are known to regulate
metabolism and clearance of amyloid B peptides (Zlokovic 2005, Deane, Wu,
and Zlokovic 2004).

Dysfunction of Neurovascular Unit in Alzheimer’s Disease

Experimental evidences suggest that neurovascular unit dysfunction leads to
aberrant changes in cerebrovascular structure in AD which is one of the
hallmarks of AD’s pathology (ladecola 2004). Here we will discuss the
mechanism of neurovascular unit dysfunction and vascular dysfunction and
their effects in AD. PET and SPECT analysis of AD patient’s brain shows
reduction of glucose metabolism and oxygen utilization (Kisler et al. 2017).
Most pronounced pathological regions in AD brains have least glucose
metabolism (Friedland et al. 1985). As discussed above BBB transporters play
major role in maintenance of environment across BBB. A severe deficit of
glucose transporters has been observed in AD brain as compared to normal
aged-match control brains (Haxby et al. 1988). The site of glucose transporter
production in brain is capillary endothelium which is damaged in AD thereby
causing deficiency in glucose transporters (Deutsch and Tweedy 1987). Due
to disruption of neurovascular unit, lowered cerebral blood flow is observed
in AD brains as compared to normal aged brains. Association between lowered
cerebral blood flow and reduced glucose and oxygen metabolism has also been
observed in AD brains (Deutsch and Tweedy 1987).
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Key pathological feature of AD i.e., accumulation of amyloid B peptides
known as amyloid plaques is followed by its accumulation in blood vessels
termed as amyloid angiopathy (Zlokovic 2005). Studies suggest role of
amyloid B peptides in the disruption of neurovascular unit components. AP is
known to Kill pericytes which in turn may accelerate neurovascular aberration
(Park et al. 2014, Sagare et al. 2013, Wilhelmus et al. 2007). Even
accumulation of low levels of soluble A before their aggregation is sufficient
enough to cause global vascular impairment. This was observed in APP
Swedish mutation expressing mice (Tg2576) in which cerebrovascular
reactivity to endothelium-dependent vasodilators was reduced while it was
increased in response to vasoconstrictors that act on smooth muscle cells
(ladecola et al. 1999). Interaction of AP with RAGE in brain endothelium
leads to generation of endothelin-1 (ET-1) that causes reduction of CBF in
Tg2576 mice (Deane et al. 2003, Deane et al. 2012). Ap also induces NADPH-
oxidase that leads to generation of reactive oxygen species (ROS) by cortical
neurons further causing vascular dysfunction (Park et al. 2005). AP also binds
to CD36 scavenger receptor and causes oxidative stress in cerebral blood
vessel (Park et al. 2011). This leads to reduced neurovascular coupling in the
AD brain. Oxidative stress also tampers NO-arbitrated vasodilation through
production of superoxide ions (Girouard and ladecola 2006). These
superoxide ions produce peroxynitrite as a result of interaction with NO
thereby reducing its accessibility for wvasodilation (ladecola 2004).
Peroxynitrite further attenuates vasodilation through inhibition of vasodilator
prostaglandins synthesis (Zlokovic 2005, Benarroch 2007). Transgenic mice
models of AD depicted inability of VSMCs to clear AP in the walls of the
vessels thereby causing cerebral amyloid angiopathy and compromised
vascular reactivity (Bell et al. 2009, Kimbrough et al. 2015). Similar to AD
patients, mice model of AD showed hypercontractile phenotype of VSMCs
and weakened endothelium (dependent & independent) relaxation resulting in
tempered CBF response (Chow et al. 2007). Additionally AP shows toxic
effect on endothelial cells via disruption of tight junction proteins (occluding
&claudin) expression and also through activation of local inflammatory
response (Marco and Skaper 2006). AP has also shown to cause endothelial
cell apoptosis as observed in AD transgenic mice model (Folin et al. 2006).
Apolipoprotein-E (ApoE) has been observed to modulate cytotoxic effects of
AP on endothelial cells in an in vitro model. One of the isoform of ApoE,
ApoE-4 increases the toxic effects while another isoform ApoE-2 decreases
the toxic effects of AP on endothelial cells (Folin et al. 2006).
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These studies implies that AP imparts vasoactive and vasculotoxic effects
on cerebral vasculature thereby affecting various neurovascular unit
components that in turn cause CBF deregulation mediated effects. As
discussed above neurovascular unit dysfunctions in AD leads multifactorial
effects. Some of the mediators of these affects such as NO, apolipoprotein-E
and Endothelin-1 are the known the players in the process of angiogenesis
(Ziche et al. 1994, Wu et al. 2014, Gonzalez-Pecchi et al. 2015). Therefore,
further we will discuss about the contribution of angiogenesis towards the
pathology of AD.

Angiogenesis and Alzheimer’s Disease

Epidemiological studies data reveals that chances of getting an AD in high-
risk population decreases significantly through the prolonged use of certain
drugs. These drugs belong to the category of non-steroidal anti-inflammatory
agents (NSAIDs), histamine H2-receptor blockers, lipid-lowering statins and
calcium-channel blockers (In’T Veld et al. 2001, Forette et al. 1998, McGeer,
Schulzer, and McGeer 1996). Initially neuroinflammation treatment was
thought to be the cause of the protective effects of these drugs but not all of
these drugs possess anti-inflammatory activity. Though, these preventive
agents were found to be having inhibitory effect on angiogenesis and aberrant
angiogenesis was observed to be the hallmark of AD pathology. This leads to
need for exploring role of angiogenesis in AD together with other markers of
AD pathology.

Association of vascular dysfunction with the dementia was reported in
1873, when unusual distorted vasculature in the brains of mentally disturbed
patients was observed after their death (Tuke 1873). Further reports on
abnormal vasculature were made in brains of several AD and dementia
patients through autopsy (Bastai 1933, Campbell, Alexander, and Putnam
1938, Cerletti 1910). The characteristic traits of these abnormal micro vessels
were kinky, torturous, looped and twisted vessels with numerous amounts of
amyloid deposits on their walls (Hassler 1967, Ravens 1978, Beskow, Hassler,
and Ottosson 1971, Tagliavini et al. 1990). The deformed vasculature was
found to be more prominent in areas where plaques, tangles and reactive
astrocytes are initially found and are most dense in the AD brains. These areas
are hippocampus and temporoparietal regions of the brain (Tagliavini et al.
1990, Hassler 1967). In normal aged brains blood vessels show smooth and
cylindrical profile with branching of capillaries and arterioles without any
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deformity on the surface (Scheibel, Duong, and Jacobs 1989, Scheibel,
Wechsler, and Brazier 1986). Branching of blood vessels to form new blood
vessels is termed as angiogenesis. Normal angiogenesis depicting arc, gentle
loops or straight line like structures are observed in the normal aged brains.
Envelope of perivascular neuronal plexus was also observed on these normal
blood vessels (Scheibel, Duong, and Jacobs 1989, Scheibel, Wechsler, and
Brazier 1986). Ultrastructure analysis of AD brains showed an entirely
different picture as compared to normal aged brains. Cortical biopsies of AD
brains depicted an aberrant angiogenesis marked by highly irregular contours
of the capillaries studded with lots of knobs like structures (Scheibel, Duong,
and Jacobs 1989, Scheibel, Wechsler, and Brazier 1986). Abnormal
angiogenesis was marked by exaggeratedly thickened & torturous basement
membrane with the absence of neuronal plexus (Mancardi et al. 1980, Kidd
1964, Miyakawa et al. 1986, Miyakawa and Kuramoto 1989, Miyakawa and
Uehara 1979). Not just the vascular structure but also its components vary in
AD brains as compared to normal aged brains. In normal brains, collagen
provides support to basement membrane of capillaries but in case of AD brains
it was observed to be spilling out or dissecting the membrane’s layer of vessels
(De la Torre and Mussivan 1993, Athanikar et al. 1988, Perimutter et al. 1988).
AD brains are also marked by presence of amyloid masses and damaged
endothelial cells in capillaries spreading from blood vessel walls to adjacent
parenchyma and also adjacent to narrowed lumens (Miyakawa et al. 1986,
Higuchi et al. 1987).

Enhanced expression of angiogenesis factors such as vascular endothelial
growth factor (VEGF), transforming growth factor p (TGF-B) and tumor
necrosis factor o (TNFa) is also observed in aberrant vasculature and in
intrathecal areas of AD brains (Tarkowski et al. 2002, PerImutter et al. 1990).
Reports suggest that VEGF co-localizes with AP Plaques in brains of AD
patients (Yang et al. 2004). In vitro experiments also revealed that VEGF
binds to AP Plaques with strong affinity resulting in its unavailability under
hypoperfusion that may contribute to vascular dysfunction in AD brains (Yang
et al. 2004). As discussed above ROS generated by AP Plaques leads to
damage of brain endothelium. This causes generation of thromobogenic
regions on the walls of vessels that result in intravascular aggregation of
thrombin (Ciallella et al. 1999). Thrombin accumulation causes stimulation of
angiogenesis and B-Amyloid precursor protein production in the endothelial
cells. Thrombin mediated production of B-Amyloid precursor protein by
endothelial cells occurs through receptor mediated protein kinase C pathway
(Ciallella et al. 1999). Progressive deposition of this precursor protein causes
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accumulation of AB Plaques which further generates more ROS and thereby
causes more endothelium damage (Vagnucci Jr and Li 2003). Other processes
that stimulate angiogenesis in AD brains are: Hypoxia caused due to
hypoperfusion that is known to occur in elderly brains is one of the potent
inducers of angiogenesis. Hypoxia activates HIF-1o that mediates the
transcription of various angiogenic and inflammatory factors thereby inducing
angiogenesis and an inflammatory response (Kalaria et al. 1998);
Inflammatory mediators such as Interleukin-6, monocyte chemoattractant
protein-1 and TNF-o found in AD brain also stimulates angiogenesis
(Grammas and Ovase 2001); The neurofibrillary tangles found in AD brains
contains heparin sulphate proteoglycan that is a substrate for basic fibroblast
growth factor (bFGF) and binds to it with great affinity thereby stimulating
angiogenesis (Siedlak et al. 1991); Gene expression of Thrombospondin
which is an endogenous angiogenesis inhibitor also decreases near lesions in
the Alzheimer’s brain. This leads to induction of proangiogenic environment
in these sites (Buee et al. 1992).

It is evident through above discussed studies that angiogenesis is the one
of the primary drivers of pathogenesis of AD. As preventive agents of AD
show anti-angiogenic properties, it implies that anti-angiogenic interventions
together with other measures can prove beneficial in the treatment of AD. As
discussed above, proteostatic systems of cells in the brain of AD patients are
disrupted. Due to which accumulation of protein aggregates occurs in AD
brains. Autophagy and Mitophagy are two most common cellular systems for
maintenance of proteosomal balance in the cell. Exploring co-relation between
these proteostatic systems and angiogenesis will pave way for novel
therapeutic interventions.

Autophagy and Mitophagy in Alzheimer’s Disease

Protein homeostasis is important for healthy living of cell. This is maintained
through tightly regulated synthesis of proteins or their degradation. Autophagy
is an intracellular process in which cytosolic components of cells are degraded
and recycled in lysosomes/vacuoles for maintenance of protein homeostasis
(Klionsky et al. 2011). In mammalian cells, autophagy can be classified into
three classes: Chaperone-mediated autophagy (CMA); micro-autophagy;
macro-autophagy (Mizushima et al. 2008). CMA occurs in cytosolic proteins
consisting of KFERQ motif (Cuervo 2010). Due to this motif, these proteins
are selectively targeted for degradation in the lysosomal lumen (Cuervo 2010).
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In micro-autophagy there is non-selective introduction of small quantities of
cytoplasm into the lysosome for degradation. Macroautophagy is the primary
type of autophagy and perform protein degradation on a large scale (He and
Klionsky 2009). Autophagy in general refers to macroautophagy which is the
largest contributor of autophagy process. The process of autophagy is
mediated through phosphorylation events of Unc 51-like autophagy activating
kinase 1 (ULK1) and AMP-activated protein kinase (AMPK) by mammalian
target of rapamycin complex 1 (mTORC1) (He and Klionsky 2009). Inhibition
of mMTORCL1 induces the process of autophagy through activation of autophagy
related protein (Atg) complex that initiates autophagosome formation (Diaz-
Troya et al. 2008). Autophagy starts with the formation of an “isolation
membrane” from phagophore (small cup-shaped membrane precursor) or pre-
autophagosomal structure (PAS). Isolation membrane seizes a region of
cytoplasm that is to be degraded to form a double-membrane-limited
autophagosome (Xie and Klionsky 2007, Axe et al. 2008). This is followed by
fusion of lysosome or late endosome with an outer membrane of
autophagosome thereby developing an autolysosome or an amphisome
respectively. As lysosomes and endosomes consist of variety of hydrolases,
degradation of sequestered materials is initiated in the autolysosomes and
amphisomes. Vacuolar [H+] ATPase proton pump is required for acidification
of autolysosomes. It is crucial for cathepsins activation for proteolysis of
substrates inside autolysosomes. Once the process of substrate digestion is
completed in autolysosomes, smaller and less dense lysosomes containing
mainly lysosomal hydrolases are released. This completes the process of
autophagy with the restoration of lysosomes in the cell.

Autophagy deregulation in AD can occur in three different stages of
autophagy process: Autophagosome formation; lysosome mediated
autophagosome clearance; autophagic flux. Autophagic flux is the dynamic
equilibrium between rate of substrate sequestration and substrate degradation
by the autophagosome (Wong and Cuervo 2010, Chu 2006). Uniquely
extensive accumulation of autophagosme related vesicular structures (AVs)
and dystrophic neurites has been observed in AD brains as compared to other
age-related neurodegenerative brains. In AD brains, high number of
dystrophic neuritis is present and AVs are unable to clear the cytoplasmic
burden of these dystrophic neuritis (Nixon and Cataldo 2006). Also, number
of AVs increases in normal neuritis present in AD brains. This implies an
enormous burden of undigested proteins that leads to accumulation of non-
native proteins in the AD brain. Lysosomal proteolysis is disrupted in neurons
of AD brains that causes selective disruption of autophagy related axonal
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transport (Nixon 2013). This is the major reason of axonal dystrophy that
occurs in AD brains and is characterized by AVs accumulation (Nixon and
Yang 2011). Studies suggest that major cause of autophagy dysfunction in AD
brain is disruption of proteolytic clearance ability of lysosomes (Nixon and
Yang 2011). Electron-dense autolysosomes and autophagosomes consisting
partially or undigested substrates are found in the AD brains (Cataldo et al.
1995, Nixon et al. 2005). These AVs accumulate in the neurons even though
the expression of lysosomal hydrolases is very high (Cataldo et al. 1995,
Cataldo et al. 1996). Abundant lysosomes present in the dystrophic neuritis
fuse with these accumulated AVs. This type of pattern occurs when there is
inhibition of lysosomal degradation due to deletion of one or more cathepsins,
use of cysteine protease or lysosomal enzyme inhibitors. This implies that
disruption of cathepsins, cysteine proteases or lysosomal enzymes can
contribute towards the autophagy related pathology in AD brains
(Papassotiropoulos et al. 2000, Koike et al. 2000, Ivy et al. 1984). Cytoplasmic
adaptor Phosphatidylinositol binding clathrin assembly protein (PICALM)
plays role in clathrin-mediated endocytosis and therefore is required in
autophagy. In AD brains it’s observed that PICALM is abnormally cleaved
because of which levels of full-length protein is decreased (Wolfe et al. 2013,
Lee et al. 2010). This leads to disruption of synthesis as well as maturation of
autophagosomes. Autophagy is an important regulator of both production and
degradation of AP (Ntsapi et al. 2018). Disruption of autophagososmes in AD
brains not only result in its accumulation due to their inefficiency in degrading
AP but also results in their additional accumulation (Kurtishi et al. 2019). AVs
contain high amount of active enzymes (y-Secretase complex) that are capable
of producing AP (Ntsapi et al. 2018). Confirmatory to this, increase in the
production of AP with the induction of autophagy has been observed (Nilsson
et al. 2013). Autophagy is also responsible for tau clearance. Although
ubiquitin protease system is responsible for tau degradation, studies suggest
that accumulation of Tau increases when autophagy-lysosome system is
dysfunctional (Di Meco et al. 2019, Uddin et al. 2018). In evidence of this,
studies have shown that autophagy is directly related to phosphorylation of
Tau (Piras et al. 2016). Hyperphosphorylation of Tau was observed in the
autophagy-deficient mice suggesting that autophagy can be an alternative
pathway for phosphorylated Tau degradation and clearance (Uddin et al. 2019,
Inoue et al. 2012). Recent finding also reported that intracellular accumulation
of Tau protein inhibits histone deacetylase-6 (HDACG6) activity thereby
causing dysfunction of autophagy (Uddin et al. 2018). Along with autophagy,
AP and Hyperphosphorylated Tau also regulate mitophagy in AD brains.
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Figure 2. Mechanism of autophagy. Non-selective autophagy process for
degradation of cellular components includes formation of autophagosome

and lysosome. Selective autophagy degrades specific components of cell such

as mitochondrion. Process of mitochondrion degradation is termed as mitophagy.

Mitophagy is the selective clearance of damaged mitochondria by
autophagy (Fang 2019).Mitochondria are responsible for energy production
and redox signalling of cell. It also promotes developmental and synaptic
plasticity. In AD brains as well as in AD transgenic animal models,
mitochondrial dysfunction together with accumulation of damaged
mitochondria is observed (Reddy 2006). The major pathway for clearing
damaged mitochondria and maintaining mitochondrial homeostasis is
mitophagy. It is evident through studies that mitophagy is impaired in the
brains of AD patients (Reddy and Oliver 2019). In transgenic APP mice,
enhanced mRNA expression of mitochondrial energy metabolism genes is
reported implying towards impairment of energy metabolism with AD
progression (Reddy et al. 2004). This may be due to excessive production of
free radicals by AP in mitochondria that leads to its damage. To compensate
the energy metabolism of dysfunctional mitochondria, increase in
mitochondrial encoded genes was observed in APP mice (Reddy et al. 2004).
Interaction of AP and mitochondrial fission protein Drpl is also reported that
is responsible for mitochondrial fragmentation in AD brains (Manczak,
Calkins, and Reddy 2011). Similar findings are also reported with
phosphorylated Tau protein leading to excessive fragmentation of
mitochondria (Manczak and Reddy 2012). In AD brains, Ap and Tau proteins
causes most damage to mitophagy through reduction of parkin and PINK1
proteins that are essential for successful mitophagy pathway (Oliver and
Reddy 2019). This also causes enhanced hyperphosphorylation of Tau and
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synaptic dysfunction together with dysfunctional mitochondrial transport
(Calkins et al. 2011). In a recent study it was found that there is an interaction
between AP oligomers and autophagic vacuoles that results in axonal
dysfunction and inhibition of axonal transport of mitochondria (Tammineni et
al. 2017). These studies suggest that both autophagy and mitophagy are
deregulated in AD by AP and Tau proteins through various mechanisms. We
have discussed the aberrant angiogenesis in AD brains and its contribution to
pathogenesis of AD. Role of AB and Tau proteins in context of angiogenesis
in AD is also explored in this chapter. Autophagy, mitophagy and
angiogenesis are three aspects of AD pathology therefore now we will discuss
the correlation between the three. Exploring the possible contribution of these
three aspects together in AD will help in getting further insight into the
pathology of AD and will also help in understanding its cellular and molecular
links as a complete system.

Relation between Autophagy/Mitophagy and Angiogenesis
in Alzheimer’s Disease

Autophagy and angiogenesis depict a very dynamic relation with each other.
Reports suggest that deficiency in autophagy may be one of the mechanisms
to cause dysfunction of endothelial cells (Park et al. 2017). Endothelial cell
paracrine signalling depends upon secretion of angiogenic factors through
release of exosomes (Hassanpour, Cheraghi, et al. 2018). Stimulation of
autophagy promotes the biogenesis of exosomes in endothelial cells. These
exosomes are seen to carry angiogenic factors such as von Willebrand factor
(VWF) and vascular endothelial growth factor receptor2 (VEGFR2) (Torisu et
al. 2013). In vascular injury, exocytosis is the first line of defense in
endothelial cells. In this process Weibelpalade bodies which are specific
secretory vessels within endothelial cells are formed and they contain active
molecules such as VWF. Near or within the autophagosomes in endothelial
cells these palade bodies are reported to be found. It has also been observed
that inhibition of autophagy causes inhibition of vWF’s in vitro secretion
(Valentijn et al. 2011). There are studies which suggest that in diabetes
impaired function of endothelial cells could be reversed through autophagy
induction as autophagy improves angiogenic capacity of HUVECs exposed to
high glucose (Fetterman et al. 2016).In case of esophageal cancer similar
relation between autophagy and angiogenesis was observed. In the esophageal
squamous cell carcinoma cell line, effect of autophagy inhibitor was tested in
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presence of radiotherapy. It was observed that autophagy inhibitor inhibited
radiation induced autophagy thereby increasing radiosensitivity of the tumor.
Also autophagy inhibition resulted in increase in apoptosis and decrease in
cellular proliferation as well as angiogenesis (Chen et al. 2015). Hypoxia
which is a prime regulator of angiogenesis was also found to regulate the
autophagy through HIF-a mediated induction of bnip3 and bnipl (BCL
interacting protein). Which are BH3-only proapoptotic genes (Bellot et al.
2009). BNIP3, one of the target genes of HIF-1a is reported to inhibit its
stabilization through BNIP3 dependent mitophagy. This leads to mitophagy
dependent mitigation of tumor promoting activity, including angiogenesis in
mammary tumor model (Chourasia and Macleod 2015). Studies also report
that chronic hypoxia aggravates the pathology of AD through activation of
AMPK that further inhibits mTOR signalling pathway that causes autophagy
induction which further aggravates the disease due to its dysfunction (Liu et
al. 2015). mTOR signalling pathway is known to modulate various angiogenic
factors such as NO and angiopoietins (Karar and Maity 2011). Rampamycin,
the known inhibitor of mTOR has shown positive effects on vascular system.
It promotes endothelial cell functioning and enhances angiogenesis as well in
animal models (Lin et al. 2013, Lesniewski et al. 2017). In AD, enhanced
mTOR signalling is reported. This may be the cause of enhanced aberrant
angiogenesis in AD brains. Although, In a study it was reported that AP
inhibits the proliferation capacity of the human brain vascular endothelial cells
and decrease angiogenesis through induction of self-digesting autophagy
(Hayashi et al. 2009). But, in case of AD pathology as autophagy is
dysfunctional, aberrant angiogenesis occurs. AP is known to stimulate both
autophagy and angiogenesis in AD brains thereby proposing direct relation
between the two. In AD, although A induce autophagy but it is dysfunctional
due to which it leads to accumulation of AP and aggravates the pathology of
AD. Contradictory to above mentioned studies, there are several studies
suggesting inverse relation between autophagy and angiogenesis. It is evident
by study suggesting that enhanced autophagy blocks angiogenesis in
neuroblastoma cells via degradation of gastrin-releasing peptide (GRP). This
study suggested use of autophagy activation as novel antivascular therapy in
neuroblastomas which are highly vascular in nature (Kim et al. 2013). Another
report which shows that silica nanoparticles enhances autophagic activity of
endothelial cells and impairs angiogenesis supports the inverse relation
between autophagy and angiogenesis (Duan et al. 2014). Activation of
AKt/eNOS signalling is reported to inhibit autophagy and enhanced the
angiogenesis in cerebral ischemia reperfusion injury (Zheng et al. 2018).
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Autophagy’s anti-angiogenic effect is also reported to mediate through Wnt/B-
Catenin pathway which is a key regulator of angiogenesis, cell proliferation
and death (Jiang et al. 2015).

Studies suggest that autophagy has potential to provide both pro-
angiogenic and anti-angiogenic response depending on the stimulator or
inhibitor of autophagy (Hassanpour, Rezabakhsh, et al. 2018). Autophagy
inducers such as triptolid and magnolol depict anti-angiogenic properties
(Kumar et al. 2013). They inhibit migration and tube formation of Human
Umbilical Vein Endothelial Cells (HUVEC) and apoptotic resistant cancer
cells. Although through use of magnolol it was reported that excessive
autophagy is responsible for anti-angiogenic effect. This effect could be
reversed through blocking of autophagy by 3-MA or Atg7 and LC3gene
silencing (Kumar et al. 2013).Excessive autophagy has shown to reduce
angiogenic potential in Mesenchymal Stem Cells (MSCs) that are exposed to
diabetic serum (Rezabakhsh et al. 2017). These studies suggest relation
between autophagy and angiogenesis, but our knowledge lacks in
understanding this relation in terms of AD’s pathology. There are few studies
that indirectly suggest a link between the two in AD. Recent findings reported
VEGFR2 decreases in brains of AD mice model and plasma level of VEGFR2
was found to be less in AD patients as compared to healthy controls. Af
treatment also decreased the gene expression of VEGFR2 in HUVECs (Cho
et al. 2017). Another study suggests role of autophagy in direct degradation of
VEGFR2 and in impairing angiogenesis in case of diabetes. Expression of
VEGFR2 and angiogenesis was reported to decrease in diabetes due to
enhanced autophagy (Liu et al. 2012). Although these studies are in different
conditions, they suggest that in AD decrease in VEGF due to impaired
autophagy and accumulation of AP may be responsible for aberrant
angiogenesis in AD. Similar to autophagy, mitophagy also has dual effects on
angiogenesis. In tumor model mitophagy induction caused decrease in
angiogenesis while in other study mitophagy inhibition lead to increase in
angiogenesis (Givvimani et al. 2012, Chourasia and Macleod 2015). These
studies imply that there is some association between autophagy, mitophagy
and angiogenesis in Alzheimer’s pathology but it further needs to be explored.

Conclusion

Alzheimer’s disease is one of the major neurodegenerative diseases with
complex pathology. Beta-amyloid Plaques and abnormal Tau proteins termed
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as Tau tangles are the pathological hallmarks of AD. Initially it was believed
that AD caused degeneration of acetylcholine producing motor neurons only.
Later on, it was found that AD can impact other neurotransmitter systems as
well. These abnormal proteins exert stress on neurons, microglia and
endothelia cells and disrupts proteostatic network over a period of time
thereby causing accumulation of protein aggregates. As the autophagy and
mitophagy are crucial regulators of proteostasis in cells, their disruption
enhances the aggregation of beta plaques and tau tangles. Over a period of
time, this biochemical phase of stress leads to cellular phase of AD where
inflammatory pathways gets activated leading to chronic inflammation. In the
end phase of AD i.e., clinical phase, the cellular homeostasis is completely
disrupted causing inexorable disease progression.

Another hallmark of AD is abnormal angiogenesis leading to aberrant
vasculature in the brains of AD patients. The enhanced expression of
angiogenic factors and their co-localization with AP plaques can contribute to
the disruption of the normal vasculature. Hypoxia and enhanced ROS also
contributes towards the pathophysiology of AD by activating the
inflammatory, hypoxic and angiogenic pathways. All of these pathways are
also related with autophagy. As discussed in the chapter, there are several
reports on the relation between autophagy and angiogenesis is various diseases
such as diabetes or cancer. Autophagy can regulate both pro-angiogenic and
anti-angiogenic response depending on the stimulator or inhibitor of
autophagy. But there is a lack of knowledge regarding the regulation of
angiogenesis by autophagy and mitophagy specifically in AD. Exploring the
direct relation between autophagy/ mitophagy with angiogenesis and
inflammation in AD will pave way for the development of better therapeutic
interventions for AD. These interventions will not just be able to control the
symptoms of AD but may give rise to complete treatment of AD.
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Abstract

Nanotechnology is among the fast and rapidly growing fields of science,
engineering and technology and it has also revolutionized the health
sector. Among these it has countless amazing features in area of
neurosurgery. In recent years, surgeons in the area of neuroscience are
successfully using various nanotechnology-based devices, materials,
drugs and techniques in their surgery as per requirements. Therefore, this
chapter highlights the several usages and applications of nanotechnology
in neuro-surgery with remarkable research studies.

Introduction

Nanotechnology is an emerging field of science and engineering that uses new
tools and approaches in concern to apply, design, synthesize and characterize
the material and devices that are capable of interacting with cell and tissues at
molecular and subcellular level having functional organization of at least 1
dimension on the nanometre. It includes countless features of technology
including neurosurgery [1]. Nanotechnology is a high interdisciplinary area of
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research and development in concurrence with basic and clinical neuroscience
including molecular biology, neurophysiology as well as neuropathology
along with integration of chemistry and material science with specific nano-
approaches to the nervous system. In recent years, neurosurgeons are actively
utilizing nanotechnologies [2] in providing better research strategies for
utmost clinical applicability of nano-engineered devices, material or drugs at
the brain of patients according to needs. The advancement of technology in
neurosurgery should be focused on two strategies: nano-manipulation, nano-
imaging and nano-neuromodulation.

Nano-manipulation techniques refers to the surgery performed on the
brain at the degree of neuronal and intracellular processes in order to restore
the functional regeneration as well as protection of the nervous system after
degenerative insult or traumatic brain injury.

Nano-imaging refers to the ability of visualizing the nervous system and
cellular and subcellular level. The non-surgical nano-repair techniques not
only advance the axonal regeneration and haemorrhage blocking, but also
provide therapeutic solutions to the various neurological deficits after post
brain tumour treatment, trauma and stroke.

Nano-neuromodulation refers to pain management in patients suffering
from neuropathic or cancer. Moreover, it also helps in blocking NMDA
receptors or local sensorial circuits by releasing catecholamine and opioid
peptides [3].

Nanotools for Neuroscience and Neurosurgery

The biggest challenge of nanoscience is to understand the insight of the neuron
process and integrate synaptic input and also the mechanism of brain activities.
With the rapid advancement in field neuro-nanotechnology, has shown-up
new possibilities to tackle these challenges and develop novel therapeutic
intervention for neurological deficits. Therefore, in this chapter we will in
detail summarize the various roles and significance of neuro-nanotechnology
in understanding the central nervous system (CNS) function and disorders. In
addition, we will also discuss the applicability of nanotools in neurosurgery.
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Imaging Nanotools

In the 1940s and 60s, nanotechnology was merely based on microscopic
techniques including scanning tunnelling microscope (STM), the transmission
electron microscope (TEM), and the scanning electron microscope (SEM) that
was used to resolve images on nano-scale at high resolution. Later on, atomic
force microscopy (AFM) was invented that was able to resolve nano
topography of surfaces and project the physico-chemical forces of the spatial
distributions [4]. Moreover, in the past decade, the microscopic techniques
rapidly improved with advancement in confocal microscopy and total internal
reflection fluorescence microscopy (TIRFM) techniques. In recent years, the
nano-scale tools have shown their greatest potential in visualizing not only
cellular structures but also macro-molecular structures as well. In addition,
they are also used in rapid evaluation of nano-scale dynamics at a single
molecular level. The introduction of the Stimulated Emission Depletion
(STED) microscopy brings revolution in microscopy techniques, and is used
to achieve resolution below the diffraction limits. STED generates a maximum
resolution of 20-50 nm. It is used to image cellular microcosmos of the
nanoscale topology. The optical imaging tools PALM [6] and STORM [7]
having nanoscale resolution aid scientists to study nanoscale objects within
the cell with maximum resolution of ~20 nm or better spatial precision. These
techniques showed their potential in unveiling the macromolecular complexes
architect within the specialized cell of the nervous system [8]. A study based
on these techniques reveals the dynamic organization of actin cytoskeleton
with the cell which suggest the role of neuron probe in neuronal growth and
injury and also how it evolves axonal process [9]. Furthermore, these
techniques also help in understanding the stereochemistry and clustering of
receptors in plasma membranes under certain conditions [10, 11] as well as in
understanding the organisation of protein inside the synapse which is crucial
for examining the response of synapses while the neuronal changes [12].

Nanoparticles

Nanoparticles, a notable nanotechnology-based tool that is regularly used in
neuroscience research and neurosurgery as well. One of the magnificent
features are the Quantum Dots [13]. These semiconductor nanoparticles have
distinctive electronic and optical features such as photobleaching resistance,
high quantum vyields, narrow spectrum emission, used for high resolution
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imaging and labelling of probes in specific molecules and biological tissues
[14]. Alongside the DNA Nanotechnology used in synthesis of artificial
nucleic acid and nanomaterials including fullerenes [15], CNTs [16], graphene
[17] for technological applications. Amid several promising nano tools,
colloidal gold Nanoparticles (AuNPs) have salient features such as diameter
of wide range from 5-400 nm, interaction with visible light with varieties of
emission spectra useful in microscopy and bioimaging. It has been also used
as drug-delivery agent and as sensor in diagnostic application. The study
suggested the ability of AuNPs to convert light into heat indicating it’s the
characteristics as neuronal stimulation technique [18]. This novel technique
allows light-driven neuronal stimulation without viral transduction with
minimal invasion in comparison to electrophysiology. Another promising tool
in neurosurgery is magnetic particle imaging (MPI). The MPI is a radiation
free tomographic method that provides direct spatial distribution on SPIONS
in a biological specimen with high spatial and temporal resolution along with
utmost sensitivity shows promising role in detecting various neurosurgical
diseases including primary brain tumour associated with hematoma, traumatic
brain injury [19].

Neuro Drug Delivery System

Due to the versatile feature of nanoparticles, it can be employed in numerous
applications of medical and health sciences. With the advent of
nanotechnology lead towards the efficient way of drug delivery to the brain
and across the blood brain barrier (BBB) as well. In brain parenchyma the
poorly distributed drugs have higher druggable bioactivity which on upload to
the nanocarrier system shows good interaction with endothelial micro-vessel
cells. These nanocarriers are active with target ligands showing picky binding
with a receptor or transporter expressed in BBB which increase the
permeability and selectivity of CNS [20]. Solid lipid nanoparticles (SLNP) are
used as a drug carrier to deliver drugs to the brain in cancer patients [21].
Quercetin, a novel neuroprotectant, inhibits the overproduction of reactive
oxygen species generated by mitochondrial dysfunction in Alzheimer patients.
The study reported [22] the use of microencapsulation techniques by the
formulation of SLNP with surfactant Tween 80 and lipid camphritol enhance
the delivery of Quercetin in brain. Further the finding suggested the improved
memory retention in rats with quercetin in comparison to without quercetin.
Moreover, the target specific drug delivery system is also being designed as a
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therapeutic strategy such as in Glioblastoma multiforme (GBM), a grade 4
malignant brain cancer. The study suggested the inhibition of grade 4 glioma
by encapsulating the carmustine in catatonic SLNP with anti-epithelial growth
factor receptors. In continuation, the nanoparticles efficiently deliver the drug
into UB7MG cells and enhance the anticancer activity against the brain tumor
based on concentration of surfactant [23].

Nanodevices in Neurological Surgery Procedures

Nanoscale based new micro-fabricated devices featuring as a new micro
instrument for neuro-surgical procedures. The carbon nanostructure-like
neuritis having outstanding electrical, mechanical and conduction properties
[24], due to which they have been employed to enhance the neural activities
and to guide severed ends of nerves [25]. There could also be chances of
various surface changes on MWCNTS via chemical functionalization which in
turn are a controlling factor for nerve growth. The activation of phospholipase-
C pathway has also been reported in nerve growth factor treated neurons by
carbon nanotubes [26].

The recent advancement in the field of nanotechnology has resulted in the
development of non-invasive minimal access surgery. The nano-robotics
technology has made it possible that now a nano-robot can be injected into a
patient to perform a particular diagnosis or treatment which takes place at a
cellular nano-scale level [27]. Magnetic nanobots are used to safely deliver
drug molecules across the blood-brain barrier via hyperthermic disruption of
the blood-brain barrier by inducting MNPs inside an AC field [28]. The
efficiency of these robots depends on the precision with which the motion
controllers are conjugated in it [29]. Employing this hypothesis, a
magnetotactic bacterium (MTB) is controlled by controlling the orientation of
the magnetic field and positioning it towards the target in an attempt to
enhance the drug delivery [30]. Two photon polymerizations were utilized to
manufacture a controllable activated swimming nano-robots made of a
magnetic polymer composite (MPC) containing magnetite nanoparticles of 11
nm in distance across and photograph treatable resin [31]. Similarly, neuro-
intrusive multi-designated drug conveyance was accomplished utilizing a
multitude of attractive nanorobots carriers [32]. Similar reports on drug
conveyance utilizing nanorobots were depicted somewhere else.

Concerning the trouble experienced by neurosurgeons during growth
medical procedure, the utilization of nano surgery is hailed as a magnificent
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use of nanotechnology to the field of neuromedicine. During this sort of
surgery, the growths are controlled or quenched by coordinating light
emissions quick laser radiates that are engaged by a genuine magnifying lens
focal point. Ben-Yakar and Bourgeois [33] announced the utilization of
ultrafast laser nano surgery for in vivo nerve recovery studies. Femtosecond
laser beats was displayed to give the original ability to exact, sub-surface, cell
scale cuts for neurosurgical applications in rats [34]. Also, a clever photo
disruption strategy portrayed as Plasmonic Laser Nano-surgery (PLN) was
utilized to takes advantage of the huge upgrade of ultrafast laser beats in the
close field of gold nanoparticles for the nanoscale control of natural structures
[35]. Recent systems concerning clinical laser medical procedure were
assessed in some literatures [36, 37].

For more than fifty years, changed protected microelectrodes were known
to be utilized in neurophysiological studies [38]. Previously it has been
revealed the utilization of silicon substrate microelectrode arrays embedded in
cerebral cortex for constant cerebrum cortical recording [39]. Qiao et al. [40]
exhibited that 700 nm tipped anode recorded very much disengaged activity
possibilities extracellularly from single visual neurons in vivo. Further trial
concentrates on utilizing sub-100 nm silicon nanowires uncovered its
combination into live cells without causing impeding effects [41]. Transistor
varieties of silicon nanowires with breadth of 30 nm that were created on
straightforward substrates were utilized to plan neural circuits in intense
cerebrum cuts (Qing et al. 2010). The neural circuit is said to give a road that
can record across a wide scope of length scales, while the straightforward
gadget chips just give imaging of individual cell bodies [38]. Recently,
Robinson et al. [42] portrayed a versatile stage for intracellular interfacing to
neuronal circuits utilizing vertical nanowire cathode clusters. The mix of
exhibits with fixed clasp was utilized to record the action with a high worldly
and spatial goal, just as planning of useful availability, giving an amazing
stage to concentrating on neural circuits in the mind.

Accuracy is viewed as one of the utmost significant elements in surgeries
including neurosurgery, and the mechanical technology commitment of
nanotechnology has presented one more aspect in the field of neurosurgery.
Nanorobots scaled down nanoscale gadgets manufactured from dynamic
nanomaterials, for example, engineered zinc oxide, gold, quartz and so forth
are said to fill in as sensors and additionally actuators that can be utilized in
negligible access or nanoscale surgeries with unrivalled precision [43-45]. The
PC directed calculations of this sort of advanced mechanics assist the
specialist with definitively directing the robot to an area at a sub-nanometre or
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nanometre goal, making it conceivable to see neurological illness areas that
could be difficult to see before [46]. Recently, a clever picture directed
framework has been created for exact, programmed focusing of designs inside
the brain [47]. The creators detailed the robots to either be added
straightforwardly to a head clasp or to the patient skull along the course of a
medical procedure. Once positioned, it naturally positions itself with
incredible accuracy. Utilizing modified data acquired from preoperative
electronic sweeps of the patient, the small robots are fit for focusing on mind
growths with an accuracy that has never been. Likewise, SpineAssist® a small
bone-mounted mechanical framework for insignificantly obtrusive spinal
medical procedure was created in the equivalent laboratory [48]. The robot is
said to have a general accuracy of around 1 mm during pedicle screw in both
open and negligibly intrusive strategies. Another clever nanotechnology that
will clearly reform the period of negligible access neurosurgical methodology
is the “telerobotic medical procedure” utilizing Robot-Assisted Microsurgery
(RAMS) [49]. The trustworthiness and accuracy of this innovation was
analysed by Le Roux et al. [50] against the customary microsurgical methods
in making and shutting carotid arteriotomies in rodents. The creators noticed
the strategies to be like customary microsurgical methods as far as execution
mistake, accuracy, and specialized quality [51].

Conclusion

Nanotechnology, as we all know by now, is an emerging field and also
versatile in application. It has emerged as an amazing aid in surgery and
medical treatment procedures, from diagnosis to cure. The association of
nanotechnology and surgery is surely a boon in many ways, from enhanced
drug delivery systems to targeted therapies and also this association allows
surgeons to non-invasively access the deepest tissue and tumours. Concerning
the trouble experienced by neurosurgeons during growth medical procedure,
the utilization of nano surgery is hailed as a magnificent use of
nanotechnology to the field of neuromedicine. The use of CNTs, MWCNTs,
nano-bots, magnetic nanorobots and many other specialized devices in
neurosurgery is advancing day by day and this is a step ahead in the direction
of personalized medicine.
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Abstract

A neurodegenerative disease can be defined as a progressive decline of
the intellectual ability from a preceding level of performance (memory,
space-time orientation, language, state of vigilance), involving inability
in daily activities in a state of unimpaired consciousness. Commonly, we
do not link oral manifestations with other parts of the body. But in reality,
it has been surprisingly noted that various neurological disorders give
rise to oral manifestations in an individual. A common reason for such
link can be that since neurological diseases are much more prevalent in
elderly people, therefore, they are more vulnerable to periodontal disease.
Scientifically, neurological disorders interrupt the functioning of motor
neurons which further causes an individual to perform basic oral
functions such as, chewing, biting and swallowing. Generally, these
symptoms are ignored but they lead to different dental diseases in future.
Dental caries and periodontitis not only have effect on the dentition and
tooth-supporting tissues, but also impact a number of systemic
conditions. The loss of motor skills in neurological patients increases the
risk for developing dental complications. Therefore, it is very important
for people with neurological disorders to get proper dental care and
regular check-ups to ensure oral health.
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Introduction

In today’s day and age it is imperative to stress upon and define the dental care
that needs to be provided to patients with neurological disorders. There are a
large number of neurological disorders that affect human beings, a lot of them
affect the oral cavity directly, even those disorders that do not have a direct
effect do affect the patient’s overall mental health and have a deleterious
impact on the upkeep of dental hygiene, status of the oral cavity, self-esteem
and even the overall nutritional status of the patient. The contribution of non-
communicable neurological disorders to total DALY s (disability adjusted life-
years) in India doubled from 4,0% in 1990 to 8,2% in 2019. These
neurological disorders include non-communicable neurological disorders
(stroke, headache disorders, epilepsy, cerebral palsy, Alzheimer’s disease and
other dementias, brain and central nervous system cancer, Parkinson’s disease,
multiple sclerosis, motor neuron diseases, and other neurological disorders),
communicable neurological disorders (encephalitis, meningitis, and tetanus),
and injury-related neurological disorders (traumatic brain injuries and spinal
cord injuries). Neurological disorders contribute 10% of the total disease
burden in India [1]. Neurodegenerative disorders are some of the most
challenging, devastating illnesses in medicine.

The central nervous system (CNS) and oral cavity have a close anatomical
location. They have common vascular supply and a related embryological
origin [2].

Seizures and Epilepsy

According to the International League Against Epilepsy, epilepsy is diagnosed
when a person has 2 or more unprovoked seizures. It can be partial or
generalized. It can be symptomatic, idiopathic or cryptogenic [3]. Patients who
suffer from epilepsy, have poor oral health and dental status (greater number
of decayed and missing teeth, have significantly fewer restored and replaced
teeth, their degree of abrasion and periodontal indexes) is significantly worse
than age-matched groups in the general (nonepileptic) population [4, 5].
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Trauma

Generalized tonic—clonic seizures often cause oral injuries like tongue biting
[6], tooth injuries [7] and even maxillofacial trauma [8]. Patients affected with
epilepsy could be at an increased incidence of fracture because of the effect of
drugs like benzodiazepines, antidepressants, antipsychotics, and enzyme-
inducing antiepileptic drugs (e.g., phenytoin, phenobarbital, carbamazepine)
which change the metabolism and renal clearance of vitamin D and can lead
to osteopenia and osteomalacia [9]. Taking plenty of calcium and vitamin D
supplementation (at least 1,000 mg and 400 1U daily, respectively) especially
in patients consuming phenobarbital, phenytoin or primidone is vital [10].

Periodontal Problems

Approximately, 50% of patients on phenytoin are affected with gingival
hyperplasia within 1 to 2 years of initiation of treatment. Regular use of either
chlorhexidine or folic acid rinses or both, is recommended. Surgical reduction
may be needed in severe cases [11]. Xerostomia and stomatitis are some
effects of carbamazepine. Use of Valproic acid can cause direct bone marrow
suppression, causing impaired wound healing and increased incidence of post-
operative bleeding and infections. Thrombocytopenia is the commonest and
best-known hematologic side effect of valproic acid; with the rate of
occurrence varying from 5% to 40. In case of an elective surgery, certain
investigations like bleeding time, fibrinogen level, prothrombin time, partial
thromboplastin time and von Willebrand factor level — are required to assess
the chance of peri- and postoperative bleeding [12].

Prosthodontic Problems

Patients suffering from epilepsy have chances of becoming edentulous earlier
as compared to age matched controls [13]. Avoiding of incisal restorations,
use of fixed rather than removable prostheses and inclusion of additional
abutments if fixed partial dentures are used, using metal base for complete
dentures and telescopic retention with denture bases made of metal or
reinforced with metal for nearly edentulous patients is recommended for those
with frequent partial seizures or generalized seizures concerned with falls and
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tonic—clonic. Cast gold fixed bridges or implant restorations are ideal for use
in epileptic patients. All porcelain/ceramic restorations present a high risk of
fracture, and removable prostheses run a greater risk of displacement causing
aspiration pneumonia and should be avoided [14].

Dermatologic Problems

Appearance of rashes have been reported in of patients on phenytoin (around
5% to 7% patients) and patients using carbamazepine (around 5% to 17%
patients) [15]. Toxic epidermal necrolysis (TEN) and Stevens—Johnson
syndrome have also been reported [16].

Drug Interactions

Antifungal agents (fluconazole), metronidazole, and antibiotics (erythro-
mycin) may affect the metabolism of certain antiepileptic drugs [17]. The
combined administration of phenytoin and fluconazole is concerned with a
significant rise in concentration of phenytoin in plasma, and dose of the latter
may need changes to maintain concentrations of the therapeutic that are safe.
Clarithromycin increases the plasma concentration of carbamazepine, and
coadministration of these drugs should be observed closely to avoid
carbamazepine toxicity [18]. Aspirin may displace valproic acid from plasma
proteins and high doses of aspirin may inhibit metabolic pathways resulting in
free serum valproate concentrations leading to subsequent toxicity [19].

Several disorders can often be mistaken for an epileptic seizure and the
dentist must be careful to obtain a complete medical history along with the
current medications and general health status of the patient [20].

Commonly confused conditions with epilepsy are:

e Hyperventilation
e Hypoglycaemia

e Migraine
e Transient ischemic attacks
e Syncope

e Pseudo seizure
e Transient global amnesia
e Sleep disorders
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Dental Management of an Epileptic Patient

An in-depth knowledge of the patient’s medical history and his/her current
health status is a major requirement for treatment. Information regarding the
type of epilepsy, frequency and duration of the last seizure should be known.
Any stigma regarding epilepsy may prevent the patient from divulging the true
status of the disease, careful and empathetic counselling may be required in
such cases.

Certain questions may help to determine the health status of the patient.
These include:

e Since when do you have epilepsy?

e What is the type and frequency of your seizures?

e What type of medication (if any) do you take?

e How do your seizures begin?

e Can you talk/respond appropriately during a seizure?

e Do you get confused/delirious/nauseous/tired after a seizure?
e When did your last seizure occur?

Certain important questions need to be asked on the day of the
appointment:

e Have you had your seizure medication before coming to the clinic and
have you been taking the medication regularly for the past few days?

e Have you had any over the counter drugs/alcohol today?

e Are you tired or do you feel unusually stressed today?

e Have you had any recent illness or seizures?

Preparations required while treating epileptic patients:

e List and study the medications currently taken by the patient. Know
their effects, side effects, drug interactions and possible oral effects.

e Ascertain the frequency of dental appointments, take sufficient time
after the dental procedure to give instructions regarding do's and do
not’s to the patients.
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e Ensure that there is no direct light on the patient’s eyes. Dark or
colored glasses can be used as eye protection and the operating light
must be controlled.

e Ensure medications for epilepsy have been taken properly.

e Accurate periodontal and surgical treatment of gingival hyperplasia
to minimize damage to teeth and supporting structures and to
maintain proper aesthetics.

e Treatment plan should be so designed so that there is minimunlrisk
of damaging/displacing restorations or prosthesis during the epileptic
seizure.

Important point to note while treating patients suffering from epilepsy is
the treatment of gingival hyperplasia and rectifying problems that have
occurred in the oral cavity as a result of seizure trauma. The dentist should
invest extra time in counselling the patient regarding the oral hygiene, he/she
must tell the patient how vital dental health is for their overall well-being, must
emphasize the importance of good nutrition on their systemic and gingival
health. The importance of using a suitable dentifrice and any additional
fluoride formulation to prevent decay of teeth must also be told especially to
patients that are suffering from xerostomia. Frequent recall is recommended.
Communication regarding dental techniques like explaining dental procedures
beforehand and offering support and comfort during the treatment is always
useful. Patients whose seizure activity does not respond to anticonvulsants
may have to have a consultation with a neurologist prior to a dental
appointment and require additional anticonvulsant or sedative medication. In
some situations, use of conscious sedation and general anaesthesia, nitrous
oxide or intravenous sedation may be necessary to safely and effectively
provide dental care.

Seizure Management in Dental Clinic
Patient is in the clinic on the dental chair and at that time if seizure occurs:

e Remove all foreign material from the patient’s mouth, move all dental
instruments away from the patient, loosen his/her clothes.

e Adjust the dental chair of the patient so as to give proper support to
the patient, place the patient in a supine position close to the floor.

e Assist the position on their lateral side to decrease the opportunity of
regurgitation of materials or secretions in the patient’s mouth.
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e Do not aggressively stop the patient. Use only passive restraint to
prevent the injury that may occur by the patient hitting nearby objects
or to prevent them from falling off the chair.

e Do not take your hand close to the patient’s mouth.

e Monitor the time of the seizures.

e Administration of the oxygen should be done at a rate of 6-8 L/min.

e If any of the conditions listed below occur, call for assistance
immediately:

- Duration of seizures is greater than 3 minutes.
- If the patient has cyanosis from the very start of the seizure.

When the seizure subsides:

e Do not resume any dental treatment on that day.

e In the post-ictal phase, one should assess the level or consciousness
of the patient by asking basic questions.

e Do not attempt to overtly restrict the patient, as this could confuse
him or her.

e The patient should not leave the office in a delirious state or without
someone to assist them, let him/her wait in the clinic until help or
someone known to the patient arrives.

e Intimate the patient’ family, in case the patient is all alone.

e Check the oral cavity for any injuries that might have occurred.

e Inthe post-ictal state, let the patient go home only with a responsible
person (never send the patient back unassisted) to either his or her
family physician or to the hospital.

e Call for emergency medical help if :

1. Breathing difficulties occur post the seizure.

2. Confusion, delirium, unconsciousness persists for more than 5
minutes post seizure.

3. Injuries sustained during seizure.

Parkinson’s Disease

The orofacial manifestations of Parkinson’s disease are due to motor and
sensory deficits and have a diverse spectrum of symptoms like:
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Dysphagia

Is very common, [21] even normal swallowing of food or water can be a
struggle for patients with Parkinson’s disease. As the disease advances, there
is increased risk of “silent aspiration” which leads to aspiration of minute
amounts of food or saliva without normal protective reflexive mechanisms
leading to a high prevalence of pneumonia [22].

Salivary Dysfunction

Patients may suffer from the various stages of decreasing saliva production or
xerostomia on one hand and increased saliva production or sialorrhea as the
normal saliva production is disturbed in Parkinson’s disease. All the normal
functions of saliva like lubrication, making food soluble, acting as buffer,
normalizing the pH, enzymatic ability etc. are reduced or erratic, protection of
teeth is compromised. Xerostomia exacerbates the rate of dental decay,
especially roots caries and tooth sensitivity. Xerostomia may result from the
disease process, or from drug therapy side effects (especially anti-cholinergic
drugs), or from aging. Up to 78% of patients report Sialorrhea which may
cause drooling with a high incidence of fungal infection (angular cheilitis)
[23].

Burning Mouth

Burning mouth is common, compounded by xerostomia, medications,
nutritional deficiencies, and even poor oral hygiene resulting from reduced
muscle co-ordination required to grip a normal toothbrush. Halitosis is a chief
complaint in most cases [21].

Changes in Taste and Smell

Patients are more vulnerable to changes in their taste and olfactory functions.
Muscles in the gastrointestinal tract can also be affected resulting in heartburn
or gastroesophageal reflux disease (GERD). Patients may complain of reduced
flavour from food or, often, a bad taste in the mouth [21].
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Other commonly associated symptoms are:

e  Speech impairment.

e Soft voice

e Slurred words

e Fast speech

e Hesitation before speaking

e Mastication disorders Bruxism
e Subjective taste impairment

Difficulty in understanding the patient may result in reduced appreciation
and reporting of pain or discomfort by the dental provider. It may be the first
non- motor symptom that can indicate possible Parkinson’s disease.

Bowel Dysfunction

Reduced control over bowel and bladder is a significant factor in planning
dental treatment in patients of Parkinson’s disease, especially while making
elaborate treatment plans such as multiple crowns or implants.

Orthostatic Hypotension

Is frequently encountered in Parkinson’s disease, and its diagnosis remains
manometric (a fall of at least 20 and/or 10 mmHg in standing blood pressure)
[16]. This is of special consideration when planning a dental procedure where
the patient will be in a supine position for a long period of time [24].

Fatigue
Physical and mental fatigue ranges from a patient complaining of being tired

or feeling uneasy in the middle of treatment to frequent requests to stop the
procedure before it has been completed [21].
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Anxiety

Young onset PD patients were more likely to experience frequent and severe
anxiety than the late onset subjects. Mood swings and compulsive behaviour
is common. This should be taken into consideration keeping in mind the safety
of everyone.

Dental Management

A chronic progressive condition like Parkinson’s disease results in varying
degrees of increasing disability in important areas of activity like motor
function, balance, mood condition, behaviour, activities related and essential
to daily living and overall quality of life. Dyskinesia/ bradykinesia, loss of
muscle tone, rigidity of the hands or/and face are often associated with a
failure to maintain proper oral hygiene and results in recurrent infections of
gums and periodontal tissue [25].

With the progressing tremors and poor muscle coordination, patients may
face concerns with their grip and therefore overall dexterity to clean the teeth
ranging from reduced grip over the toothbrush to squeezing toothpaste out of
the tube. Toothbrushes with wider grip or power toothbrushes should be
recommended and innovative solutions like fixing the brush inside bike
handlebar grips or tennis balls so as to increase its surface area should be
demonstrated to the patients to aid in maintenance of oral hygiene. Use of
toothbrushes with softer bristles and smaller heads, mouthwashes, toothpaste
pumps regular use of dental floss with holders (if possible), interproximal
brushes all must be recommended and demonstrated to the patient so that
he/she can choose the ideal method for maintaining oral hygiene.

Patients with reduced oral muscle control can be trained to either dip their
brushes in the mouthwashes before brushing or to bend down over the sink
and rinse, as gravity will allow the mouthwash to flow down the sink, thus
reducing the incidence of uncontrolled swallowing by the patient. Patients
having memory issues and difficulty remembering details about brushing or
flossing can post sticky notes at the brushing area to remind them to follow
the steps every day. Family members or caretakers can remind patients to
brush and floss as well. Another strategy advocated for Parkinson’s Disease
patients is “one-handed preventive strategies,” which allows them to use the
stronger side of the body more often.
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Dementia and Alzheimer’s Disease

Alzheimer’s disease can occur in three different stages: preclinical, mild
cognitive impairment, and Alzheimer’s disease dementia [27]. Patients’
cognition can decrease in various spheres like memory, language, attention
and executive function [28]. If the elderly patient has any of the following
symptoms like impaired memory, reasoning, visuospatial ability, language
function, for new information, or changes in personality or behaviours, then
those individuals will be tested for diagnosis of dementia [29]. Alzheimer’s
disease is an incurable and progressive disorder that gets worsen with time
[30]. Dental conditions aggregate due to improper self-care, polypharmacy,
frailty, malnutrition, co-existing morbidity, dysphasia, xerostomia, dysphagia,
the risk of aspiration pneumonia, and impaired cognition [31, 32, 33, 34].
Higher incidents of oral hygiene issues, gingival bleeding, periodontitis, and
attachment loss, coronal and root caries, retained roots and plausible causes of
orofacial pain, xerostomia and oral lesions, such as stomatitis and Candidiasis
are observed in the patients suffering from dementia.

Elderly people with Alzheimer’s disease can have low unstimulated and
stimulated salivary flow rate of submandibular region [35]. Xerostomia is a
primary factor for accentuating accumulation of plaque, halitosis, periodontal
inflammation, candidiasis, caries rate, and an uncomfortable denture fit, thus
forming a cycle of oral health that will undoubtedly impact the quality of life
of an elderly individual [36].

Tooth loss leads to impaired masticatory manoeuvre which influences
nutritional intake and may sometimes cause decreased cerebral stimulation
and reduced flow of blood; thus, favouring the development or worsening of
dementia [37]. A bidirectional association may exist between Alzheimer’s and
periodontal disease where both the diseases increase the effect of each other
[38]. Aspiration pneumonia may emerge because of factors like age and
frailty, diminished cough reflex, dysphagia, immunosuppression, sedatives,
anti-depressants, impaired cognition, xerostomia, decreased salivary
clearance, and inadequate oral hygiene [39, 40].

Treatment Planning

A few models are aimed at assisting in formulating the most appropriate
management for individual cases. Examples of these models include:
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e OSCAR Five-Point Geriatric Dental Assessment: There are five key
areas involved in the planning of management of oral health for old
people: oral (oral cavity), systemic (health history), capability (for
self-care), autonomy (consent to care) and reality (financial, life
expectancy, end-of-life care, etc.)

e Seattle Care Pathway: It aids dentists in evaluating functional
statuses of patients’ along with the possible risks to their oral health,
and then develop oral health plans

e SOAP (Subjective findings, Objective findings, Assessment and Plan)
[41, 42]: It is a documentation method that is used to record
information of patients in a well organised manner [42]

As early detection depends on communication, but it is the parameter
which is most affected in patients suffering from dementia or Alzheimer’s.
The key to planning, executing the dental treatment as well as sustaining the
oral hygiene depends on an open and free interaction between the dentist, the
caregiver of the patient and the patient himself. Building a rapport with the
patient and gaining their trust is extremely crucial. The non- verbal
communication is vital in establishing a good relationship with the patient as
they can commonly misinterpret our actions. Dementia patients should be
treated with a lot of patience and they should be instructed to follow only one
command at a time, as they process commands slowly and have a lot of
difficulty in following complex instructions. Therefore, while communicating
with them instructions like sitting down, leaning back and asking them to open
their mouths should be given step wise allowing them time to process the
commands. We should concentrate on both non-verbal and verbal
communication, gentle, pacifying words and empathetic communication and
eye contact are vital so that the people are reassured as well as comfortable
[43]. Elderly people usually have concomitant medical case, because of which
they may take some specific medicines. All the appointments with the doctor
should be short and crisp to ensure and understand low tolerance levels of
elderly patients. The tell-show-do technique may aid in delivery of treatment.
Treating the patient in the semi-supine position and the use of mouth props
may help in providing comfort and safety to the patients [44]. A thorough
examination, followed by routine recall examinations, as well as preventive
and restorative care is essential. Prevention dental care from the time of
diagnosis is the best care of all for these patients. The role of the caregiver
cannot be overemphasized in this case, the dentist needs to involve the
caregiver completely as scheduling of appointments, treatment protocol,
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compliance and adherence to the treatment of the patient depends as much on
the caregiver as it does on the patient himself.

Stroke

This is a severe neurological condition caused by a sudden interruption or
decrease of the cerebral blood flow, due to one or more pathological processes
involving the cervical and/or the cerebral skull blood vessels, and is
considered to be a serious neurological and/or neurosurgical emergency,
which imposes a prompt and effective response [45-47].

The stroke is often fatal; if not fatal, it can determine several disabilities,
more or less serious: speech deficiency, hemiplegia or paresis, different forms
of paralysis or palsy with diminished or lost sensorial capacity and/or motor
deficiency.

Important concerns while doing the dental management in ischemic stroke
patients:

1. The risk of dental treatment upon a patient suffering from
cerebrovascular ischemic disease and the fact that

2. Lesions of the oral cavity that can be induced by ischemia of the
carotidian afferent branches [48, 49].

Myasthenia Gravis

Causes generalized muscle weakness, including the muscles of the face,
tongue, and neck, patients may hold their jaws in a slack position with the
mouth open. The problem worsens towards the end of the day and with fatigue
or stress [50, 51, 52, 53, 54].

Dental Considerations

Dental treatment should be scheduled at a time when the patient is not
fatigued, and preferably during remission of the disease. Appointments need
to be made 1-2 hours after the patient has taken his or her medication
(an anticholinesterase, e.g., pyridostigmine), preferably in the morning.
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Anxious patients may benefit from a low dose of an anxiolytic benzodiazepine
such as such as diazepam (Valium) or lorazepam (Ativan) taken prior to
treatment. Procaine anaesthetics should not be used for local anaesthesia.

In the patient with a dental abscess, only the antibiotics penicillin or
erythromycin can be safely used to treat infection. Drugs to be avoided include
the tetracyclines, clindamycin, lincomycin, sulphonamides, and amino-
glycosides. For pain, paracetamol coupled with a narcotic (e.g., codeine) may
be helpful. Aspirin has been associated with cholinergic crisis in patients
taking anticholinesterases, so it should be avoided. Since patients with
myasthenia gravis often have impaired respiration, special consideration needs
to be taken for maintaining oxygenation during procedures involving
conscious sedation. In fact, it is best to treat these patients in an inpatient
hospital setting. The drugs often used in conscious sedation (e.g., opioids,
barbiturates) may potentiate or aggravate breathing difficulty in myasthenia
gravis patients [55].

Facial Paralysis

Through the cranial nerves, most of the motor and sensory organs in the
orofacial region have a connection with the CNS [56, 57]. The disorders can
mainly be divided into various groups based on their aetiology such as the
neoplasia of neural origin, diseases of cranial nerves, and neurological
disorders by its orofacial manifestations [58]. Cranial nerve V, VII, IX, X, and
XII disorders are important for a dentist because all sensory and motor
functions in the orofacial region are under the control of these nerves. Bell’s
palsy, trigeminal neuralgia, vago-glossopharyngeal neuralgia, sphenopalatine
neuralgia, post-herpetic neuralgia, atypical facial pain, hypoglossal nerve
paralysis, and auriculotemporal syndrome are among common cranial nerve
disorders [59-61]. Conditions causing loss of function of the seventh cranial
nerve include multiple sclerosis, infection (e.g., syphilis, HIV disease, Lyme
disease, leprosy), sarcoidosis, cholesteatoma, Bell palsy, and several
intracranial problems (e.g., tumour, trauma). Upper and lower motor neuron
abnormality can be differentiated by the resulting loss of function. Many of
these conditions affect oral health [62, 63, 64, 65, 66, 67].
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Dental Considerations

Loss of taste can occur and is associated with abnormality of the chorda
tympani.

In cases involving Bell palsy, the corneas should be protected during
dental treatment. In other cases of facial palsy, there may be accumulation of
food debris, potentially increasing dental plaque. Patients should be instructed
in techniques to be used after eating aimed at eliminating the material. Leaking
of saliva at the corners of the mouth may predispose the patient to angular
cheilitis. An antifungal cream appropriately placed may be useful if fungal
infection emerges.

Placement of a splint may be helpful in improving facial aesthetics. Other
approaches may include appliances anchored to the teeth. Suturing may also
be useful. Pain in the region of the ear/temporomandibular joint may be the
result of inflammation of the geniculate ganglia of the facial nerve. Avoidance
of misdiagnosis (temporomandibular joint pathology) is important. Facial
dyskinesias can lead to tongue or jaw movement that can confound dental
treatment. Bruxism can lead to tooth wear or fracture. Patients with facial
dyskinesias may benefit from predental treatment prescription of a
benzodiazepine. Sensory deficits associated with conditions involving the fifth
cranial nerve may be the result of conditions such as Paget disease or
peripheral lesions involving the bones and the canals. Brain stem lesions can
affect mastication and cause mouth-opening difficulty. Facial paralysis can
result from alveolar nerve blocks and in some cases, this can be permanent
[55].

Conclusion

Dentists faced with patients affected by one of these disorders are confronted
with the major problems of cognition, mobility, and behaviour, as well as of
dental maintenance. While treatment of patients with progressive
neurodegeneration remains daunting, increased knowledge of the aetiology
and pathogenesis of these diseases has provided new opportunities and a new
understanding of their treatment needs. Given the far-reaching impact of
neurological disorders and the vast proportion of the population that suffers
from them, it is high time that a detailed dental regime for prophylaxis,
maintenance and complete care of patients suffering from neurological
disorders be planned and implemented. The dentist is at a tricky position here
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as some disorders like epilepsy lead to flattening of occlusal surfaces of teeth
on account of clenching, palsies can commonly cause drooling of saliva and
on the other hand medications given in the treatment of these disorders result
in xerostomia. There must be customization of dental care when treating a
patient with neurological disorder so that he gets the best care especially
designed to treat and as far as possible slow down the harmful effect of his or
her disorder on the overall dental health. The aim of the dentist should be to
provide the best possible dental care keeping in mind the long-term effects of
both the disorder and the medication given to treat it.
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Abstract

Neurosciences is a multidisciplinary science involving the scientific
study of the nervous system. The central nervous system and oral cavity
have a close anatomical relationship. The mouth and face are the location
for 30-40% of the body’s sensory and motor nerves. Neuroscience is
relevant to oral and dental areas, as many neurally-based functions, such
as pain, taste, chewing, swallowing and salivation, are manifested in the
orofacial area and disorders of these functions are quite common. Some
diseases related to central nervous system in the Oro- mandibular and
Maxillofacial regions, diseases like oral neurological disorders, cognitive
deficits in psychiatric patients, oromandibular movement disorder, and
cognitive impairment that may be related to masticatory deficits gain a
significant importance in this context. New studies in this field of neural
pathways and the study of its functions along with its adaptability to pain
injury, and healing have opened new vistas. The neurological related
disturbances in the oral/dental/maxillofacial region can be:

Sensory disturbances - trigeminal neuralgia, glossopharyngeal
neuralgia, persistent idiopathic facial pain, burning mouth syndrome,
cluster headache.

Motor disturbances that are of importance in this area are — Bell’s
palsy, central poststroke pain, multiple sclerosis, syringobulbia, and
Tourette syndrome.
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Movement disorders - cerebral palsy and Parkinson disease.

Infections such as neurosyphilis, leprosy, and herpes zoster.

Some of the main neurological diseases and conditions which may
affect the oral/dental/maxillofacial regions have been described in this
chapter.

Introduction: Neurologic Disorders of the Maxillofacial Region

Neurosciences is a multidisciplinary science involving the scientific study of
the nervous system. A thorough understanding of this concept from the
peripheral neuromuscular to the central nervous systems is very much needed.
The scientific advances and the increased interest in this field in recent years
especially in biotechnology, molecular biology, genetics, is quite promising.

Neuroscience is relevant to oral and dental areas, as many nervous
functions especially of taste, chewing, swallowing, pain and salivation,
present themselves first in the oral, dental and maxillofacial areas [1]. New
studies in this field of neural pathways and the study of its functions along
with its adaptability to pain injury, and healing has opened new vistas.
Neurological diseases of this Maxillofacial regions, cognitive deficits in
psychiatric patients, mandibular jaw movement disorder, and cognitive defects
that maybe related to masticatory impairment has gained considerable
significance.

An understanding of the nerve supply of the Oral and facial region is
necessary to understand the neurological disorders of the maxillofacial region.

Nerve Supply

The 12 pair of nerves which arise directly from brain are called cranial nerves
and they are classified as given below.

I Olfactory nerve
Il.  Optic nerve

1. Oculomotor nerve
IV. Trochlear nerve
V.  Trigeminal nerve
VI.  Abducens nerve
VII. Facial nerve
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VIII. Vestibulocochlear nerve
IX. Glossopharyngeal nerve
X.  Vagus nerve

XI.  Accessory nerve

XIl.  Hypoglossal nerve

The nerve supply to the oral, dental and maxillofacial region is of three
types:

e Sensory
e Motor
e Autonomic

The main nerves of the oral, dental and maxillofacial region are:

e Trigeminal Nerve (V Cranial Nerve): Sensory and Motor

Trigeminal nerve contains both sensory and motor fibers. It is also the
largest cranial nerve [1]. It has three terminal branches, - ophthalmic nerve
(V1), maxillary nerve (V2), and mandibular nerve (V3) respectively. The
mandibular division carries both sensory and motor fibers while
ophthalmic and maxillary nerves are purely sensory. The maxillary nerve
(V2) provides sensory supply to the middle third of the face. Its fibers also
supply the lacrimal gland and mucous glands of the nasal mucosa. The
trigeminal nerve supplies sensation to meninges, skin of anterior part of
the head, nasal and oral cavities and the teeth. It also provides motor
innervation to the muscles of mastication.

e Facial Nerve (VII Cranial Nerve)

The facial nerve provides both sensory and motor functions, including
moving muscles used for facial expressions and some muscles in the jaw
providing a sense of taste for most of the tongue. It also supplies fibers to
the glands in the head and neck area, such as salivary glands and lacrimal
glands.

e Glossopharyngeal Nerve (1X Cranial Nerve)

This nerve provides for the functions like sending sensory
information from the sinuses, back of the throat, parts of the inner ear, and
the posterior part of tongue. It also provides, stimulating voluntary
movement of stylopharyngeus muscle at the back of the throat, helping in
swallowing.
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e Hypoglossal Nerve (X Cranial Nerve)
As the name suggests this nerve is responsible for the movement of
tongue muscles.

The identification and management of neurologic diseases and disorders
is quite challenging and depends to a large extent on proper clinical,
radiological and laboratory diagnosis and investigations. The anatomy of the
maxillofacial region is quite complex and so are the related neurologic
disorders. The neurological related disturbances in the oral/dental/
maxillofacial region can be:

e Sensory disturbances - trigeminal neuralgia, glossopharyngeal
neuralgia, persistent idiopathic facial pain, burning mouth syndrome,
cluster headache, geniculate neuralgia, and temporal arteritis.

e Motor disturbances that are of importance in this area are — Bell’s
palsy, central poststroke pain, multiple sclerosis, syringobulbia, and
Tourette syndrome.

e Movement disorders - cerebral palsy and Parkinson disease, and their
maxillofacial manifestations.

e Infections such as neurosyphilis, leprosy, and herpes zoster.

The diseases of nervous system have been extensively studied in various
specialties of biomedical sciences like as otology, ophthalmology, neurology,
neurosurgery, and dentistry. The central nervous system and oral cavity have
a close anatomical relationship. The mouth and face are the location for 30-
40% of the body’s sensory and motor nerves. The nervous system comprises
the brain, spinal cord, and spinal and peripheral nerves, functional capacity
and life itself may be lost when disease or damage occurs. Some of the
neurological diseases/conditions which may affect the oral/dental/maxillo-
facial regions are described below.

Trigeminal Neuralgia (Tic Douloureux)

Trigeminal neuralgia (TN), also called tic douloureux, is a form of neuropathic
pain, chronic in nature, due to the involvement of trigeminal or 5™ cranial
nerve. TN is a form of (pain associated with nerve injury or nerve lesion.)
According to the International Classification of Headache Disorders, Third



Current Trends in Oral Neurosciences 189

Edition (ICHD-3), trigeminal neuralgia, is characterized by sudden onset of
recurrent unilateral electric shock-like, stabbing, or shooting pain lasting
between a fraction of a second and 2 minutes. It occurs along the anatomical
distribution of the fifth cranial nerve, mainly affecting the maxillary (V2) and
maxillary (V3) divisions of the trigeminal nerve and almost always exhibits a
trigger zone, stimulation of which initiates paroxysm of pain [2.] The pain is
often accompanied by a brief facial spasm or tic. The triggers of pain can be a
simple facial touch, tooth brushing, shaving, eating, or even talking, or a blast
of cold air. The sporadic episodes of pain sometimes terminate abruptly with
intermittent painless periods giving the patient a false sense of relief.

Types of Trigeminal Neuralgia

1. Classic trigeminal neuralgia- Idiopathic (no evident disorder)/Classic
(vascular compression of the nerve).

2. Secondary (symptomatic) trigeminal neuralgia: etiology ranges from
injury, infections, brain tumors, multiple sclerosis, etc. Sometimes
history of dental is also seen.

Women above 40 years of age are seen to be affected more with a
prevalence of 0.07% to 0.3% [3].

The trigeminal neuralgia remains a mystery since many centuries. The
cause of this disease process is unknown. It is usually idiopathic, but many
reasons have been proposed like, pressure on the nerve by tumors or vascular
anomalies. Abnormal vessels, aneurysms, tumors, chronic meningeal
inflammation, or other lesions may irritate trigeminal nerve roots along the
pons [4]. Various granulomatous and nongranulomatous infections involving
the 5™ cranial nerve can cause a similar pain. Patient reports with a history of
excruciating shooting sharp pain sometimes like an electric shock usually on
one side of the face. The pain is so severe that it compromises basic functions
like talking or eating. Another set of symptoms reported by other patients
include, constant burning pain, usually affecting one side of face, with right
side of the face is affected in more patients than the left by a ratio of about
1.7:1 [5]. Initially the symptoms reported are mild but they gradually increase
in severity as the time progresses. Later, the pain may be so severe there is
constant fear of an attack of pain, and many sufferers have attempted suicide
to put an end to their torment. The ‘trigger zones,” which precipitate an attack
when touched, are commonly seen on nose, lips, cheeks, and around the eyes.
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Diagnosis of trigeminal neuralgia is made from a well-taken history. The
classic clinical pattern will lead towards the diagnosis. Some supplementary
investigations like MRI and CT scan may help to exclude an uncommon space
occupying esion or aberrant vessel compression on the nerve roots. Medicinal
treatment includes anticonvulsant drugs like Phenytoin, Carbamazepine.
Injecting Long-acting anesthetic agents - without adrenaline such as
bupivacaine (with or without corticosteroids), and alcohol (95% absolute
alcohol) near the trigger zone to alleviate the symptoms have been suggested.
Peripheral neurectomy sectioning of the nerve at the mental foramen, or at the
supraorbital or infraorbital foramen, performed most commonly on
infraorbital, inferior alveolar-mental and rarely lingual nerves have been
treatment used since past many years. According to latest researches,
microsurgical decompression of the trigeminal root is seen to produce
promising results [6].

Glossopharyngeal Neuralgia

Glossopharyngeal neuralgia is an uncommon condition, with presentation of
pain, just like in trigeminal neuralgia. Pain may be triggered by talking, eating,
yawning etc. with pain located in the oral and facial regions like pharynx,
posterior third of tongue, soft palate, ear, border of lower jaw. In addition,
patients occasionally present with bradycardia, syncope, or asystole. The
incidence varies from 0.2 to 0.8 per 100,00 population per year. An equal male
to female ratio with maximum incidence in 50 plus age group [7].

e Diagnosis is based on a proper history taking and a thorough clinical
examination of the affected areas.

e Glossopharyngeal neuralgia can be of two types:

1. Classic glossopharyngeal neuralgia: either idiopathic or due to
vascular compression of the nerve.

2. Secondary glossopharyngeal neuralgia: caused by trauma, tumor,
surgery, or irradiation of the oropharynx.

e Apart from clinical presentation, laboratory diagnosis including tests
like Erythrocyte sedimentation rate (ESR), Complete blood count
(CBC), complete metabolic panel, antinuclear antibody and imaging
techniques like MRI, MRA, MRN

e Treatment of glossopharyngeal neuralgia is similar to treatment of
trigeminal neuralgia. Medicinal treatment (Phenytoin, carbamaze-
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pine, gabapentin), nerve block with local anesthesia, with or without
the addition of steroids, Rhizotomy are some of the effective ways to
manage the disease.

Persistent Idiopathic Facial Pain (Atypical Odontalgia/
Phantom Facial Pain/Atypical Facial Pain)

Persistent idiopathic facial pain (PIFP) is defined as constant facial and/or oral
pain with varying presentations, persisting for atleast 2 hours per day and
lasting for more than 3 months [2] PIFP is a rare condition with an incidence
of 4.4 per 100,000 years and prevalence of 0.03%.

Diagnosis is clinical with more than 80% of patients with a recent history
of dental treatment [8].

Burning or throbbing unilateral pain which is poorly localized, deep and
persistent.

Apart from Clinical presentation diagnostic aids include — Radiographs
(panoramic or periapical) and MRN [9].

Management includes the use of low-dose antiseizure medications (eg,
gabapentin or tricyclic antidepressants) and topical medications such as
capsaicin. Laser treatment CT guided injections have been some other
treatment modalities employed.

Burning Mouth Syndrome

As the name suggests, patient of burning mouth syndrome presents with an
annoying burning type of pain in a clinically normal and healthy oral mucosa.
The pain is usually bilateral and the most common site is the tip of tongue, but
it can present on other oral mucosal surfaces.

The disease is idiopathic however factors such as stress, anxiety,
depression, psychiatric disorders, hormonal dysfunction, and neuropathy,
might play some role. This syndrome has a female predilection with female to
male ratio of 5:1 to 7:1 and the disorder is especially seen in post-menopausal
women [10].

There is no investigation diagnostic and the diagnosis is basically a
diagnosis of exclusion whereby other causes of pain are excluded and the
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diagnosis is made if the symptoms occur for more than two hours per day for
at least 3 months [2].

Management includes topical or systemic drugs like alpha lipoic acid,
low-dose clonazepam, topical capsaicin; gabapentin; amitriptyline; and
doxepin [11]. Other treatment strategies used are low-level laser therapy,
stress, and behavioral management.

Cluster Headache

This is a type of cephalgia or pain in the head, face and neck region, with pain
coming in clusters and around the same time every day for few weeks to
several months, followed by pain-free periods. The pain is so annoying that
patients may have develop deep anxiety, depression and even suicidal
tendencies. Patients report with a severe unilateral pain of sudden onset in the
temporal/periorbital area, occurring about 1 to 8 times daily or alternate days.
The pain attack lasts for few minutes to few hours. There may be associated
nasal congestion, runny nose, teary eyes, edema of eyelids, drooping eyelids,
and bloodshot eyes. The prevalence is 0.1%, seen more common in young
males with average age of 30 years, and more prominent in spring weather
[12].

Risk factors include alcohol, tobacco, and nitroglycerine intake.
Diagnosis is clinical with investigations like MRI or MRA to rule out brain/
pituitary mass.

Management includes preventing triggers, like tobacco and alcohol, and
daily use of pharmacologic agents such as verapamil, topiramate, short-term
corticosteroids, and lithium. Triptans (subcutaneous or intranasal) are
effective in the treatment of acute episodes. Sublingual ergotamine and 100%
hyerbaric oxygen have also been used successful to alleviate acute pain.
Fremanezumab and galcanezumab are monoclonal CGRP antibodies currently
being considered as investigational drugs in the treatment.

Parkinson’s Disease (PD)

In 1817, James Parkinson, an English surgeon described a condition he termed
“the shaking palsy,” with tremor at rest, rigidity, and bradykinesia (slowness
of movement), today referred to as PD. PD is a progressive neurodegenerative
condition of neurons that produce dopamine, primarily located in the
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substantia nigra. Parkinson’s usually develops in patients after the age of 50,
affecting men and women equally. It is caused by a continual breakdown of
neurons in the brain, decreasing the dopamine and decreasing muscular
function over time [13]. These patients exhibit tremors as well as muscular
stiffness. Some of the oral manifestations include: drooling, muscle aches,
muscular atrophy, and difficulty swallowing. The tremors and inability to keep
their mouths open may cause a challenge to receiving dental care. Some
Parkinson’s medications will affect saliva as well as blood pressure. Special
care will be required in managing these patients. Presence of tremor alleviates
against effective oral hygiene and plaque control measures. Weakened
swallowing capability can augment the risk of aspiration (choking) of
sophisticated dental instruments. In addition, people with Parkinson’s disease
who have been on prescriptions like levodopa for several years may begin to
develop dyskinesias, which can affect the jaw (where they are called orobuccal
dyskinesias) as well as teeth grinding [14]. Individuals suffering from
Parkinson’s disease may also experience dry mouth or xerostomia, with
consequences on the oral status and oral mucosa that frequently lead to the
worsening of already existing masticatory difficulties or denture anxiety. As
the normal salivary flow helps to maintain the integrity of the oral mucosa,
reduction of the salivary flow severely compromises the remineralization
process of oral hard tissues and new dental caries possibly will easily appear
including root surface caries [15]. Dry mouth condition also lowers the
resistance of the oral mucous membrane to the foreign body invasion. This is
especially true for trauma caused by the loosening of dentures due to the lack
of the saliva as salivary biofilm is desirable for the perfect adhesion.

Multiple Sclerosis (MS)

MS, the most common autoimmune disease of the central nervous system
(CNS), is acomplex neurological condition. It is a disease of muscular control,
affecting more women than men, usually diagnosed between the ages of 20
and 40. It is a degenerative disease, caused by inflammatory damage to the
nerve sheath, exhibiting muscle weakness over time. Dental/Maxillofacial
patients may exhibit delayed motor skills, drooling, ptosis, tremors, lack of
balance, and lack of motor control [16]. Some facial paralysis may develop
and affect the ability to perform proper oral hygiene procedures and may affect
the ability to retain removable prostheses.
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Cerebral Palsy

Cerebral palsy affects both the brain and the nervous system, and it may be
manifested any time from early infancy. It is due to an injury or abnormality
in the brain. This usually does not get worse over time. Different types of
cerebral palsy exist and patients may exhibit a variety of symptoms. Patients
may exhibit tremors, muscular and joint tightening, an unsteady gait, and weak
musculature. Patients with cerebral palsy may exhibit more malocclusion,
bruxism, and hypocalcification, as well as oral injuries caused by falling due
to concomitant muscular issues [17]. Some of these patients may be on
antiseizure medication, which has the potential to affect gingival growth.

Muscular Dystrophy

Muscular dystrophy is a genetic condition that exhibits loss of muscle tissue,
leading to muscular weakness, which worsens over time. Affected muscles
may be localized (pelvis, shoulder, or face) or may be more widespread
throughout the body. There are several types of muscular dystrophy. Myotonic
will affect chewing and the ability to move lips and turn one’s head. Patients
may experience malocclusion and TMD due to the muscular weakness [18].

Huntington’s Disease

Huntington’s disease may exhibit uncontrollable movements due to nerve
cells in certain parts of the brain degrading and degenerating. It is a genetic
defect of chromosome four, which causes a section of DNA to repeat several
times [19]. Patients tend to develop symptoms between the ages of 30 and 40,
but, rarely, it may occur in younger children or adolescents. Patients may
exhibit unusual movements including grimacing, head turning, abnormal gait,
and wild movements of the extremities. They also lack muscular control of the
face and tongue. Swallowing is also an issue. Oral hygiene may be quite
difficult due to the uncontrollable movements.
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Myasthenia Gravis

Myasthenia gravis is an autoimmune neuromuscular disorder. The etiology is
unknown but it may be due to a tumor of the thymus. It can occur at any age
though it is more common in young women and older men. Patients
experience partial or no facial expressions because of facial paralysis. These
patients have muscle weakness in their tongues as well as palates, making
swallowing and chewing difficult. Patients may also experience breathing
difficulties due to weakened muscles of the chest wall, as well as a droopy
head.

Dysphagia

Swallowing, as we know, is a multisystem event. It involves proper
musculature and nerve transmission to the brain, as well as assistance by the
teeth in mastication and the salivary glands in lubrication and enzymatic action
on food. Furthermore, it will be affected by any issues affecting the larynx or
esophagus. Dysphagia, or difficulty swallowing, usually affects older adults
although it can also affect babies. Forty percent of nursing home residents are
affected by this malady. Dysphagia has many etiologies. Dysphagia may be
caused by an actual blockage, such as GERD (gastroesophageal reflux
disease) or the inability of the muscles to conduct peristalsis due to an
underlying neurological disease such as muscular dystrophy, Parkinson’s, or
multiple sclerosis [20]. Patients with dysphagia will exhibit symptoms of
difficulty swallowing, may have issues with chewing due to lack of
swallowing function, or have problems moving food from their mouth and
through their esophagus. They may feel as if they have a lump in their throat.
They may also exhibit malnutrition, dehydration, as well as aspiration of food
particles due to coughing and choking as they try to clear their esophagus.

These patients need to be seen by their physician to determine the etiology
of their swallowing dysfunction. We may see them before they realize they
have a swallowing issue. We may notice food and material buildup on the
tooth surfaces as well as noncleared food from the oral cavity. Patients may
exhibit frequent dry coughing or attempts to clear their throat at times not
surrounding meals.
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Hypoglossal Nerve Injury

The twelfth cranial nerve, which controls tongue movement, is the hypoglossal
nerve. Hypoglossal nerve injury is also usually unilateral, with the tongue
deviating to the affected side. Unilateral atrophy of the tongue may be a sign
after prolonged injury to this nerve. Etiology of hypoglossal nerve injury may
also be caused by tumors, stroke, or any of the degenerative diseases affecting
muscles and nerves. Patients will have difficulty speaking, talking, and
chewing with both of these conditions. Oral hygiene may be affected as well
as oral clearance.

Bell’s Palsy

Bell’s palsy as well as hypoglossal nerve injury may be caused by a dental
injection or a tumor. Both will have an effect on the patient’s condition. Both
may be temporary or longer lasting, depending on the etiology. With Bell’s
palsy, which affects the seventh cranial (or facial) nerve, only one side of the
patient’s face is affected. There may be a rapid onset of mild weakness to a
full-blown facial paralysis. Facial expression may be affected by the weakness
of the muscles, in addition to a sensation of pain or increased sensitivity on
the affected side. Headaches are not uncommon. Taste may be affected. Lyme
disease or herpetic lesions may also cause Bell’s palsy.

Conclusion

These disorders are by no means a complete list. There are always untoward
reactions to medications or disease states that may cause issues with the oral
cavity. Xerostomia due to medications or aging may cause symptoms that
mimic neuromuscular diseases. Some senior patients may exhibit symptoms
of xerostomia, slight tremors, and lack of dexterity or slowness in gait without
a concomitant neurological or muscular-based disorder.
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Neurolaw:
The Legal Perspective of Neuroscience
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Abstract

The validity of the claims is the foundation of scientific theory evolution
through a thorough methodology that covers all areas of neuroscience.
Law is no exception to this scientific principle too. The intersection of
law and neuroscience, with the brain as a common correlative element,
gives rise to neurolaw as an interdisciplinary field that provides a more
thorough and accurate understanding of legal issues. The research of
neurolaw can be studied under three basis areas — Intervention,
Assessment, and Revision. Civil and Criminal responsibility litigation,
problems of establishing neuroscientific findings as evidence which are
among the practical concerns in the courtroom or neuro-litigation issues,
are the focus of neurolaw practical researchers. In the theoretical
approach, we comprehend the brain and its functioning in terms of
conceptual worth. Such an approach is especially important for
highlighting the influence of the brain on behavior. The Judicial System
of India has taken notice of this rapidly developing science in the criminal
justice system. Since the early twentieth century, the use of neuroscience
has been in legal procedures. The most important question in this field of
neuroscience is how it is and will be employed in the legal system, just
as, neurolaw attempts to relate neuro-ethics to moral principles as well as
it relates the brain to the law. Neurolaw provides opportunities for
psychiatry. Therefore, “One of the most likely methods for neuroscience

* Corresponding Author’s Email: yashigarg0491@gmail.com.

In: New Perspectives in Neuroscience

Editors: Prachi Srivastava, Neha Srivastava and Prekshi Garg
ISBN: 978-1-68507-754-9

© 2022 Nova Science Publishers, Inc.



200 Yashi Garg and Rachit Gupta

to help the legal system” is the insanity defense. Hence, the goal of
neurolaw research is to strike a compromise between two issues —
Overenthusiasm and Over-criticism. If there is active participation by the
psychiatrists in the field of development, the chances of success will
improve.

Introduction

The validity of the claims is the foundation of scientific theory evolution
through a thorough methodology that covers all areas of neuroscience [1]. Law
is no exception to this scientific principle too.

Usually, legal effects and repercussions are linked to neurological
concerns, thus a call to neuroscience for a clearer explanation of legal
principles is unavoidable. The intersection of law and neuroscience, with the
brain as a common correlative element, gives rise to neurolaw as an
interdisciplinary field that provides a more thorough and accurate
understanding of legal issues. All of this contributes to more accurate legal
evidence and a more equitable justice system. Additionally, neurolaw
contributes to the expansion of both sciences.

There are numerous instances where neuroscientific data could be useful
in better understanding legal concerns. This is why, in practice, a growing
number of neuroscientific pieces of evidence are reaching courts in a variety
of legal circumstances. Neurolaw would give rise to a more intelligent and
effective judiciary, legislative, and executive system. Neuroscience
breakthroughs have the potential to change legal provisions, as well as
procedural legislation and conventions, or perhaps completely transform them
into something new.

The Intersection of Neuroscience and Law: Neurolaw

Scientists who have led research on the human brain extensively have known
a great deal about how it functions, how it malfunctions, and how it may be
fixed or transformed. Neuroscience, or the study of the nervous system from
a scientific standpoint, is a comparatively new field that has already changed
medical practices. Neuroscience is nowadays an interdisciplinary science that
works with other results [2]. It was also an instant and significant motivator
for understanding how the neurological system operates and how it affects
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neurolaw [3].Neurolaw is an effort to understand the link between law and the
brain by using insights from neuroscience [4]. Neurolaw investigates the
ramifications of neuroscience discoveries on legal laws [5].

INTRODUCING
NEUROSCIENTIFIC

EVIDENCE

mm | HE BRAIN ON THE STAND

FUTURE POSSIBILITIES FOR
LAW AND NEUROSCIENCE

INTRODUCTION

INDIVIDUALS: THE CASE OF
THE MURDERING BRAIN

LAW AND NEUROSCIENCE:

GROUPS: THE CASE OF

ADOLESCENT BRAIN

Figure 1. Law and neurosciences.

The possibility of a link between law and neuroscience is the most
fundamental question among neuroscientists and lawyers. Law is a humanities
science based on obligations, arising from collective wisdom and abstract
propositions, whereas neuroscience is a natural science based on experiments
and indicative statements. As many legal academics agree, the law is a social
phenomenon shaped by the social compact. As a result, the law is based on
relative concepts, whereas neuroscience is based on absolute notions. This
raises the question of how it is possible to create and defend “Neurolaw”. The
law is human’s innovative way [6] of regulating individuals’ conduct in an
insecure and unstable community, rather than in a natural community where
there is no law, no state, people do whatever they want, and security is
minimized [7]. The ultimate goal of the law is to protect human dignity to
realize a person’s humanity and achieve true justice. This objective can be
achieved if society’s laws are better and more accurate. To put it in another
way, we need a more equitable justice system. Neuroscientific assertions, in
addition to an acute understanding of neurological phenomena, aid law in
developing more precise laws in this area. Neurolaw, moreover, throws light
on the justice path for law in its scientific field. For example, when legislators
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want to pass a specific law to penalize offenders, or when courts want to decide
on an accused person, neurological advances provide lawyers with precise
glasses that allow them to get a sense of the overall picture and make it more
equitable and fair legal decisions.
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Figure 2. The core themes in law and neuroscience.

Neurolawyers use neuroscience to try to understand human behavior, and
they may help to define future legal processes. In practice, they deliberate on
medical technology scanning of the human brain and nervous systems, like
radiology, psychiatry, neurology, and clinical neuropsychology [8].
Researchers interested in the human brain’s operation now have an
unprecedented chance to investigate the neurobiological aspects of human
behavior, thanks to these novel imaging techniques. In essence, neuroimaging
approaches provide visual brain demarcation, which is then interpreted by an
imaging specialist. [9] In the beginning, the field of neuroscience has been
used in procedural law to support criminal and civil responsibility claims in
court.

Despite this practical use, the field of neuroscience has been used in a
variety of legal subfields. Today, neuroscientific concepts are being
incorporated into a variety of legal fields, including Intellectual Property Law,
Tort Law, Consumer Law, Health Law, Employment Law, Constitutional
Law, and Criminal Law [10]. Even other allied sciences, like psychology,
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sociology, political science, behavioral ecology, and economics, pervade the
purview of neurolaw, which focuses mostly on criminology [11].

The Intersection of Neurosciences and Criminal Laws

Outside of the legal setting, there are various more neurolaw discoveries that
interested readers should be aware of. The MacArthur Foundation, for
example, has contributed more than $ 15 million in the Law and Neuroscience
Project (2007-2011, based at the University of California, Santa Barbara) and
the Research Network on Law and Neuroscience (2011-2014 based at
Vanderbilt University).

The organization’s main goal has been to form collaborations between
neuroscientists, judges, and legal scholars to:

e Direct the legal system in identifying the promise of neuroscientific
understandings while avoiding the pitfalls of interpreting them.

e Conduct new, collaborative, interdisciplinary research that can assist
in the improvement of the Criminal Justice System’s fairness and

effectiveness.
*ADOLESCENT «DECEPTION AND «INFERENCES «PUBLICATIONS
DEVELOPMENT RECOGNITION FROM GROUP AND
*«DETECTION AND NEUROSCIENTIFIC CONFERENCES
CLASSIFICATION DATA

Figure 3. The intersection of neurosciences and criminal law.

Neuroscience has provided light on how the brain and certain mental
processes work, and it is created on a comprehension of the brain’s structure
and function. Because the law is primarily concerned with regulating people’s
behavior, it provides insight into the mental processes that underline human
behavior. It shapes neurolaw, an interdisciplinary discipline. There is no direct
mapping of mental function in certain areas of the brain [12] because of
substantial variances in people’s brains [13]. In the field of neurolaw, this is a
major challenge. Neurolaw scientists are attempting to apply neurological
findings to legal rules and systems for the purpose to improve legal standards,
norms, and practices. More specifically, the unique neuroscientific approach
to legality of rules and consequences results in an even perfect and better
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representation of legal effects, as a result, the laws governing them are
mutated, allowing for a more thorough legal system to be obeyed.

Neurolaw Research Domains
There are three basic areas of research in neurolaw that can be identified:

e Revision
e  Assessment
e Intervention [14]

Revision

In the revision arena, researchers are investigating whether neurological
results should lead to changes in the law and legal processes. The idea that
neuroscience studies reveal free will is an illusion and that no one should be
held legally accountable since free will is regarded to be crucial for
accountability is well-known, if not renowned, for example. This debate is
being made as an origin for a substantial change of criminal law that eliminates
the fundamentals of vengeance and guilt. Since no offender is ever criminally
culpable, this kind of change can also suggest that the irrationality defense is
no longer relevant. As a result, at least in terms of the elements of criminal
responsibility, defendants’ mental evaluations would become obsolete.

Assessment

The appraisal of persons is the second research domain. Individuals in criminal
law, such as defendants, inmates, witnesses, and potential jurors, are
frequently interested in their mental states.

For example, lawyers may be asked to respond to the following questions:

e Is the defendant afflicted with a mental illness?

e Is he legally mad or incompetent to face his charges?

e What is the likelihood of this particular prisoner recidivism?
e Is the witness lying about what he/she remembers?

e Isthe potential juror prejudiced towards specific groups?
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These problems may be solved in the future using neuroscience
approaches — to say the least, this is the key area of neurolaw research. The
accuracy with which a lie is detected has long been a source of contention, and
a brain-based counterpart is most likely to be no different — yet, regardless of
the dispute, the company ‘“No Lie MRI” is already up and running [15].

One of the most important legal questions with mind-reading procedures
is whether they can be employed against a person’s will and if yes, then, under
what circumstances [16].

Intervention

The third research area is concerned with neuroscientific therapies. In this
regard, there is currently very little that can be done. However, it is hoped and
frequently expected, for example, that neuroscience will lead to therapeutic
alternatives which minimize the probability of repetition. An article on deep
brain stimulation (DBS) to diminish sexual drive, that could be used in sexual
offenders, was recently published in this journal [17]. Such brain-based
therapies may become available in the future, raising a dozen of new problems.
There are other potentials for intervention as well, such as criminals gaining
access to brain equipment. Someday, anti-heroes may try to use neuro-
techniques to persuade others into doing crimes. They could gain access to a
person’s DBS device, which is used to treat obsessive-compulsive disorder
[18]. Can an individual whose brain has been tampered with to commit a crime
be held legally liable, and if yes, then, under what circumstances?

There are only a few of the fascinating questions that could be found in
the three areas of neurolaw research. Neurolaw researchers, thus, do not have
to be neuro-enthusiasts. Instead, they could be quite hostile to the use of
neuroscience in the courtroom.

A Reflection on Two Main Types of Research in Neurolaw

While the brain decade [19] was first brought to the medical and legal
professions, neurolaw is a relatively recent and highly interdisciplinary field.
Taylor et al. were the first to coin the term “neurolaw’ among legal scholars
[20]. He raised the problem more effectively with his well-known scholarly
scientific paper called “Neuropsychologists and Neurolawyers”. Taylor’s
contributions in the field of neurolaw, particularly legal practices, during his
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academic career [21] are of considerable significance. Neuroscience and law
have a lengthy history of interaction. However, since 1990, neuroscientists and
neurolawyers have frequently disagreed regarding the likelihood of neurolaw
spreading. This topic is also regularly discussed by lecturers at scientific
conferences in the United States, the United Kingdom, France, and Canada
[22].

Practical Researches

Civil and Criminal responsibility litigation, problems of establishing
neuroscientific findings as evidence which are among the practical concerns
in the courtroom or neuro-litigation issues, are the focus of neurolaw practical
researchers.

In the field of neurolaw, there is a lot of legal procedural literature. One
of the most recent noteworthy publications is “Neuroscience and Legal
Responsibility” [23]. It takes a broadly compatibilist approach for the study of
legal responsibility. How could neuroscience, psychology, and behavioral
genetics influence legal responsibility procedures, according to the author? In
this study, established notions of free choice and legal culpability are primarily
challenged.

“International Neurolaw: A Comparative Analysis” [24], along with some
other works, compares the dissimilar lawful arrangements and policies that
they suggest for dealing with neurolaw implications, as a result, it is critical to
understand different legal approaches to revise lawful systems in light of new
neuroscience findings.

Moreover, these are some more useful works that might help solve
problems in legal practice:

“Neurolaw for Trial Lawyers,” [25]

“Law and Neuroscience: Current Legal Issues,” [26]
“Neuroscience in the Courtroom,” [27]

“A Primer on Criminal Law and Neuroscience.” [28]

Ao

These publications have a strong emphasis on practical lawful regulation
and technical law, both of which are influenced by neurolaw. Practical
neurolaw is most closely tied to neuro-litigation, which involves judges and
lawyers using one of the latest criminal procedural law rules in the courtroom.
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According to what was addressed, these are the important subjects that
have been planned in neurolaw practical research:

¢ Neuro-litigation trials,

e Tools based on neuroscience that can be used to prove or disprove
legal culpability,

e Neuro-criminology in Procedural law,

e Standing neuro-litigation,

e Neuro advocacy and attorney,

e Neuroscience and judgment,

¢ Right to appeal for brain injury.

Theoretical Researches

In the theoretical approach, on the other hand, we comprehend the brain and
its functioning in terms of conceptual worth. Such an approach is especially
important for highlighting the influence of the brain on behavior. By doing so,
we are recognizing new laws in the judicial system that regulate these
behaviors. The use of neuroscience discoveries in judicial procedures has
expanded as neuroscientific tools contribute to a better comprehension of the
mind. Cognitive neuroscientists study the interplay between the mind and the
brain. They do it instead by employing cutting-edge techniques like fMRI and
electroencephalography (EEG). As a result, neuroscientific research and
technology are being used to improve judicial system norms and processes
based on inferences taken from these discoveries and increasingly advanced
technologies. In this regard, contemporary philosophical concerns raise
conceptual underpinnings of neurolaw. Theoretical researchers investigate the
reasons in favor of the greater use of neuroscience in the legal system. They
deplete the resources available for determining its creditability in judicial
processes. In addition, theorists strive to incorporate neuroscientific
knowledge into substantive legal concepts. As a result, these impacts
encompass a wide range of theoretical and practical challenges.

The books listed below are maybe the most notable ones based on this
research strategy.

1. “Minds, Brains, and Law: The Conceptual Foundations of Law and
Neuroscience,” [29]
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“Neurolaw: Brain and Spinal Cord Injuries,” [30]
“Law, Mind and Brain,” [31]

“Materials on Neurolaw,” [32]

“Law and the Brain” [33]

“The Neurobiology of Criminal Behaviour.” [34]

ok wd

Thus, mentioned below are the important studies in the subject of
neurolaw theoretical research:

e Possibility of incorporating neuroscience findings into the legal
system,

e The brain and the law are two concepts that are often used
interchangeably,

e The link between the brain and the law,

e In the legal system and the future, neuroscience technologies, and
development,

e Disordered legal orders and brain illness,

e On the legal liability of mental illness and brain injury,

e The right to privacy and the use of brain imaging,

e Third-party punishment is a matter of personal choice,

e Neuroscience and legal rights,

e Neuroscience and legal freedoms,

e Brain injury citizenship rights,

e Individuals’ right to security about people with neurological diseases,

e Impact of neurolaw theories on legal regulations.

Contribution of Neurolaw to Judiciary

The Judicial System of India has taken notice of this rapidly developing
science in the criminal justice system [35]. The case state of Maharashtra v
Sharma [36] demonstrates that the Indian Judicial System has been aggressive
in incorporating neuroscience into the legal system. This was a murder case,
and the woman was convicted based on circumstantial evidence [37] such as
a brain mapping/scan [38]. This was a contentious decision that drew criticism
from the judicial community. Prof Hank Greely of Sandford University
criticized the state of Maharashtra v Sharma judgment, stating that the BEOSP
[39] process is not universally approved by the scientists around the world,
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and the end products are not 100% accurate, so there should be evident proof
to back up viewpoints/findings based on BEOSP. The critical study could be
good for such studies since more criticism will be beneficial to identify the
flaws and knowing all of this would aid scientists in developing a perfect brain
mapping machine [40].

Though neuroscience evidence is not commonly utilized in criminal cases,
it is on the rise, as seen in this graph of US Judicial opinions referencing a
defendant’s use of neuroscience.

There are some defenses, such as insanity and brain death, where the
scanning of a brain will not give the desired results, however, in the instance
of a false insanity defense, the scanning of the brain can be an important tool
to determine the culprit’s liability. The accompanying image depicts the
behavior of a killer and a healthy participant, as well as scanning of the brain
that shows vivid red and yellow colors indicating activation of high brain and
black and blue colors indicating low activation. The illustration above aids
judicial officials in determining responsibility.

Functional Magnet Resonance Imaging [41] (FMRI) monitors the activity
of the human brain and creates pictures of living areas in the brain that are
involved with the usage of machines where a person thinks, reacts, or
accomplishes anything with the support of the computer software.

Brain Electrical Oscillation Signature Profiling (BEOSP)
Evidentiary Value

In the year 2003, the Brain Electrical Oscillation Signature Profiling
methodology was created. Three cities in India provide BEOSP techniques —
Mumbai, Chandigarh, and Gandhinagar. More than 300 people were put
through a brain electrical oscillation signature profiling examination to see if
their statements as defendants in various crimes remained credible.

Section 45 of the Indian Evidence Act of 1872 [42] was used to summon
suspects. Specific methodologies were studied and acted as a foundation for
evaluations, which were made using a BEOS system and the results were
examined qualitatively. FMRI and BEOS are two novel neuroscientific
approaches that are directing the court in the investigation process. These
procedures have been applied on over 300 subjects, but on no single occasion
have they been the primary factor in making a choice.
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THE GROWING USE OF NEUROSCIENCE IN
CRIMINAL CASES
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Figure 4. The trend of the growing use of neuroscience in criminal cases.

According to section 450f the Indian Evidence Act 1872, expert advice on
various subjects, particularly science and art, is permissible. Thus, it opens the
door to the use of neuroscientific methods in the examination procedure.
Technically, conclusions based on BEOS or other neuroscience techniques are
beneficial because it aids the investigation agency in obtaining information
and other evidence that will be useful to the court in deciding a case.

BEOS is not a panacea for all the issues, courts employ it only in specific
cases where material evidence is lacking and there is no other way to obtain
it, such as cases involving terrorism, mafia, high-profile scams as well as other
instances where the accused is afraid to speak the truth. As a result, BEOS
approaches [43] would be extremely useful in these situations.

Applicability of Neuroscience in Courtroom

Since the early twentieth century, the use of neuroscience has been in legal
procedures. Shen dates one of the earliest applications of neuroscience in the
courtroom to the 1940s when EEG was initially employed in a case involving
an epileptic defendant. When EEG was utilized to throw some light on the
subject of identifying and treating epilepsy, few lawyers used it to argue
against laws that denied epilepsy patients’ rights, whereas some others used it
to try to uncover the violence-related brain markers. EEG had become so
common in the cases related to epilepsy by the mid-twentieth century that
psychiatrist and attorney Irwin Perr advised, “The lawyer interested in this
subject must know some principles of electroencephalography, both in
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understanding and evaluating epilepsy and because it is frequently used as a
mechanism in court cases.” Indeed, attorneys were advised to learn EEG
within a few decades of its invention, both for its probative significance and
its expanding prominence in the courtroom.

President Ronald Reagan’s attempted assassination by John Hinckley in
1981 resulted in one of the most high-profile cases involving the request of
neuroscience in unlawful prosecution. Hinckley’s defense squad used a
Computed Tomography (CT) scan of his brain to back up their assertion that
the person had schizophrenia and hence should not be judged guilty because
of insanity (NGRI). Despite the prosecution’s objections to Hinckley’s CT
scan being admitted as evidence, the district court judge ordered that they were
permissible. Hinckley was eventually discovered NGRI.

A decade later, in People v Weinstein, a new kind of neuroimaging was
introduced. Weinstein was charged with second-degree murder, after
strangling his wife and hurling her from their Manhattan Apartment’s 12"
floor, a crime he willingly acknowledged to. His lawyers considered it
mistrustful that Weinstein would express such slight sorrow for his deeds, so
they well-ordered PET scans. At experimental, Weinstein’s defense team
presented his PET scans to support their allegation that his brain function was
affected due to an arachnoid cyst. As a result, they asserted that the accused
lacked the mental capacity to be deemed criminally accountable. Weinstein
was ultimately permitted to plead embarrassed to the reduced custody of
assassination.

Neuroscience-based criminal defenses are most common in first-degree
murder trials, but they are not confined to these crimes [44].

The regulations limiting the admission of scientific evidence into the
federal prosecutions altered dramatically only a year after the Weinstein case.
Two families sued Merrell Dow Pharmaceuticals, Inc. in Daubert v. Merrell
Dow Pharmaceuticals, Inc. for their kids’ birth abnormalities, which were
purportedly instigated by prenatal intake of a drug traded by the firm. Even
though the district court awarded summary judgment for Merrell Dow, the
families filed an appeal, and the case was eventually considered by the United
States Supreme Court. Before Daubert, judges who preside over trials utilized
the “Frye Standard” to determine whether scientific testimony was admissible.
The Frye standard required that the procedure for gathering evidence was
gathered be “generally accepted” by the applicable technical community for
testimony to be accepted for trial. Congress had created the Federal Rules of
Evidence (FRE) about two decades before Daubert, which set a softer
approach bar for permitting scientific testimony to be used in court. Rather



212 Yashi Garg and Rachit Gupta

than needing “general acceptance” of the scientific process for acceptability,
the FRE’s criterion considered it to be simply one of several factors to
evaluate, including whether the approach is testable, whether it has been peer-
reviewed, and its known or prospective error rate. The Supreme Court
overturned Frye’s primacy in federal proceedings in Daubert, replacing it with
the FRE’s test, which has become known as the “Daubert standard.” This
allowed for a more-free application of scientific evidence in modern courts.
The Daubert standard, in particular, allowed scientific methodologies and
results that had not yet gained widespread recognition to be used in
courtrooms. As a result, new imaging methods that were not extensively
utilized before, become acceptable [45].

TYPES OF CRIMINAL CASES INVOKING
NEUROSCIENCE
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Figure 5. Type of criminal cases invoking neuroscience

Some of the Encountering Questions That Are Faced
by the Neurolawyers

The most important question in this field of neuroscience is how it is and will
be employed in the legal system, just as, neurolaw attempts to relate neuro-
ethics to moral principles as well as it relates the brain to the law. A wide
variety of possible neuroscience and legal intersections are presented by
scientists [46]. As it emerges, neuroscience can benefit law in a variety of ways
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(including at the very least in the contexts of Buttressing, Challenging,
Detecting, Sorting, Intervening, Explaining, and Predicting) [47]. In a
practical sense, evidence indicates the large number of situations that have
neuroscientific ramifications which are increasing rapidly. As a result, this
necessitates a broad understanding of both law and neuroscience. As a result,
many problems remained unsolved, such as:

e To what extent is it possible that the brain may influence human
behavior in a certain way that has legal implications?

e What legal standards and precedents should cover this part of a set of
rules to create a fairer and more equal legal system?

e What role can neuroscience have in civil and criminal law?

Moreover, neurolaw addresses moral issues concerning nootropics,
sometimes called mind-altering medications. Neural, Memory, Intelligence
Enhancers (functional foods, supplements, and nutraceuticals that boost one
or more areas of mental processing, like working memory, motivation, and
focus) [48] and Cognitive are referred to as nootropics, that is smart drugs.
Thus, many problems remained unsolved, such as:

e  What impact will these enhancements have on people’s legal rights
in society?

e s it necessary to use a performance-enhancing drug just simply to
keep up with the rest of society?

e Do people have the right to experiment under the law with chemicals
to alter their perception?

The emergence of modern neuroscience expands dramatically as a result
of new technology that the law has had to deal with. It is important to be
satisfied that we have sufficient knowledge to form conclusions that are
legally relevant on an appropriate level. Hence, because of it, many problems
remained unsolved, such as:

e Is there anything in neuroscience that we don’t have any clue about
from common sense or past behavioral research?

e s it possible for scientific researchers and medical practitioners to
communicate their findings in manners that are understandable to a
legal audience?
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e Isthere any area of law where neuroscience will never make sense?
e Are we infringing on the right to privacy when we try to gain access
to brain data using medical science technologies such as FMRI?

e What kind of legal norms could be set for these issues?

Thus, these difficulties are amplified much more in a theoretical sense by
the statistic that legal theory and legal doctrine drawn on our everyday
thinking of mental life and mind notions. Furthermore, addressing the link
between Mind, Brain and Law is extremely challenging. Neurolaw theorists
emphasize this by focusing on the extent and outlines of involvement of claims
in neuroscience and law, using conceptual technique and a philosophical
viewpoint. Also, they rely less on practical, ethical, and empirical methods.
[49] The essential question in a conceptual, methodological approach is the
what of the brain, mind, and law, and thus comprehending them in the genuine
sense brings us to a mature abstract retrospect of behavior and manners. As a
result, the way is made for a system of legal laws to govern behaviors in
society.

Other Law and Neuroscience Issues Beyond
Criminal Responsibility

The majority of the scholarly debate on law and neuroscience has focussed on
issues of responsibility. If neuroscience can help us connect physical brain
states to subjective mental states, it will be extremely beneficial.
Neuroscience, on the other hand, appears to have a lot more to offer law. For
example, neuroscience may assist us in learning about relevant current mental
states, to boost our ability to forecast future mental states and consequent
behavior, it may allow us to intervene in the brain more directly to cure non-
disease behaviors, and it may lead to the discovery of new techniques to
increase human mental capabilities. All of these developments will be
influenced by the law, both directly and indirectly [50].

Neuroscience may improve our forecast of a person’s future by making
available to us a greater understanding of the physical underpinnings of
diseases of neurological nature, mental diseases, and nonpathological
behaviors. In certain circumstances, this is more accurately described as an
early diagnosis of a disease process that has yet to manifest clear symptoms.
Early detection of Alzheimer’s disease symptoms, for example, using PET
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scans for amyloid plaque build-up or biomarkers in the cerebral spinal fluid.
In other circumstances, like the link between particular genetic variations and
prospective Alzheimer’s disease, it could be more of a hunch. In any such case,
a finer understanding of illnesses like Alzheimer’s disease, Schizophrenia,
Parkinson’s disease, and others could help us anticipate who will be diagnosed
with the illness and who will not. This has apparent legal consequences, as it
will raise legal difficulties surrounding employment, insurance, education, and
other benefits that may be rejected or supplied based on such forecasts. (For
example, it’s also possible that potential judicial appointees would be asked
for medical evidence of their risk for Alzheimer’s disease.) Because this
understanding improves early diagnosis, it may have a more direct impact on
judicial procedures, impacting decisions regarding a person’s capacity to be a
witness or to manage his finances, as well as other key life issues.

Neuroscience-based predictions may also have a direct impact on the legal
system, as they improve our ability to forecast someone’s future aggressive or
criminal behavior. Predictions are already utilized in court proceedings to
make decisions on bail, sentencing, parole, the death sentence, and even
preventative custody in specific mental and sexual offender cases. Predictions
might be subjective at times. They can also be clinical. In other cases, social
science evidence has been used to construct predictive algorithms.
Neuroscience, perhaps, through defendant neuroimaging, may be able to
increase the accuracy of these forecasts on its own or in combination with
existing approaches [51].

Cognitive brain aging as a multidimensional geometric model. Each circle
represents a set of variables that influence the multifaceted phenomena of
aging.

Neuroscience could also aid in determining a person’s current mental
state. This could be highly useful in determining if a plaintiff is genuinely
suffering from the crippling agony he claims. Every year, legal systems make
millions of these judgments, frequently based on little more than the
claimant’s self-report. Neuroimaging findings that closely correlate with the
presence or absence of subjective pain will almost certainly never be perfect.
However, they may be far superior to our current tools. [52] Similarly,
neuroscience may aid in determining whether a person knows something [53],
has a certain emotional response to something, or is attempting to lie. Any of
these methods of “mind-reading’ could be incredibly beneficial in court, as
well as in other situations. They will also create complicated constitutional
concerns involving the Fourth [54] and Fifth [55] Amendments, at least in the
United States.
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Figure 6. The parameters of brain aging.

When considering neuroscientific research in general, it is obvious that
the greatest interest in and financing for neuroscience research is not
motivated by enthusiasm for applications in prediction or detection. Instead, it
is being propelled by hoped-for initiatives. We want medicines that can
prevent, alleviate, or cure brain illness. Even though useful neuroscience
interventions have been rare in the past, it is their optimism that drives this
research. However, the essential issue for the law is that if we succeed in
treating some types of disease, the level of understanding that this necessitates
may also allow for the “treatment” of mental states that do not disorder.
Shyness, sexual orientation, religiosity (or the lack thereof), and political
opinions are among characteristics that some people might like to change in
themselves or others. The legal and regulatory system will inevitably be
involved in the cases where whether direct brain treatments are imposed by
judges wanting to “rehabilitate” criminals, by parents seeking to “improve”
their children, or by competent individuals seeking to “change their selves’
[56].

Finally, neuroscience could open the path for new ways to improve mental
abilities. The nonmedical use of Adderall or Ritalin for their (uncertain)
cognitive boosting abilities has raised controversy. But what if medical

>
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research into disease treatments leads to the development of pharmaceuticals
or devices that have been proven to improve health? How would we like such
enhancements to be used in society and the judicial system in general?
(Consider improving witnesses’ memories or assisting students in passing the
bar test.)

All such applicability of neuroscience, as well as others, will inevitably
include the law. It will be asked to determine, interpret, and enforce the
boundaries of behaviors made feasible by neuroscience in some cases. In other
cases, neuroscience will have an impact on legal processes, ranging from the
courtroom to the corporate lawyer’s office to judge appointment difficulties.
Law and neuroscience will become increasingly intertwined on issues that go
far beyond responsibility, in one way or another.

Opportunities in Neurolaw

Neurolaw provides opportunities for psychiatry. Thus, “One of the most likely
ways in which neuroscience may help the legal system” is the insanity defense
[57]. In general, neuroscience could help with psychiatric evaluations of
prisoners and defendants in three ways:

e Neuro-techniques can begin to help with the diagnostic process in
psychiatry in the coming years. This could be extremely beneficial,
especially since malingering is such a danger in forensic psychiatric
evaluations. The defendant’s comment should not be considered as
granted. Neuroimaging could be used in the future to check or rule
out a psychiatric analysis or psychopathological symptoms such as
impulse control issues or grasp hallucinations [58],

e Neuroscience may aid in the prediction of future crimes. Predicting
repetition in emotionally ill offenders is a fundamental goal of
forensic psychiatry. Neuro-prediction could be a beneficial
supplement for the current risk-assessment techniques, which have a
very limited predictive value [59]. A greater risk assessment will
result in the issue of many inmates and patients who are no longer
dangerous and have better crime prevention,

e Neuroscience can be helpful not only to assess danger but also to
recognize domains where involvements to minimize tendency in
persons who are suffering from serious mental illness should be
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focused. This would be tremendously beneficial not only to the
patients but also to their families and society.

To summarise, intervention, prediction, and diagnosis are three areas
where neuroscience could make a significant contribution to scientific
psychoanalysis. Most likely, in the next years, there will be more intense
arguments concerning the potential applications and consequences of
neuroscience approaches in these fields.

Challenges in Neurolaw
Certain issues are faced by lawyers, society, and people under neurolaw.
There are two broad general categories under which challenges in

neurolaw can be studied:

e Overenthusiasm,
e Over-criticism.

COGNITIVE
ENHANCEMENT

BRAIN-MACHINE
INTERFACE AND
LAW

ARTIFICIAL
- INTELLIGENCE AND
LAW

IlSSUES IN LAW AND:!
NEUROSCIENCE
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Figure 7. The issues in law and neuroscience.
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Overenthusiasm

Because the use of neuroscience in the forensic psychiatric environment
currently has major limits, overenthusiasm is a concern. One common
criticism is that neuroscience tends to concentrate on groups, whereas the
courtroom — at least in laws related to crimes — focuses on the individual, the
offender [60]. At a group level, decreased hoary substance capacity in the
prefrontal cortex can be linked to disruptive character disorder, but what does
this signify for the individual defendant who has some hoary substance
capacity reduction? In that case, a technique could be needed to help in the
translation of conclusions at the group level to specific implications.
Therefore, rather than enthusiasm, decades of biological psychiatry have led
to a plea for modesty. Neurobiology has yet to play an important role in
psychiatric diagnostic and treatment methods. Neuropsychiatric advances at a
slower pace than expected and many of the findings are preliminary [61].

Ultimately, the neurolaw is often concerned with topics that neuroimaging
or other research based on the brain cannot directly address. For example,
men’s rea (Latin word meaning “guilty mind”, which refers to unlawful
commitments) is a lawful idea that is not easily enclosed by neuroscientific or
neuropsychiatric perceptions and methodology [62].

As a result, neuroscience findings must be taken with caution [63], not
just because they are frequently introductory and worry the group level, but
also because they may not directly discourse the lawful issue. Thus,
necessitating the lawful issue requires additional interpretation and
assumptions.

Overcriticism

Over-criticism is sometimes unproductive. We could be exposed to
neuroscience’s potential involvement in (forensic) psychiatry because it is
such a massive and multi-layered endeavor. In forensic psychiatry, present
valuations and decision-making are often distant from perfect. Diagnostic
methods, therapy, and danger guess are all in desperate need of change [64].
We can’t afford to ignore potentially beneficial neuroscience information
and procedures. Psychiatrists are expected by their profession and society to
use every tool at their fingertips to provide the best facilities conceivably. It
could be imprudent and unreasonable to continue being uninvolved in
neurolaw advancements [65], not just because the expansions may have much
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to give psychiatry, but also because psychiatrists have much to contribute to
the neurolaw developments. The rationale for this is that some of them are
concerned with problems that psychiatrists are well-versed in, like insanity
determinations, interferences in emotionally ill offenders, and risk
assessments. Over-criticism may have a catastrophic consequence, that
psychiatrists will be excluded from neurolaw advancements.

Scope of Neurolaw in Future

Neuroscience can soon help in forensic psychiatrist analysis, forecast, and
involvement. This opportunity could be regarded seriously, that is to say, it is
not to be handled with either over-criticism or over-enthusiasm. Hence the
goal of the neurolaw study is to strike a compromise between these two issues.
If there is active participation by the psychiatrists in the developments, the
chances of success will improve.

Conclusion

The intersection of neuroscience and law, also known as Neurolaw, is thought
to provide practical transparency to the law and can assist the piece of
legislation that regulates human behavior in holding justice and making it
more rational.

The Neurolaw will assist lawyers in demonstrating to the judge the brain’s
functioning and its behavioral correlates which are beneficial for the case at
hand. It will also assist lawyers in producing neuroscientific data to support an
expert in presenting his opinion in the most scientifically sound manner
possible to make justice more equitable.

However, there are other issues in the field of neurolaw that can be
addressed through continuous research to understand, in short, how
neuroscience affects jurisprudence. Even if the future of neurolaw is uncertain,
it will aid in the proof of liability, expanding the scope of the law, improving
a judge’s knowledge in respect to a legal right, gaining a mature understanding
of normative phenomena in terms of brain, mind and psychological insights,
and revisiting various legal concepts and rules of liabilities and rights. It will
also contribute to the expansion of the frontier of jurisprudence.
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